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ABSTRACT

Lithium-ion batteries are a cornerstone technology in the transition toward sustainable mobility
and renewable energy integration, yet their safety remains a significant challenge. Chief among
safety hazards is thermal runeway — a self-accelerating, exothermic reaction sequence that can
result in fire, explosion, and toxic emissions. This dissertation investigates the degradation pro-
cesses of modern materials used in Rechargeable Energy Storage Systems for electric vehicles and
stationary Battery Energy Storage Systems under conditions of fire exposure and/or mechanical
overloads. The work identifies critical limitations in current regulatory fire testing procedures,
particularly the UNECE R100.03 open-flame external fire test, which exhibits high variability,
qualitative pass/fail criteria, limited diagnostic capability, and safety hazards to personnel and
the environment.

A comprehensive literature review is combined with experimental, numerical, and statistical
analyses to evaluate the thermal, mechanical, and electrochemical failure mechanisms of lithium-
ion batteries, the influence of cell chemistry and architecture, and the efficacy of passive and active
safety measures. A detailed examination of current global standards reveals inconsistencies in
sensor placement, environmental control, and acceptance criteria. Using open-flame fire resistance
testing as a core study, this thesis demonstrates how uncontrolled environmental variables (e.g.,
wind, flame impingement patterns) lead to poor repeatability between laboratories.

To address these issues, an alternative, quantitatively grounded methodology is
developed by adapting the ISO 834-1 / EN 1363-1 furnace-based fire resistance stan-
dard, widely applied in structural fire engineering — to the evaluation of lithium-ion
battery enclosures. This approach offers tightly controlled and reproducible thermal expo-
sure, improved safety, and enhanced diagnostic value through rigorous sensor instrumentation
and continuous data acquisition. Comparative analyses show that furnace-based testing signi-
ficantly reduces measurement uncertainty and yields rich datasets on heat transfer, structural
degradation, and propagation thresholds, thus enabling better-informed safety engineering deci-
sions.

Complementing this methodological advance, a Thermal Runaway Emissions Aftertreatment
System (TREAS) is designed and validated to mitigate the release of hazardous gases during
testing, aligning with emerging environmental and occupational safety requirements. The combi-
ned methodology — controlled thermal exposure with integrated emissions management-provides
a robust framework for both scientific investigation and regulatory compliance.

The outcomes of this research contribute a repeatable, data-rich fire testing protocol for bat-
tery energy storage systems, offering actionable recommendations for standards development,
improved enclosure design, and enhanced public safety. By bridging fire science, battery engi-
neering, and standardisation practice, this thesis supports the safe and reliable deployment of
high-energy battery systems in next-generation transport and energy infrastructures.
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STRESZCZENIE

Akumulatory litowo-jonowe stanowia kluczowa technologie w transformacji ku zréwnowazonej
mobilnosci oraz integracji odnawialnych zrédetl energii, jednak ich bezpieczenistwo pozostaje istot-
nym wyzwaniem. Najpowazniejszym zagrozeniem jest zjawisko ucieczki termicznej (ang. "ther-
mal runaway") - samonapedzajacej sie sekwencji reakcji egzotermicznych, mogacej prowadzi¢ do
pozaru, eksplozji i emisji toksycznych gazéw. Niniejsza rozprawa dotyczy proceséw degradacji no-
woczesnych materiatéw stosowanych w systemach akumulacji energii w pojazdach elektrycznych
oraz stacjonarnych magazynach energii, poddanych oddziatlywaniu ognia i/lub przeciazen me-
chanicznych. W pracy zidentyfikowano kluczowe ograniczenia obecnych regulacyjnych procedur
badarni ogniowych, w szczegolnosci testu zewnetrznego ognia UNECE R100.03, ktéry charakte-
ryzuje sie duza zmiennoscia wynikow, jakosciowymi kryteriami zaliczenia/niezaliczenia, ograni-
czong wartoscig diagnostyczng oraz ryzykiem dla personelu i §rodowiska.

Rozlegly przeglad literatury potaczono z analizami eksperymentalnymi, numerycznymi i sta-
tystycznymi w celu oceny mechanizméw awarii termicznych, mechanicznych i elektrochemicz-
nych LIB, wptywu chemii i konstrukeji ogniw oraz skutecznogci biernych i aktywnych systemow
bezpieczenistwa. Szczegbdltowa analiza aktualnych globalnych norm wykazata niespéjnosci w roz-
mieszczeniu czujnikow, kontroli warunkéw srodowiskowych oraz kryteriach oceny. Studium testu
odpornosci ogniowej w warunkach otwartego ptomienia wykazalo, ze niekontrolowane zmienne
srodowiskowe (np. wiatr, charakterystyka optywu plomieni) powoduja niska powtarzalnosé wy-
nikéw pomiedzy laboratoriami.

W odpowiedzi opracowano alternatywna, iloSciowo ugruntowana metodologie, adaptujaca
norme ISO 834-1 / EN 1363-1 — powszechnie stosowana w inzynierii pozarowej konstrukcji —
do oceny obudéw akumulatoréw litowo-jonowych. Metoda ta zapewnia §cisle kontrolowana i
powtarzalna ekspozycje cieplna, zwiekszone bezpieczenstwo oraz wyzsza wartosé diagnostyczna
dzieki precyzyjnej aparaturze pomiarowej i ciagglemu rejestrowaniu danych. Analizy poréwnawcze
wykazaly, ze testy piecowe znaczaco redukuja niepewno$é¢ pomiarows i dostarczaja bogatych
danych o transferze ciepta, degradacji strukturalnej i progach propagacji, umozliwiajac lepsze
decyzje inzynierskie w zakresie bezpieczeristwa.

Uzupelnieniem proponowanej metodologii jest zaprojektowany i zwalidowany system oczysz-
czania emisji powstajacych podczas ucieczki termicznej (TREAS), ograniczajacy emisje substan-
cji niebezpiecznych w trakcie badan, zgodnie z nowymi wymaganiami srodowiskowymi i BHP.
Potaczenie kontrolowanej ekspozycji cieplnej z systemem oczyszczania emisji stanowi solidne
narzedzie zaréwno do badan naukowych, jak i do zastosowan regulacyjnych.

Rezultaty pracy obejmuja powtarzalny, bogaty w dane protokét badan odpornosci ogniowej
systemoéw bateryjnych litowo-jonowych, wraz z praktycznymi rekomendacjami dla rozwoju norm,
projektowania bezpieczniejszych obudéw oraz poprawy bezpieczenistwa publicznego. Laczac wie-
dze z zakresu inzynierii pozarowej, technologii akumulatoréw i standaryzacji, rozprawa wspiera
bezpieczne i niezawodne wdrazanie systeméw akumulacji energii duzej gestosci w transporcie i
infrastrukturze energetycznej nowej generacji.
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DEFINITIONS AND ACRONYMS

BESS (Battery Energy Storage System) is a system consisting of rechargeable electrochem-
ical cells, modules, and packs combined with associated electrical, mechanical, thermal, and
protective components, intended to store and release electrical energy for later use. The
term BESS is typically used for larger-scale installations, including stationary grid appli-
cations as well as vehicular safety assessments. It is often synonymous with RESS.

ESS (Energy Storage System) is a general term describing any device or group of devices
capable of storing energy in various forms (electrochemical, mechanical, thermal, or other)
for subsequent release as useful energy. In the context of this dissertation, ESS primarily
refers to electrochemical systems based on lithium-ion technology.

RESS (Rechargeable Energy Storage System) is a rechargeable electrochemical energy
storage device, consisting of one or more cells, modules, and packs, together with necessary
monitoring and protection equipment. In regulatory frameworks such as UNECE R100.03,
RESS refers specifically to traction batteries installed in electric road vehicles. It is often
synonymous with BESS.

Stationary ESS (Stationary Energy Storage System) is a battery energy storage system
intended for stationary use (e.g. grid balancing, renewable energy integration, peak shav-
ing, backup power). Unlike RESS, which is mobile, stationary ESS is permanently installed
at a fixed location and designed to provide grid services or local energy support.

ANSI American National Standards Institute

BEYV Battery Electric Vehicle

BESS Battery Energy Storage Systems

BMS Battery Management System

BTMS Battery Thermal Management System

CEN European Committee for Standardisation

CENELEC European Committee for Electrotechnical Standardisation
CID Current Interrupt Device

CPCM Composite Phase Change Material

DEC Diethyl Carbonate

VI



DMC Dimethyl Carbonate

DUT Device Under Test

EC Ethylene Carbonate

ECOSOC United Nations Economic and Social Council
EMC Ethyl Methyl Carbonate

ESS Energy Storage System

EV Electric Vehicle

FCEV Fuel Cell Electric Vehicle

GTR Global Technical Requirement (United Nations Document)
HEV Hybrid Electric Vehicle

HRR Heat Release Rate

HTR Heat-Temperature-Reaction (loop)

HTS High-Temperature Superconductor

HVAC Heating, Ventilation and Air Conditioning
ICE Internal Combustion Engine

IEC International Electrotechnical Commission

IP Ingress Protection (rating)

ISC Internal Short Circuit

ISO International Organization for Standardization
LIB Lithium-Ion Battery

LCO Lithium Cobalt Oxide

LFP Lithium Iron Phosphate

LMO Lithium Manganese Oxide

LTO Lithium Titanium Oxide

mHEV Mild Hybrid Electric Vehicle

NCM Nickel-Cobalt-Manganese (Oxide)

NMC Nickel-Manganese-Cobalt (Oxide; same as NCM)
NFPA National Fire Protection Association

OEM Original Equipment Manufacturer

PC Propylene Carbonate

PCM Phase Change Material

PCC Phase Change Composite
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PE Polyethylene

PET Polyethylene Terephthalate

PEV Pure Electric Vehicle

PHEV Plug-in Hybrid Electric Vehicle

PP Polypropylene

PSD Power Spectral Density

PTC Positive Temperature Coefficient

RESS Rechargeable Energy Storage System
SAC Standardization Administration of China
SAE Society of Automotive Engineers

SEI Solid Electrolyte Interphase

SOC State of Charge

TR Thermal Runaway

UL Underwriters Laboratories

UN United Nations

UNECE United Nations Economic Commission for Europe

USABC United States Advanced Battery Consortium
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Chapter 1

Introduction

Lithium, originally named lithion or lithina, was first discovered in 1817 by Arfwedson and
Berzelius through the analysis of petalite ore (LiAlSi4010) [1, 2]. However, it was not until 1821
that Brande and Davy successfully isolated the element via electrolysis of lithium oxide [3]. It
took another hundred years before its electrochemical properties attracted scientific attention,
notably by Lewis in the early 20th century. Lithium’s appeal stemmed from its exceptional
physical properties, including its low density (0.534 g/cm?), high specific capacity (3860 mAh/g),
and very low redox potential (-3.04 V vs. SHE), making it an ideal candidate for battery
anodes |4].

Figure 1.1: Holtzer-Cabot’s 1895 model electric brake [5].

The late 19th century saw the advent of electric vehicles (EV), with innovators like Thomas
Parker in England, Holtzer-Cabot and William Morrison in the United States developing early
electric cars (see Figure 1.1). Batteries were to body of the vehicle and included forty-four
250 Ah chloride cells batteries adding up to about 20 kWh, the vehicle maximum speed was
about 24 km/h produced by 7.5 hp motor. These vehicles gained popularity due to their quiet
operation and ease of use compared to gasoline-powered cars. However, limitations in battery
technology, particularly the weight and limited energy density of lead-acid batteries, since lithium
has not been yet developed, hindered their widespread adoption. The subsequent rise of internal
combustion engine vehicles, offering greater range and convenience, led to a decline in EV use
by the 1930s [5].
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The groundwork for lithium battery (non-rechargeable, not to confuse with lithium-ion) tech-
nology began in earnest in 1958, when Harris explored the solubility of lithium in a range of non-
aqueous (aprotic) electrolytes such as carbonates and v-lactones. His work revealed that lithium
formed a passivation layer when in contact with certain electrolytes, a layer that could prevent
unwanted chemical reactions while still allowing ions to move across it. This discovery was a
key milestone, helping to stabilize lithium-based cells and sparking significant interest in the
development and commercialization of primary lithium batteries [6]. Simultaneously, in 1959,
Gaston Planté introduced the lead-acid battery, the first rechargeable battery, which became
widely used for stationary energy storage and later in automotive applications |7].

From the late 1960s onward, the first commercial non-aqueous 3 V lithium primary batter-
ies emerged. Notable examples include lithium-sulfur dioxide (Li//SO3) batteries introduced
in 1969; lithium polycarbon monofluoride (Li//(CF),) cells commercialized by Matsushita in
1973; and lithium manganese oxide (Li//MnQOs3) batteries from Sanyo in 1975, originally mar-
keted in solar-powered calculators. Other innovations included lithium copper oxide (Li//CuO)
batteries and lithium iodine/polyvinyl-pyridine (Li/LiI/Lia PV P) batteries, the latter being
used in cardiac pacemakers since 1972 due to their long life and reliability [8].

Alongside these advances in primary (non-rechargeable) lithium batteries, researchers were
gaining new insights into lithium intercalation - a process that led to the development of sec-
ondary (rechargeable) lithium-ion batteries (LIBs). These advances laid the foundation for the
high-performance, rechargeable LIBs that have since become vital to modern technology, power-
ing everything from mobile phones to EVs, highlighting the pioneering work in this field between
1970 and 1990 [9].

In recent years, they have become especially vital in both the transportation and energy
sectors. Between 2010 and 2023, average battery costs dropped by 90%, while their perfor-
mance significantly improved, with advancements such as higher energy densities and longer
cycle life (see Figure 1.2) showing capacity improvements for conservative and advanced technol-
ogy estimates, illustrating significant performance advancements over the period [10, 11]). These
developments position batteries as a key component in the shift toward low-emission energy
systems [12].

= Conservative technology === Advanced technology

Energy Density (Wh/kg)

Figure 1.2: Evolution of LIB energy density (Wh/kg) from 2010 to 2023 (based on [10, 11, 12]).

In the power sector, energy storage especially battery storage plays a crucial role in maintain-
ing electricity security. It contributes to grid stability, helps manage peak demand, and enhances
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the integration of growing shares of variable renewable energy sources. A reliable electricity
supply depends on keeping generation and demand balanced at all times [13]. More recently,
batteries have emerged as a viable energy storage option. Falling battery costs have made them
a competitive source of system flexibility, both as stand-alone solutions and when combined
with solar photovoltaic or wind power [14]. In the automotive sector, the shift toward EVs is
increasingly viewed by governments and manufacturers as a key strategy to cut air pollution
and greenhouse gas emissions. This transition is reshaping the conventional automotive supply
chain, as EVs require fewer moving parts than internal combustion engine (ICE) vehicles and
rely heavily on battery systems, which is reflected in the average EV weight being 450 kg more
than their ICE counter part [15]). Consequently, industries that previously operated separately
are now collaborating more closely [16].

The advent of electromobility and usage of energy storage systems (ESS) in recent years has
increased rapidly the number of battery applications. Rapid increment of car stock of EVs was
seen in the last years with almost 14 million new electric cars registered in 2023, reaching total
stock number to 40 million (shown in Figure 1.3). EVs sales in 2023 were 3.5 million higher than
in 2022, which adds up to 35% year-on-year increase. Globally EVs accounted for about 18% of
total cars sold in 2023 (up from 14% in 2022).

Sales of the EVs remain concentrated in just a few major markets. 60% of new electric car
registrations were in People’s Republic of China (hereafter "China"), 25% were in Europe and
10% in the United States, globally. In total three regions correspond to 95% of global electric
sales, while other market EVs sales stay limited even in significant car markets like India and
Japan.

45
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Figure 1.3: Global electric car stock trends over the years 2010 to 2023 [12].

China’s electric car registrations reached 8.1 million in 2023 (see Figure 1.4), marking an
increase of 35% in relation to 2022. At the same time, 1.2 million EV units were exported
primarily to Europe and Asia Pacific Region. The United States new electric car registrations
totalled at 1.4 million in 2023, which is a 40% year-on-year rise. In Europe, car registrations
reached almost 3.2 million in 2023, marking a 20% increase from 2022. In all three regions despite,
the government subsides or tax exemptions were limited or completely expired, a significant
growth in car sales was recorded. While some of the individual countries in Furope recorded
drop is EVs sales such as Germany and Norway (first one due to Climate and Transformation
Fund ending and in second due to market being too saturated already at 95% of all cars being
electric), there are still multiple markets — Sweden, France, Netherlands and the United Kingdom
- which have significant room to grow [17].
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Figure 1.4: Electric car registrations and sales share percentage in selected countries and regions,
2015-2023 [12].

EVs are namely divided into three categories depending on drive section, energy sources and
energy supplements [18, 19| (their share has been shown in Figure 1.5):

e Pure electric vehicle (PEV) or battery electric vehicles (BEV) - vehicles where
a propulsion is induced only by an electric motor, energy is stored in the vehicle-mounted
battery and charge is supplied from online grid.

e Hybrid electric vehicle (HEV) - type of cars combining the electric motor and the
ICE. Power can be delivered from the ICE (both diesel or petrol) or battery. These can be
further divided into:

— Micro hybrid electric vehicle - operates the engine start motor with a belt-
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alternator start generator.

— Mild hybrid electric vehicle - start motor is replaced with integrated starter-
generator located between the engine and transmission. The idea is electric generator
comes alive while the petrol engine is shut down, subsequently all the working equip-
ment relies on the electric motor. When the acceleration starts, the ICE takes over
and provides propulsion (this is system is often know as "start-stop feature").

— Full hybrid electric vehicle - the pivotal technology is the electric variable trans-
mission, allowing for power splitting. It allows to launch the vehicle using the electric
energy and provide initial acceleration.

— Plug-in hybrid electric vehicle (PHEV) - containing battery packs and electric
generator connected in series, parallel or series-parallel with the ICE. Due to the fact
the 90% of urban driving range is less than 60 km, while the daily driving range greater
than 100 km is less than 5%, PHEVs became quite popular choice of combining the
fuel efficiency of electric motor and long range of gasoline powered units.

e Fuel cell electric vehicle (FCEV) - it is driven by electric motor or can be indirectly
powered using hydrogen, methanol, ethanol or gasoline.
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Figure 1.5: Bar chart of the market share (%) of major electric vehicle types—Battery Electric
Vehicles (BEV), Plug-in Hybrid Electric Vehicles (PHEV), Hybrid Electric Vehicles (HEV, other
than plug-in), and Fuel Cell Electric Vehicles (FCEV), based on [12].

In broader sense EV, according to European Union legislation, is defined as a road vehicle that
is propelled solely or partially by one or more electric motors, using electric energy stored in a
battery or another rechargeable energy storage system (RESS). This energy must be rechargeable
from an external source of electricity, which distinguishes plug-in vehicles from conventional
internal combustion engine vehicles.

The primary legal framework governing this definition is Regulation (EU) 2018/858 on the
approval and market surveillance of motor vehicles. Within this regulation, EVs are categorized
as either battery EVs, which are powered exclusively by electricity, or plug-in hybrid EVs, which
combine an electric motor and a conventional engine but still rely on external charging. These
classifications ensure that vehicles meet specific technical and environmental standards before
they can be sold or used within the EU [20]. For the purpose of this thesis, when discussing
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"electric vehicle" the author primarily means either BEV or PHEV, mainly due to larger batteries
being installed.

Public concern regarding LIB fires has grown significantly in recent years, fuelled by high-
profile incidents involving smartphones, laptops, EVs, and even e-scooters, due to significant
increase in everyday use of LIBs. These events have not only drawn media attention but also
raised consumer anxiety about the safety of devices powered by these batteries. For instance, the
2016 recall of Samsung’s Galaxy Note 7 following spontaneous battery fires led to widespread
apprehension about the reliability of consumer electronics [21, 22|. Similar concerns have been
echoed in the context of EVs, where thermal runaway (TR) incidents have sparked fears over
the safety of adopting EV technology on a large scale [23]. These concerns have implications for
public trust and acceptance of battery-powered technologies, potentially hindering the broader
transition to sustainable energy systems.

Despite EVs generally being less prone to fire than ICE vehicles per mile driven, the unique
characteristics of LIB fires such as their intensity, difficulty to extinguish, and potential for TR
have captured public attention [24]|. High-profile incidents involving Tesla and other EV brands
have received extensive media coverage, often without context regarding the relative safety of
EVs compared to traditional vehicles [25, 26]. The visual spectacle of battery fires, including re-
ignition risks and prolonged burn times, can contribute to a perception that EVs pose a greater
safety threat, despite statistical evidence suggesting otherwise.

One of the most direct ways to compare fire risk is to look at how many vehicles of each type
experience fires per a certain number of vehicles. Recent analyses of U.S. national data provide
a clear comparison [27]:

e Hybrid vehicles: about 3,475 fires per 100,000 vehicles sold.
e Gasoline vehicles: about 1,530 fires per 100,000 vehicles sold.

e Electric vehicles: about 25 fires per 100,000 vehicles sold.

The growing integration of LIBs into daily life has brought safety concerns into sharper public
focus, particularly as devices become more powerful and energy-dense. News coverage of battery-
related fires, especially when they occur in public transportation systems or residential areas,
amplifies these fears. In urban settings, the rise of electric micromobility devices - such as e-bikes
and e-scooters has led to an uptick in fire-related incidents. According to the New York City
Fire Department, LIB fires increased dramatically in recent years, as shown in Figure 1.6, with
dozens of fires in 2022 alone resulting in fatalities and major property damage |28, 29, 30]. This
has prompted local governments to consider stricter regulations, including bans on uncertified
charging equipment and mandates for battery testing standards.

Moreover, consumer anxiety is often exacerbated by a lack of understanding about the under-
lying causes of battery fires and the relative rarity of such events compared to the total number
of batteries in circulation [31]. While statistically infrequent, the severe consequences of LIB
fires such as intense heat, toxic gas release, and rapid escalation contribute to a disproportionate
perception of risk. Public education campaigns and manufacturer transparency about battery
safety measures have been suggested as critical tools to mitigate misinformation and build confi-
dence. Risk communication and proactive engagement with consumers are essential for aligning
public perception with actual hazard levels and for fostering informed support of battery-powered
technologies [32].

Global reports and articles have shown that LIB fires have largely varying characteristics
from petrol-based fires [26]. An outline of the characteristic is provided below along with the
recently reported events of such behaviours.

e The battery can re-fire multiple days or weeks after the accident due to slow heat transfer
to adjacent modules or cells [33].
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Figure 1.6: New York City Fire Department LIB fire incidents increased track (based on [28, 29]).

e LIB fires produce a range of additional toxic compounds as a result of electrolyte decompo-
sition (e.g., lithium hexafluorophosphate), and these compounds may be released in lethal
doses [34], especially in enclosed structures 35, 36].

e Battery fires require enormous amounts of water to cool-down and extinguish as the heat
capacity of the cells is substantial and their accessibility is heavily impaired [37, 38§].

e Battery fires are easily spread to nearby structures or vehicles due to their intensity -
primarily due to jet flames, explosions, and other flaming components being projected at
nearby ignitable objects [39].

As such fire resistance and mechanical integrity of EVs have become increasingly significant in
the context of emerging legislation and international safety standards. With the proliferation of
EVs across global markets, regulatory bodies and standardisation organisations have responded
by establishing comprehensive testing frameworks aimed at addressing the unique hazards as-
sociated with high-voltage LIB systems [66]. Fire resistance evaluations focus on the behaviour
of battery packs under conditions that may lead to TR, which can result from internal faults,
mechanical damage, or exposure to external heat sources. Standards such as the United Nations
Global Technical Regulation No. 20 (UN GTR No. 20) [67], ISO 6469-1 [68], and TEC 62660 [69]
series outline procedures for assessing the ability of battery systems to withstand fire exposure
without immediate propagation, thereby ensuring sufficient time for occupant evacuation and
emergency response.

In parallel, mechanical testing plays a crucial role in evaluating the structural integrity and
resilience of battery systems under various stress conditions, including impact, crush, vibration,
and penetration. These tests simulate real-world scenarios such as vehicle collisions, rollovers,
and road-induced vibrations, with the objective of preventing catastrophic battery failures. For
instance, United Nations Economic Commission for Europ Regulation No. 100 mandates that
batteries must maintain their electrical isolation and structural containment following a crash
event [70]. In addition, national regulations such as the United States Federal Motor Vehicle
Safety Standards (FMVSS) [71] and China’s GB/T standards incorporate similar provisions,
ensuring consistency in safety performance across jurisdictions 72, 73].

10



Chapter 1

<9 SoTyI[RYR] € “RIWIOJ[RY) “JUOUWIPIL] UL oI PUR USRID PUNIDGAD R[S, sajelg PAYUN | GZ0G
[79] LoupAg ur 1 poqy o1y £10)9eq TOI-WINIYYI] (o1g A1937eq) [RUAPISIY RIRIISIY | GZ0T
[€9] poanlur § ‘peop ¢z ‘Suoosem ut £1030®] Je suorsojdxo AIeljegq £1030%] AI939Rq [[OOLIY eOIOY YINOS | FZ0T
9] paIn[ur §j ‘pedp ¢T :soiq-o wioxy uiltreN Ul SUIP[IN( [RIIUOPISAT UL OIL,] $9[2401q D11 RUN) | $20T
[19] noyzny ut drgsioresp qAE e o1 diysioresp QA rUIYD | #¢0¢
l09] SOIYI[RYR] ¢ PUR 91y ‘MUUY UI [[RIPIENT 0Ul YSRID) LS TWOoRTY RUIYD | #¢0¢
6] BUIYD pUe[UIRW UL JUIPIOUT 9T €0TS 1edoa( RUIYD | #¢0¢
[8¢] odeurep oIyoA ‘o[ Sunyred A1090€] URIATY IR OII] (Ppow poymodsun) uelAry sogel1g poyiun | $20¢
[29] Aq1reye] T (SRS Ser] Ul oI pueR Ysel)) oNIILAD) s, so9e1g payiun | $20C
[9g] SoT1jI[e)e]  ‘0JU0IO0T, UI 11 pue Ysel)) ([opour payioedsun) e[saT, epRUR) | FZ0Z
[gq] pooyI0oqu3euU 99)0[IRY) Ul o1 JySne)) (opowr paytedsun) e[sa], so9e1g paviun | $20T
[7c] | woryenoess Surydurord pue sappIyes Furdeurep ‘eSoour)yer)) Ul a1y Jy3ne)) 6AH el S91R1G poNuN | FZOT
[eq] IeypoN UIe UoPneT ul umop pouing drysiofeap Ied OLI09[H dryszeteep A Luewior) | 207
[zl Usmsurixoe 0y suofres 000‘9¢ ‘G9-T U0 91y Jysney S PPOIN ®BIS9L S9Ye1S pPotu) | ¥60¢
[19] uo11eS1)soAul VS LHN ‘s11odal o11f snoauejuods [e1oAag 90RJ-T Tender | mopSury] poytun | FZ0Z
log] Ayoey aredar e Je 911 0 oUIR)) LY uerary so9e1g payiun | $20C
l67] peap juegul T 1D0YR], OYRT YINOG UI ysein € [PPOIN ®[SeL S9jels paiuf) | €20¢
[87] eyey ‘uoSa1() UT 99I) 0JUI [SRID) S [OPOIN ®[seT, s99e1g payiun | €20T
[27] preoquo sAH (0¢ 01y drys odren AemySiH opyuewol] AN SPURLYION | €30T
[9%] Surdreto oIy oIy IR 61 0y I'T RUY) | €T0T
[c7] popuadsns 109} ‘oI1] 18ned sosnq SIIeJ OMT, snqonyg aIo7[0¢ ouel] | zz0C
lid poyaed o[IYA UOTISTIqUIOD sniodurjuodg A ULy Surny RUIYD | ¢c0¢
(7] owoy je SurdIeyd SuLmp oIl e (] ueSemsy[oA spue[ioyloN | 1203
(7] podense IoALIp ‘elueA[ASUUL UI o1y jydned A[jsnosurjuodg PreId S [PPOIN ®BISOT, soje)g poyun | 1Z0T
[17] Juouryredurod AIeyyeq wolf pajoodsns o1 | (usSurudoro) X JIN) ALIDJ OLIJO9[H LemIoN | 6102
[07] Anurerodure) popunoid ooy oIy Jysne)) snq o399 DL epeue) | GI(Z
90UAIdJIY JuamIUIO)) 199lqQ Aunoy | 1eax

"SEITT SNOLIRA SUTAJOAUT SYUSPIOUT JUIDI JO ISIT T'T 9[qe],

11



Introduction

(d)

Figure 1.7: Selected set of fire incidents involving LIBs. (a) Aftermath inside the APS McMicken
battery container; (b) car carrier Felicity Ace ablaze in the Atlantic Ocean; (c) public bus depot
fire in Stuttgart, (d) Tesla Megapack unit fire.

The harmonization of these standards reflects a broader commitment to enhancing the safety
and reliability of EVs, fostering public trust, and supporting the sustainable transition from
internal combustion engines to electrified transport. Manufacturers are thus compelled to in-
tegrate advanced materials, thermal insulation techniques, and intelligent battery management
systems to meet these stringent requirements. Ongoing research and development efforts con-
tinue to explore new methodologies and technologies for improving fire resistance and mechanical
robustness, including the use of solid-state batteries, enhanced enclosure designs, and predictive
diagnostic systems. As regulatory frameworks evolve, a multidisciplinary approach involving
engineering, materials science, and policy will be essential to addressing the complex safety chal-
lenges posed by next-generation electric mobility. The importance of the standardisation work
and the safety requirements show large losses - economic and human - during the TR of the
battery - a few recent events presented in Figure 1.7 such as:

e Figure 1.7a. Aftermath inside the APS McMicken battery container following the April
2019 explosion in Arizona. The TR in one Li-ion cell cascaded through an entire rack,
filling the container with flammable gases that later ignited in a deflagration when first
responders opened the door. Four firefighters were injured in the blast [74]. Estimated
Loss: $10-15 million USD.

e Figure 1.7b. The car carrier Felicity Ace ablaze in the Atlantic Ocean in February 2022.
The ship was transporting ~4,000 vehicles (including hundreds of EVs) when a fire broke
out and spread throughout the vessel. LIBs in the EVs on board kept the fire “alight,”
requiring specialized firefighting equipment. The crew was evacuated safely, but the ship

12
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ultimately sank after burning for nearly two weeks [75]. Estimated Loss: $400-500 million
USD.

e Figure 1.7c. Aftermath of a massive fire on September 30, 2021 at a public bus depot in
Stuttgart, Germany. The blaze destroyed 25 buses, including two electric buses suspected
of initiating the fire while charging. Over 200 firefighters responded to contain the fire. This
incident, among others, prompted several German cities to temporarily suspend electric
bus operations pending safety investigations. [76]. Estimated Loss: $10-25 million USD.

e Figure 1.7d. Firefighters battle a blaze in one Tesla Megapack unit at Neoen’s Victorian Big
Battery project in July 2021. Flames and smoke engulfed the 300 MW /450 MWh battery
installation during initial testing, destroying one container and damaging another. More
than 30 fire appliances responded, and the fire was contained with no injuries reported [77].
Estimated Loss: $30-40 million USD.
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1.1 Motivation and Background of the Thesis

LIBs have become ubiquitous in EVs and energy storage systems (ESS), especially being part
of alternative energy sources, but their safety remains a critical concern. A central issue is the
risk of TR - a self-accelerating chain reaction within a battery that can lead to fires or explo-
sions. TR is widely recognized as the primary failure mechanism in LIBs and is highly complex,
being influenced by both external conditions and internal cell chemistry. Recent high-profile
battery fire incidents have underscored the severity of this problem and the need for deeper un-
derstanding of TR mechanisms and following fallout in form of thermal and mechanical damage.
Despite extensive research into TR triggers and behaviour at the materials level, a comprehensive
understanding of whole-battery TR dynamics in context to standardisation and testing method-
ology remains elusive. This knowledge gap in LIB safety motivates the research performed in the
project frame "Doktorat Wdrozeniowy" carried out in Laboratorium Badan Ogniowych Centrum
Techniki Okretowej S.A. in conjuction with Instytut Maszyn Przeptywowych im. R. Szewalskiego
Polskiej Akademii Nauk. The results of this research and cooperation is the present thesis.

Ensuring the fire safety of LIB systems requires reliable testing methods to simulate worst-case
scenarios (such as vehicle crashes followed by fires) and to evaluate how batteries and protective
structures behave under such stress. In practice, regulatory and industry standards mandate
abuse tests to certify that battery systems are fire resistant and mechanically intact. Battery
systems are put into RESS, which are primary object of this study. In the European context,
UNECE Regulation No. 100 Revision 3 (R100.03) is the definitive standard for
EV battery safety testing, due to the fact it is obligatory to be followed before the
RESS is introduced into market. The intent of tests included in the standard is to ensure
that in a post-crash fuel fire, the battery will not explode or endanger occupants, allowing time
for escape. Due to the obligatory status of R100.03 test procedures, it is studied in present thesis
in order to assess its repeatability, precision, practicality and other qualities, which good testing
methodology should contain. Simultaneously, LIB testing and standardisation is a global issue,
therefore such context is provided.

The standardisation shortcomings were also noted by the customers of Laboratorium Badan
Ogniowych Centrum Techniki Okretowej S.A., which prompted the multiple tripartite cooper-
ation and allowed test data to be published in this thesis. All of the test presented in given
thesis were performed on real-life samples to be later introduced into market applications and
day-to-day use in EV, stationary ESS or railway auxiliary ESS.

In sum, the research undertaken in this dissertation is not limited to theoretical inquiry but
is a practical knowledge oriented towards the improvement of testing practice and regulatory
frameworks. By critically evaluating existing procedures and proposing a more precise and re-
peatable methodology, the project contributes to the development of safer and more reliable
battery systems. The anticipated outcomes extend beyond the academic sphere: they provide a
foundation for refining standards such as UNECE R100.03 and for informing international har-
monisation efforts, thereby enhancing the credibility and reproducibility of safety assessments
across laboratories. In a broader societal perspective, this work supports the secure deployment
of electric vehicles and stationary energy storage systems, which are indispensable for the sus-
tainable energy transition. Ultimately, the project outcomes - carried out by the cooperation
of Institute of Fluid Flow Machinery, Polish Academy of Sciences and Laboratorium Badan
Ogniowych Centrum Techniki Okretowej S.A. - will be reflected in safer testing protocols, more
robust engineering solutions, and a tangible reduction in the risks posed by LIBs, advancing both
public safety and the trust in technologies that underpin a low-carbon future.
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1.2 Outline of the Thesis

The thesis is organized into 8 chapters and 5 appendices. Below, each core chapter of the
dissertation is mapped to its role in fulfilling the thesis objectives:

e Definitions and Acronyms. It contains the definitions and acronyms used in the disser-
tation.

e Chapter 1: Introduction. The thesis begins with an introduction that frames the
scientific problem. This chapter establishes why the research background, surveying the
safety challenges posed by TR and the inadequacies of current test methods. It sets the
stage by articulating the gap in knowledge and practice that the thesis intends to fill - the
need for a more quantitative and repeatable fire testing methodology for battery systems.

e Chapter 2: Safety Analysis of Lithium-ion Batteries. The purpose of Chapter 2
is to provide a detailed technical foundation on LIB operation and failure modes, with a
focus on the conditions leading to TR and fire. Chapter 2 serves as a knowledge base - it
presents the understanding of LIB failure mechanisms, and it reveals the variables that a
robust test method should consider.

e Chapter 3: Thermal Safety Systems in Lithium-ion Batteries. Chapter 3 reviews
what can be done to prevent or mitigate failures in LIBs. Its role is to survey existing
safety strategies and designs used in LIB systems, thereby addressing the objective of
understanding the current state-of-the-art in TR prevention. The chapter is divided into
passive safety systems and active mitigation strategies. Chapter 3 contributes to the thesis
by translating the battery failure mechanisms (from the previous chapter) into engineering
solutions and requirements, thereby informing the design of the experimental campaign
and the interpretation of results later in the thesis.

e Chapter 4: Aim of the Thesis. Chapter contains the aim and formal thesis of the
dissertation.

e Chapter 5: Standardization of Battery Energy Storage System Testing. The goal
is to situate the thesis within the regulatory and standardization context. It provides a
comprehensive comparison of existing test standards and regulations for LIB safety globally,
thereby addressing the objective of integrating with industry standards and identifying their
weaknesses. Importantly, this chapter zooms in on the fire resistance test procedures in
automotive standards versus analogous tests in other industries. It shows that improving
test repeatability and data quality is not just academically interesting but practically urgent
to improve safety standards.

e Chapter 6: Battery Fire Resistance Testing Methodology. This chapter is where
the novel methodology is presented and validated. It is structured into several parts that
together develop the new testing approach. First examines the fundamental fire dynamics
and heat transfer aspects relevant to battery fires and fire-resistance tests. Here, theoretical
background is given on fire plume behaviour and heat flux in large hydrocarbon fires versus
controlled furnaces, and how to model the thermal exposure appropriately. This sets up
the basis for fair comparison between an open-fire test and a furnace test. Then presents a
numerical analysis of fire test conditions for LIB enclosures, with focusing on the UNECE
R100.03 fire test parameters and discussing similar tests. Chapter closes with a discussion
and recommendations, examining the implications of these findings and outlining how
battery fire testing standards could evolve.

e Chapter 7: Development of Thermal Runaway Emissions Aftertreatment Sys-
tem (TREAS). In this final content chapter, the thesis extends its scope to a related
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practical challenge: managing the toxic and flammable emissions produced during TR
tests. Its inclusion reflects the emerging environmental and safety regulations that restrict
releasing untreated gases from battery tests into the atmosphere. The aim here is to design
and validate a laboratory-grade aftertreatment system that can be used in conjunction with
TR experiments to scrub harmful efluents and to improve experimental conditions.

Chapter 8 Summary and Conclusions of the Thesis. The summary, conclusion,
and future works required for further development of this thesis are discussed thoroughly
in the given Chapter.

Appendix A: Overview of the Materials used in Lithium-ion Batteries. It
presents cathode families, anodes, electrolytes, and separators. Provides comparative notes
on energy density versus inherent safety trade-offs and implications for external-fire per-
formance. Serves as materials background for interpreting fire-test outcomes.

Appendix B: Review of the Prevention Systems and Solutions to Battery Fires.
It compiles passive and active strategies across cell, module, and pack levels: BMS func-
tions, air/liquid/PCM and hybrid thermal management, propagation barriers, vents, fuses,
and suppression.

Appendix C: Additional datasets. This appendix contains additional data and graphs
from the carried out experimental tests.

Appendix D: Background for TREAS development. It characterizes TR emissions
and their health or environmental hazards, especially in confined spaces. Reviews gas
cleaning approaches - particulate filtration, alkaline scrubbing, adsorption/catalysis—and
their efficiencies and limitations.

Appendix E: List of Standards and Regulations Referenced in the Thesis. [t
contains list of standards and regulations that are subjected to analysis and evaluation in
the given thesis.
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Safety Analysis of Lithium-ion
Batteries

A lithium-ion battery is an electrochemical energy storage device composed of four essential com-
ponents: the anode, the cathode, the electrolyte, and the separator. The anode, most commonly
graphite, serves as the host material for lithium ions during charging, providing high reversibility
and stability. The cathode is typically a transition-metal oxide, such as LiCoOs, LiFePQy, or
Ni-rich layered oxides, which functions as the source and sink for lithium ions during cycling.
Between these electrodes lies the electrolyte, usually a lithium salt (e.g., LiPFg) dissolved in
organic carbonate solvents, which enables ionic conduction while remaining electronically in-
sulating. The separator, a porous polyolefin membrane (often polyethylene or polypropylene),
physically isolates the anode and cathode to prevent electrical short-circuits, while allowing ionic
transport through its micropores.

A critical feature of lithium-ion cells is the solid electrolyte interphase (SEI), a passivation
layer that forms spontaneously on the anode surface during the first charge due to electrolyte
decomposition. The SEI is electronically insulating but ionically conductive, which stabilizes the
electrode—electrolyte interface by preventing continuous electrolyte breakdown while allowing
lithium-ion transport. Its stability is crucial for battery longevity and safety, as degradation of
the SEI can lead to increased impedance, gas evolution, or dendrite formation. Together, the
coordinated roles of anode, cathode, electrolyte, separator, and SEI enable reversible lithium-ion
intercalation and deintercalation, high energy density, and long cycle life, while also dictating the
thermal and electrochemical safety characteristics of the cell. Schematics of the LIB are shown
in Figure 2.1.

The mechanics of LIBs are inherently multi-physical: they couple electrochemical kinetics,
ionic diffusion, phase transitions in electrode materials, Joule heating, and mechanical defor-
mation arising from volume changes during lithiation and delithiation. These interdependent
phenomena dictate not only the battery’s performance and lifetime but also its structural and
thermal stability, which are critical for safety under both nominal and abusive operating con-
ditions. A central hazard associated with LIBs is the phenomenon of TR - a self-sustaining,
exothermic cascade initiated when the rate of heat generation from internal reactions surpasses
the system’s ability to dissipate that heat. The process typically begins with the decomposition
of the SEI layer, followed by volatile gas release, separator melting, internal short circuits (ISC),
and finally the exothermic breakdown of the cathode material, often accompanied by oxygen
evolution. TR dynamics are highly sensitive to factors such as state of charge (SOC), cell ge-
ometry, and the thermal characteristics of the materials involved, necessitating a mechanistic
understanding for effective mitigation.

Beyond intrinsic failure modes, LIB safety is also challenged by extrinsic abuse scenarios,
broadly categorized as mechanical, thermal, and electrical. Mechanical abuse - such as impact,
crushing, or penetration - can compromise separator integrity and initiate internal short circuits.
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Thermal abuse involves exposure to elevated ambient temperatures or flame, which can accelerate
decomposition reactions. Electrical abuse includes overcharging, overdischarging, and external
short-circuiting, often resulting in lithium plating or electrolyte breakdown. Each abuse type
activates distinct degradation pathways and may act synergistically with others, emphasizing the
need for holistic safety assessment frameworks that integrate materials science, thermal analysis,
and structural mechanics.

2.1 Operating Principles of the Lithium-ion Battery

Lithium-ion cells operate on the principle of reversible electrochemical reactions involving the
migration of lithium ions (Li™) and electrons between two electrodes (anode and cathode) —
separated by an electrolyte. This migration is induced by differences in electrochemical potential,
which establish a cell voltage that drives electric current through an external circuit during
discharge. When the cell is discharging, lithium ions deintercalate from the anode, traverse the
electrolyte, and intercalate into the cathode, while the electrons follow a parallel path through the
external load. Upon charging, the process is reversed, and an external energy source drives the
lithium ions back to the anode. Scheme of LIB design is shown in Figure 2.1. The reversibility and
efficiency of these redox reactions are the foundation of rechargeable energy storage. However,
the dynamics of these reactions are not purely electrochemical; they are coupled with thermal
effects that influence performance, degradation, and safety of LIB [7§].
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Figure 2.1: Schematic of the LIB design.

The anode in conventional lithium-ion cells is typically composed of graphite - as shown in
Figure 2.1 - a layered carbon material with sufficient interlayer spacing to accommodate lithium
ions during intercalation. This host-guest system is highly reversible under ideal conditions, but
it experiences minor volumetric expansion during lithiation, which can lead to mechanical stress
over multiple cycles. The cathode is usually a transition metal oxide with a crystalline lattice
capable of reversible lithium ion uptake and release. Cathode examples include lithium cobalt
oxide (LiC0O3), lithium iron phosphate (LiFePQOy,), and more recently, nickel-rich mixed metal
oxides such as LiNiggMng1Co00102 (known as NMC811) [79, 80]. These cathode materials are
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characterized by their structural stability, voltage profile, and thermal behaviour. Importantly,
both the intercalation mechanisms and the phase transitions that occur in these materials during
cycling generate or absorb heat, depending on the electrochemical state. The amount and rate
of heat generated are influenced by current density, SOC, material composition, and crystallo-
graphic defects [81].

The electrolyte in a LIB is a complex solution typically composed of a lithium salt such as
LiPFys dissolved in a mixture of organic carbonate solvents, including ethylene carbonate (EC)
and dimethyl carbonate (DMC) [82]. The electrolyte facilitates ionic conductivity but is elec-
trically insulating, ensuring that only lithium ions - not electrons - pass through the separator.
At the same time, the separator, often made of polyolefin (e.g., polyethylene or polypropylene),
acts as a mechanical barrier to prevent short circuits while allowing ionic transport [83]. Elec-
trolytes and separators are thermally sensitive components. The organic solvents are volatile
and flammable, and their decomposition at elevated temperatures can lead to the evolution of
gaseous products, increasing internal pressure. If the temperature exceeds a critical threshold -
typically between 120 °C and 200 °C thermal breakdown of the separator or exothermic reactions
between the electrolyte and electrodes can trigger a catastrophic sequence known as TR [84].

The redox reactions during charge and discharge involve more than just electron transfer
- they are coupled with entropic and enthalpic changes that influence cell temperature. For
instance, the anodic reaction during discharge:

LiCe — Cg + LiT + e~

releases heat due to the exothermic nature of lithium deintercalation. Simultaneously, the ca-
thodic reaction:

Li;—xCo0y + zLi" + e~ — LiCoO»

also contributes to heat generation or absorption, depending on the extent of lithiation and
the phase transitions occurring within the lattice. The thermal behaviour of these reactions
is governed by the Peltier effect (related to entropy changes), Joule heating (Q = I*R losses,
where I is current squared and R is the resistance of the conductor), and side reactions, such as
SEI formation or electrolyte decomposition [85]. The SEI primarily consists of lithium ethylene
dicarbonate, lithium carbonate (Li2COs3), and various organic lithium compounds that provide
electrochemical stability under normal operating conditions. Particularly during fast charging or
deep discharge, the rate of heat accumulation can surpass the rate of heat dissipation, resulting in
temperature gradients within the cell and localized hot spots [86]. These thermal imbalances may
lead to uneven ageing of the cell or initiate self-accelerating decomposition reactions, especially
if defects or impurities are present in the electrodes. Further analysis on LIB materials used in
cells are presented in Table 2.1 and Appendix A.

There are three levels LIB systems are regarded as - cell level, module or pack/system.
Schematic representation is found in Figure 2.2:

e At the cell level, the unit of analysis is the individual electrochemical cell - the smallest
energy-storing element in a LIB system. Each cell contains the complete electrochemical
architecture required for charge and discharge: an anode, a cathode, a separator, elec-
trolyte, current collectors, and an outer casing. Cells are manufactured in specific form
factors (cylindrical, prismatic, pouch; see Figure 2.3) and are designed to operate as dis-
crete, sealed entities. Structurally, a cell is optimized for electrochemical performance,
thermal stability, and mechanical integrity at the smallest scale. In the hierarchy of bat-
tery integration, it represents the foundation upon which higher-level assemblies are built,
with its performance and safety characteristics directly influencing the behaviour of larger
assemblies.
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N

Cell Module Pack

Figure 2.2: Comparison on LIB system level - cell, module or pack.

e At the module level, multiple cells are mechanically grouped and electrically connected
in series, parallel, or mixed configurations to achieve desired voltage and capacity targets.
Modules often incorporate structural frames, thermal interface materials, electrical busbars,
and monitoring hardware (temperature and voltage sensors) to manage cell operation col-
lectively. The design of a module must ensure uniform thermal distribution, mechanical
stability under vibration or shock, and safe electrical connectivity between cells. Struc-
turally, the module is an intermediate subsystem - it bridges the gap between the raw
energy-storing cells and the complete battery system - and serves as the first structural
layer where containment and thermal management of multiple cells are considered together.

e At the pack or system level, several modules are integrated into a complete energy storage
unit with all necessary support systems for operational safety, performance, and integra-
tion into the target application (e.g., an EV or stationary ESS). The pack incorporates the
battery management system (BMS), comprehensive thermal management systems (e.g.,
air, liquid, phase change material - PCM), protective housings, high-voltage connectors,
fuses, contactors, and often fire suppression or venting arrangements. Structurally, the
pack/system level addresses the highest-order requirements: mechanical robustness against
environmental and crash loads, large-scale thermal control, electrical isolation, and com-
pliance with regulatory standards. The primary difference from the module level is scope
and integration - the pack is a fully functional, stand-alone system ready for deployment,
whereas modules and cells are subcomponents within this architecture.

Lithium-ion cells are manufactured in three principal geometries: cylindrical, prismatic, and
pouch - as shown in Figure 2.3. Each type presents distinctive structural, thermal, and practical
characteristics:

e Cylindrical cells (e.g., 18650, 21700) use a wound “jelly roll” electrode structure housed
in a rigid metal can. Their cylindrical casing provides high mechanical robustness and
consistent thermal performance. They are mass-produced at relatively low cost with good
reliability and safety features (venting mechanisms, current interrupt devices). However,
the round shape limits packing efficiency in modules and packs, resulting in unused volume.

e Prismatic cells employ a stacked or rolled electrode assembly encased in a rectangular, often
rigid aluminum housing. Their main advantage lies in efficient space utilization, enabling
high volumetric energy density at the module or pack level. They are well suited for
automotive and stationary applications where compact design is important. Nevertheless,
their rigid design makes thermal management more challenging, and mechanical swelling
during cycling can induce internal stresses.
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Safety Analysis of Lithium-ion Batteries

e Pouch cells use a laminated, flexible foil package without a rigid enclosure. This format
allows the thinnest and most adaptable form factors, leading to excellent volumetric and
gravimetric energy density. Pouch cells can be stacked densely, maximizing energy in
constrained spaces. However, their mechanical robustness is lower compared to cylindrical
and prismatic cells, making them more vulnerable to external pressure, puncture, and
swelling. They also require additional module-level structures for mechanical support and
protection.

@Tﬁminals Separator Separator

Case
Cathode

Anode

Cathode

Cathode  Anode
(b)

Figure 2.3: Comparison of the cell types: (a) cylindrical, (b) pouch and (c) prismatic.

Safety concerns in LIBs are inextricably linked to thermal phenomena. As the cell heats
up - either from external conditions, abusive operation (e.g., overcharging), or internal defects
(e.g., dendrite formation) - several degradation pathways become a possibility. The SEI layer on
the anode, which initially forms as a protective film, can break down and reform continuously,
consuming lithium and electrolyte in the process, leading to capacity fade and impedance growth
together with heat generation. At elevated temperatures, the SEI may undergo exothermic
decomposition, further increasing cell temperature. Likewise, the cathode may release oxygen
when overcharged or overheated, which reacts violently with flammmable electrolyte components.
In parallel, the separator can shrink or melt, causing ISCs. These combined effects can culminate
in TR, where the heat generated by exothermic reactions further accelerates decomposition,
leading to cell venting, fire, or explosion. Once TR begins, it is self-sustaining and very difficult
to interrupt, often spreading to adjacent cells in multi-cell battery packs (a phenomenon known
as thermal propagation) [87, 94].

Thermal management is thus a critical design consideration in LIB systems. Passive systems
include heat-dissipating materials, optimized cell geometry and thermal interface materials, while
active approaches involve forced air or liquid cooling systems, PCMs, and integrated thermal
sensors for real-time monitoring. BMS play a vital role in monitoring temperature, voltage, and
current to prevent conditions that could lead to thermal instability. BMS involves systems that
regulate battery temperature to ensure safety, maximize performance, and prolong lifespan by
using active (e.g., liquid cooling, fans) or passive (e.g., heat sinks) methods to either dissipate
excess heat or provide warmth in cold conditions. Research in battery safety focuses increasingly
on electrolyte formulations with higher thermal stability, non-flammmable solvents, ceramic or
shutdown separators, and cathode materials that are less prone to oxygen release [95]. From
a system-level perspective, the challenge lies in balancing energy density and safety - a higher
energy density often correlates with increased reactivity and thermal sensitivity.

In conclusion, while the operation of lithium-ion cells is fundamentally electrochemical, the
associated thermal effects are of paramount importance to performance, longevity, and - most
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critically - safety. Heat generation accompanies every aspect of cell operation, from ionic trans-
port and interfacial reactions to structural phase changes and material degradation. If not
effectively managed, thermal effects can compromise not only the functionality of the battery,
but also pose serious risks to users and the surrounding environment. Understanding and con-
trolling these thermal processes is therefore essential in the design of next-generation lithium-ion
technologies and in ensuring their safe integration into complex application.

2.2 Thermal Runaway Mechanics Analysis

TR represents one of the most critical safety concerns in LIB systems, fundamentally limiting
their widespread deployment in high-energy applications. This phenomenon manifests as a cas-
cading series of exothermic chemical reactions that lead to uncontrolled temperature escalation,
ultimately resulting in fire, explosion, or toxic gas emission. The complexity of TR stems from the
intricate interplay between multiple thermodynamic systems within the battery cell, each con-
tributing heat generation through distinct pathways and temperature regimes. Understanding
the step-by-step mechanisms underlying TR is essential for developing effective safety strategies
and mitigation technologies in battery system design [96, 97, 98]. TR initiation cause can vary
largely and most of the known causes were shown in Figure 2.4.

Battery defects Equipment defects Aging etfects
\‘\ T~ — = B oo o .‘\ - m— - > 5 25 e === F. /
%, F e SR = S N /

MECHANICAL ABUSE THERMAL ABUSE ELECTRICAL ABUSE

Damage of I.he_ cell —. The ﬂhﬂdt, hﬂﬂﬂ‘l‘!g
conditions, local heating

Over- or discharge, external
short circuit

‘Separator collapsing

Internal short circuit (15C)

THERMAL RUNAWAY

Figure 2.4: Schematic chart of TR initiation.

The essence of TR can be conceptualized through the Heat-Temperature-Reaction (HTR)
loop, where exothermic reactions generate heat that elevates temperature, which in turn ac-
celerates reaction rates, creating a positive feedback mechanism that becomes self-sustaining
once critical thresholds are exceeded. This phenomenon is characterized by three distinct tem-
perature markers: 77 (onset of self-heating), 7o (TR trigger temperature), and 73 (maximum
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temperature), which serve as fundamental parameters for safety assessment and thermal stability
evaluation [99, 100].

e T represents the onset temperature for self-heating, typically occurring when the tem-
perature rise rate exceeds 0.004°C/s, marking the initiation of significant exothermic side
reactions within the cell. This temperature commonly ranges between 78-105°C for var-
ious lithium-ion chemistries, with variations dependent on cell composition and state of
charge [97].

e 15 constitutes the TR trigger temperature, defined as the critical threshold where the
temperature rise rate reaches 1°C/s, indicating that the HTR loop has become uncontrol-
lable. This parameter varies significantly across different battery systems, ranging from
approximately 130°C to 270°C depending on cell chemistry, separator design, and inter-
nal resistance characteristics. Th represents the point at which rapid oxidation-reduction
reactions between cathode and anode materials are triggered, leading to massive heat gen-
eration [101].

e T35 denotes the maximum temperature attained during TR, typically reaching 600-900°C in
severe cases, representing the total energy release potential of the system. The temperature
differential AT = T3 — T directly correlates with the total heat generation during TR
(AH7R) according to the relationship:

AHTR =M xC x AT (21)

where M represents cell mass, C' denotes heat capacity and AT denotes temperature differ-
ence [97]. TR phenomenon can be divided into 5 selective stages, shown also schematically
in Figure 2.5.

Stage 1: Solid Electrolyte Interphase Decomposition (80-150 °C)

The initial phase of TR involves the thermal decomposition of the solid electrolyte interphase
layer, a critical component formed on the anode surface during initial battery cycling. The de-
composition of this metastable SEI layer typically initiates between 80-120 °C, with the majority
of reactions occurring in the 100-150 °C range [102, 103].

The thermal decomposition of lithium ethylene dicarbonate, the predominant SEI component,
proceeds through a three-stage mechanism, which starts at low temperatures. In the initial
stage, LEDC decomposes to evolve COy and CyHy gases while generating lithium propionate
(CH3CHyCOyLi) and LioCOs as solid residues:

LEDC —— CH3CH>CO3Li + LisCO3 + CO9 + CoHy (2.2)

The heat generated during SEI decomposition, while relatively modest compared to subsequent
reactions, serves as the critical initiating factor that elevates cell temperature toward the next
stage. The exothermic nature of SEI breakdown creates localized heating that compromises the
structural integrity of other battery components, particularly affecting electrolyte stability and
separator mechanical properties [104].

Concurrent with SEI decomposition, the anode undergoes additional exothermic reactions
with the electrolyte, particularly involving lithiated graphite and organic solvents. These reac-
tions generate additional heat while producing gaseous byproducts including hydrogen, carbon
monoxide, and various hydrocarbons. The cumulative effect of Stage 1 reactions establishes the
thermal foundation for subsequent escalation phases [105].

24



Chapter 2
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Figure 2.5: Stages of the TR.

Stage 2: Electrolyte Gasification and Venting (90-250 °C)

As cell temperature continues rising beyond 90°C, the electrolyte system undergoes systematic
gasification based on the boiling points of constituent solvents. Commercial lithium-ion elec-
trolytes typically contain ternary solvent mixtures including dimethyl carbonate (DMC, boiling
point 91 °C), ethyl methyl carbonate (EMC, boiling point 110 °C), and ethylene carbonate (EC,
boiling point 248°C) [106].

The gasification process occurs in distinct phases corresponding to solvent volatility. Initially,
when cell temperature reaches 100-110°C, DMC and EMC vaporize rapidly, creating internal
pressure buildup that leads to the first venting event characterized by white-gray smoke emission.
This venting represents a critical transition point where mass transfer from the internal cell
environment to the external environment begins, fundamentally altering the thermodynamic
balance within the system [107].

The second gasification phase occurs around 250°C when EC vaporizes, accompanied by
additional organic gases generated through side reactions with electrode materials. This stage
typically coincides with more intense pressure build-up and aggressive venting behaviour, often
accompanied by the release of toxic compounds including hydrogen fluoride and carbon monox-
ide [108].

The venting process serves a dual role in TR progression. While it provides pressure relief
that can temporarily slow temperature escalation, it also removes electrolyte necessary for main-
taining separator integrity and electrochemical stability. The mass loss during venting can range
from 10-70% of the original electrolyte inventory, fundamentally altering the internal chemical
environment and accelerating subsequent degradation mechanisms [106].

Stage 3: Separator Breakdown and Internal Short Circuit (120—200 °C)

Separator failure represents a critical transition point in TR progression, fundamentally altering
the internal cell architecture and enabling direct contact between cathode and anode materi-
als. Commercial separators typically employ polyethylene (PE) and polypropylene (PP) based
materials with distinctly different melting characteristics [109].

PE-based separators exhibit melting initiation around 135°C, while PP materials melt at ap-
proximately 170°C. Modern ceramic-coated separators demonstrate improved thermal stability,
maintaining structural integrity up to 200-260°C under compression conditions [110].

Separator melting initiates pore closure, initially providing a shutdown mechanism that can
halt ion transport and theoretically prevent further electrochemical reactions. However, contin-
ued temperature elevation leads to separator shrinkage and eventual structural collapse, creating
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direct pathways for contact between active materials.
The collapse of separator integrity enables ISCs, creating low-resistance pathways for current
flow between electrodes. The heat generation rate during ISC can be estimated using:

U?. n
Risc

Qrsc = (2.3)

where U represents cell voltage, n denotes electrical-thermal conversion efficiency, and Rrsc
represents the equivalent short circuit resistance. When R;gsc approaches very low values, in-
stantaneous heat generation can reach extremely high rates, sufficient to melt current collectors
and create localized temperature differences exceeding 1000 °C [111].

The occurrence of ISC typically coincides with rapid voltage collapse and dramatic accel-
eration of temperature rise rates, marking the transition from controlled thermal escalation to
uncontrolled TR. However, while ISC serves as a critical trigger mechanism, it is not necessarily
the primary heat source responsible for driving cells to extreme temperatures [25].

Stage 4: Massive Oxidation-Reduction Reactions (250-300 °C)

The most energetically significant phase of TR involves rapid oxidation-reduction reactions be-
tween cathode and anode materials following separator collapse. These reactions are triggered
when cell temperature reaches critical thresholds, typically 250-270 °C for common lithium-ion
chemistries. The onset temperature for these reactions represents the true TR trigger point
(T), as the heat generation rate during this phase far exceeds that of all previous stages com-
bined [99, 112]. The materials degeneration is discussed in-depth in Appendix A.

The cathode materials undergo thermal decomposition with concurrent oxygen release, cre-
ating a highly reactive environment for oxidation processes.

The released oxygen reacts vigorously with lithiated anode materials, generating massive heat
release rates that drive rapid temperature escalation. For nickel-rich cathodes (NMC, NCA), the
oxygen release occurs at lower temperatures due to the thermodynamic instability of high-valence
nickel ions and Jahn-Teller distortion effects.

The oxidation-reduction reactions between mixed cathode and anode materials represent the
dominant heat source during TR, typically accounting for the majority of the total energy release
that drives cell temperatures to 800 °C and beyond. The exothermic nature of these reactions,
combined with the large inventory of reactive materials, creates the characteristic explosive
temperature rise that defines TR behaviour [113].

Stage 5: Current Collector Degradation and Material Ejection (600—900 °C)

At extreme temperatures exceeding 600 °C, additional exothermic processes emerge involving
current collector degradation and material combustion. Recent research has identified that alu-
minium current collectors, previously considered thermally stable, undergo severe exothermic
reactions with lithiated cathode materials at temperatures above 600 °C. These reactions occur
due to the destruction of the aluminium surface passivation film by fluoride compounds, enabling
direct oxidation reactions [114].

The heat release from aluminium oxidation reactions can reach —22 to —33 kJ/g (the Gibbs
free energy of a substance - a negative change in Gibbs free energy dG < 0 signifies a sponta-
neous reaction, while a positive G > 0 indicates a non-spontaneous one), nearly double that
of electrolyte combustion (—12 to —16 kJ/g). Considering that aluminium current collectors
represent approximately half the mass of the electrolyte in typical cells, the heat contribution
from these reactions becomes significant during extreme TR events.

The melting of aluminium current collectors at 660 °C leads to structural collapse and the vi-
olent ejection of electrode materials mixed with combustion gases. This creates the characteristic
venting event with black smoke containing metallic particles and organic combustion products.
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The ejected materials often remain at extremely high temperatures, creating fire propagation
risks in the external environment [114].

Heat Generation Quantification and Energy Balance

The total heat generation during TR results from the cumulative contribution of multiple reaction
pathways, each with distinct temperature dependencies and kinetic characteristics. Research
utilizing differential scanning calorimetry has quantified the relative contributions of major heat
sources across different temperature ranges [115].

The SEI decomposition reactions typically contribute 5-10% of the total heat release, with
activation energies ranging from 80-120 kJ /mol depending on electrolyte composition and cycling
history. Anode-electrolyte reactions account for approximately 15-25% of total heat generation,
with higher contributions observed in cells with significant lithium plating or dendrite formation.

Cathode-electrolyte reactions and oxygen release mechanisms contribute 20-35% of the total
heat release, with variations dependent on cathode chemistry and state of charge. The dominant
contribution (40-60%) originates from the direct oxidation-reduction reactions between cathode
and anode materials following separator collapse [25].

The heat release rates during TR can reach 1 000-10 000 W /kg during peak reaction phases,
far exceeding the heat dissipation capacity of typical battery thermal management systems
(BTMS). This fundamental imbalance between heat generation and removal capabilities explains
why TR becomes self-sustaining once critical thresholds are exceeded [97].

Kinetic Analysis and Temperature Dependencies

The kinetic behaviour of TR reactions follows Arrhenius relationships, where reaction rates
increase exponentially with temperature according to:

k=A-exp(—E,/RT) (2.4)

where A represents the pre-exponential factor, FE, denotes activation energy, R is the gas
constant, and T represents absolute temperature. This exponential temperature dependence
explains the characteristic acceleration observed during TR progression [25].

Different reaction pathways exhibit distinct activation energies that determine their rela-
tive contributions across the temperature spectrum. SEI decomposition reactions typically ex-
hibit activation energies of 80-120 kJ/mol, while cathode oxygen release reactions demonstrate
higher activation energies of 150-200 kJ/mol. The oxidation-reduction reactions between mixed
materials show complex kinetic behaviour with apparent activation energies varying between
100-180 kJ/mol depending on the specific material combinations involved.

The competition between different reaction pathways creates the characteristic multi-stage
progression observed in TR events. Lower activation energy reactions dominate at moderate
temperatures, while high activation energy reactions become predominant only at elevated tem-
peratures where exponential kinetics overcome the energy barriers [25].

Gas Generation and Toxic Emissions

TR events generate substantial quantities of toxic gases that represent significant safety hazards
beyond the thermal and fire risks. The gas generation occurs through multiple pathways including
electrolyte decomposition, electrode material degradation, and combustion processes [108].

Carbon dioxide represents the most abundant gas species, primarily originating from SEI
decomposition and carbonate electrolyte breakdown. Concentrations can reach dangerous levels
rapidly, with carbon dioxide detection serving as an early warning indicator for TR initiation.
Carbon monoxide generation occurs through incomplete combustion processes and represents a
particularly toxic component of the gas mixture [34].
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Hydrogen fluoride emission results from LiP Fy salt decomposition at elevated temperatures,
creating extremely toxic and corrosive conditions. Other hazardous species include hydrogen,
methane, and various hydrocarbons that contribute to explosion risks when mixed with air in
confined spaces [108].

The total gas generation rates can reach 0.1-0.2 mol/Ah of cell capacity, with higher rates
observed in high-energy-density cells and elevated temperature conditions. The rapid gas evolu-
tion contributes to pressure build-up and violent venting behaviour characteristic of severe TR
events [106].

Further analysis of gases is presented in the Appendix D.

2.3 Mechanical Abuse of Lithium-ion Batteries

Mechanical abuse of LIB cells - such as crushing, penetration, bending, or impact - poses sig-
nificant safety risks, often leading to catastrophic failure modes. Full spectrum of abuses are
presented in Figure 2.6. Understanding the sequence of physical and chemical events within
the cell under such conditions is essential for advancing battery safety and informing improved
design and testing standards [116, 96, 114].

When a LIB cell is subjected to mechanical abuse, the initial response is mechanical de-
formation of its structural components, including the casing, electrodes, and separator. The
type and extent of deformation depend on the nature of the applied force (e.g., indentation,
bending, or compression) and the cell geometry. During this stage, the jellyroll or electrode
stack may undergo compression, buckling, or local cracking, while the casing may bend or frac-
ture [117, 118, 119].

As mechanical stress increases, the separator - a porous polymer membrane isolating the
anode and cathode - can rupture or tear, particularly at points of high strain localization such
as shear bands in the electrode assembly. This failure allows direct or indirect contact between
the electrodes, resulting in the formation of an ISC. The ISC is typically detected by a sudden
voltage drop and a localized temperature spike within the cell [120, 121, 122].

The ISC triggers rapid joule heating and localized exothermic reactions due to uncontrolled
current flow between electrodes. The temperature rise accelerates decomposition of the solid
electrolyte interphase and initiates further breakdown of electrolyte and electrode materials.
Gas generation and pressure build-up may occur, and if heat generation exceeds dissipation, TR
can be triggered, leading to fire or explosion [96, 116, 123].

Experimental studies reveal that the specific failure mode depends on the abuse type, cell
design, and state of charge. For instance, indentation often causes shear cracks and separator
puncture, while bending may result in delamination without immediate ISC. High-frequency
acoustic emission signals and digital image correlation have been used to detect these events in
real time. X-ray computed tomography has shown that ISC is often a collective result of strain
localization, ductile fracture of metal foils, and separator tearing [117, 118, 120].

To predict and simulate mechanical abuse outcomes, both homogenized and detailed finite
element models have been developed, incorporating the anisotropic, dynamic, and state of charge
dependent properties of LIB components. Failure criteria for ISC include maximum principal
stress, Mohr-Coulomb, and unified strength models, which are calibrated against experimental
data. These models are essential for designing safer batteries and informing regulatory stan-
dards [114, 121, 122].

Squeezing, or compressive abuse, is a prevalent mechanical threat to LIB cells, especially
in automotive collisions and pack-level failures. When a battery is subjected to squeezing, the
applied force leads to progressive deformation of the cell casing and internal electrode assembly.
This deformation can cause the separator to thin and, under sufficient load, tear, thereby allowing
direct contact between the anode and cathode and resulting in an ISC [96, 122]. The onset of
internal shorting is typically accompanied by a sudden voltage drop and localized temperature
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rise, which may escalate into TR depending on the state of charge and cell chemistry [121, 122].

The mechanical response of the cell during squeezing is highly dependent on the geometry of
the applied force and the battery’s structural properties. Experimental studies using hemispheri-
cal and flat punches have demonstrated that sharper punches induce higher stress concentrations,
leading to earlier onset of internal shorting compared to blunt punches [117, 122]. Advanced mod-
elling approaches, such as the Ludwik isotropic hardening and Drucker-Prager models, have been
employed to simulate the stress-strain behaviour and predict short circuit initiation under vari-
ous squeezing conditions [121, 122]|. These models, validated by in-situ measurements of voltage,
force, and temperature, provide critical insight into the safety boundaries of lithium-ion cells
under compressive abuse [117, 122].

Shearing represents another critical form of mechanical abuse, often occurring during bending,
torsion, or localized indentation. Under shear loading, the internal electrode stack may experience
slippage and misalignment, leading to the formation of shear cracks within the electrodes and
separator [116, 121]. These shear-induced cracks can propagate rapidly, creating pathways for
direct electrical contact between the anode and cathode, which in turn triggers ISCs and localized
heating [116, 120].

The severity of damage induced by shearing depends on the magnitude and rate of applied
force, as well as the mechanical properties of the separator and electrode materials [121, 117].
Recent in-situ monitoring techniques, such as acoustic emission and digital image correlation,
have enabled real-time detection of shear crack formation and propagation within lithium-ion
cells [116]. These studies have shown that shear cracks are often precursors to catastrophic
cell failure, and that the risk can be mitigated by optimizing separator toughness and electrode
adhesion [116, 118].

Experimental investigations have revealed that nail penetration can lead to a cascade of
failure events, including gas generation, cell swelling, venting, and in severe cases, TR and explo-
sion [120, 124]. The outcome of penetration abuse is highly sensitive to the state of charge and
cell chemistry, with higher states of charge and certain cathode materials exhibiting a greater
propensity for violent failure [120, 125]. Advanced imaging and modelling techniques have fur-
ther elucidated the spatial and temporal evolution of thermal and mechanical damage during
penetration, providing valuable guidance for the design of safer battery systems [121, 124].
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2.4 Electrical Abuse of Lithium-ion Batteries

Electrical abuse represents one of the most critical safety concerns in LIB systems, encompassing
various forms of electrical misuse that can precipitate TR and catastrophic failure [96, 126]. The
three primary categories of electrical abuse include overcharging, overdischarging, and external
short circuits, each presenting distinct mechanisms of failure and safety implications [96, 127].
Understanding these electrical abuse conditions is essential for developing effective BMS and
safety protocols, as they represent the most common triggers for TR events in both laboratory
and real-world applications [126].

Overcharging occurs when a battery is charged beyond its maximum recommended voltage
limit, leading to a cascade of detrimental electrochemical reactions [96, 128]. During overcharge
conditions, the cathode becomes over-delithiated while the anode becomes over-lithiated, causing
several adverse effects including electrolyte oxidation, oxygen evolution, and accelerated degra-
dation of the solid electrolyte interphase layer [129]. Overcharge reactions depend on SOC level
- with increasing SOC, the reactions become progressively more destructive, as presented in
Figure 2.7. The overcharge process generates excessive heat through multiple mechanisms: in-
creased ohmic resistance due to lithium plating, exothermic decomposition reactions, and gas
evolution that increases internal pressure [130]. Overcharge-induced TR typically initiates at
lower temperatures compared to thermal abuse, as the accumulated chemical energy within the
battery facilitates reactions at reduced thermal thresholds [131].
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Figure 2.7: Visual representation of the overcharge process with increasing SOC.

The formation of metallic lithium dendrites on the anode surface during overcharge rep-
resents a particularly dangerous phenomenon, as these structures can penetrate the separator
and create ISCs [132, 133]. At high current densities during overcharging, lithium ions transfer
rapidly and deposit on the electrodes, creating lithium-ion depletion zones that lead to space
charge formation and dendrite growth [132]. Additionally, the decomposition of electrolyte com-
ponents during overcharge releases significant amounts of heat and produces flammable gases,
including hydrogen, carbon monoxide, and various organic vapours [34, 134]. The progression
of overcharge-induced TR typically follows a multi-stage process characterized by gradual tem-
perature rise, rapid voltage increase, and eventual TR propagation [126]. From the plethora of
batteries, three are mostly used in EVs and stationary ESS applications.

In lithium-ion cells, overcharge currents above approximately 4 C (as in C-rate - the charge
or discharge current of a battery expressed relative to its nominal capacity; 1 C corresponds to
a current that fully charges or discharges the cell in one hour, e.g., for a 3.2 Ah cell, 1 C equals
3.2 A) have been shown to induce separator failure and ISCs, leading to TR. In 18650 graphite
LiNigCopoMng202 pouch cells tested at 3 C (9.6 A) and 1 C (3.2 A), safety devices prevented
runaway; however, when currents exceeded ~4 C, the stored energy release outpaced protective
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cut-offs, and runaway was observed at internal temperatures near 150 °C [135].

In nickel-metal hydride cells, overcharge currents as low as 0.1 C can initiate exother-
mic hydrogen evolution, separator deformation, and eventual TR if voltage - regulated charging
is maintained. Accelerating rate calorimetry on sub-C NiMH cells demonstrated that micro-
overcharge beyond 4.4 V cut-off precipitates runaway-like events at significantly lower tempera-
tures (~60 °C) compared to nominal abuse tests [136].

In lead-acid batteries, float charging at currents exceeding ~0.3 C (the typical recom-
mended maximum for valve-regulated lead-acid cells) causes rapid gassing and internal heating.
Sustained overcharge currents >0.5 C lead to uncontrolled heat build-up and TR characterized
by runaway gassing and case bulging once the heat generation surpasses the cell’s dissipation
capacity [137].

Overdischarge abuse occurs when a battery is discharged below its minimum safe voltage
threshold, typically resulting in copper dissolution from the current collector and subsequent
deposition on the electrodes [138, 139]. This phenomenon creates ISCs that manifest as a sig-
nificant resistance decrease and accelerated heat generation [127]. The complete overdischarge
process has revealed that copper dissolution begins at approximately -12% SOC, with ISC for-
mation becoming detectable shortly thereafter [138]. The copper dissolution mechanism repre-
sents a well-controlled method for inducing ISCs without mechanical deformation or external
intervention [138]. The consequences of overdischarge extend beyond immediate safety con-
cerns to include permanent capacity loss and accelerated ageing effects [139]. It was shown that
overdischarge-induced degradation follows distinct patterns depending on the depth of discharge,
with severe overdischarge conditions leading to irreversible structural changes in both electrode
materials [139].

External short circuits represent acute electrical abuse conditions characterized by extremely
high current discharge rates and rapid heat generation [96, 127]. When an external short circuit
occurs, the battery experiences a sudden drop in terminal resistance, leading to current levels
that can exceed normal operating conditions by several orders of magnitude. The resulting Joule
heating effect generates substantial thermal energy within the cell, with heat generation rates
proportional to the square of the current and the internal resistance. The progression of external
short circuit abuse follows a characteristic pattern involving rapid current rise, voltage collapse,
and accelerated temperature increase [127|. The thermal response during external short circuit
conditions depends significantly on the battery’s state of charge, internal resistance, and thermal
management capabilities [131].

The fundamental electrochemical mechanisms underlying electrical abuse involve complex in-
teractions between electrode materials, electrolyte components, and separator systems [96, 139].
During electrical abuse conditions, the normal electrochemical equilibrium is disrupted, lead-
ing to side reactions that generate heat, consume active materials, and produce gaseous by-
products [130]. These reactions include SEI decomposition, oxidation, electrode material break-
down, and gas evolution, all of which contribute to the thermal instability observed during abuse
conditions [134, 140]. The kinetics of these reactions are strongly temperature-dependent, cre-
ating positive feedback loops that accelerate the progression toward TR [131]|. The degradation
mechanisms associated with electrical abuse exhibit distinct characteristics depending on the
specific abuse type and severity [139]. Capacity fade, impedance increase, and voltage degra-
dation represent common indicators of electrical abuse-induced damage, with these parameters
serving as diagnostic tools for assessing battery health and safety status [96, 126].

2.5 Thermal Abuse of Lithium-ion Battery
In thermal abuse situations, a LIB experiences thermal shock or localized overheating that com-

promises the normal thermal balance within the cell [141]. This condition occurs when the
battery’s local temperature exceeds safe operating thresholds, typically initiated by external
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heating sources, environmental extremes, or internal heat generation from electrical faults [141].
The thermal stability of LIBs is fundamentally governed by the thermal decomposition char-
acteristics of their constituent materials, including electrode materials, electrolytes, separators,
and other cell components. When subjected to thermal abuse, these materials undergo pro-
gressive degradation through a series of temperature-dependent reactions that can escalate into
catastrophic failure modes [126].

The onset of thermal abuse is characterized by the disruption of the solid electrolyte inter-
phase layer on the anode surface. As the temperature continues to rise, the battery enters a
regime where exothermic side reactions between the electrode materials and electrolyte become
increasingly prominent - following mechanism was described in Section 2.2.

The severity of thermal abuse incidents is significantly influenced by the battery’s SOC,
with higher levels corresponding to increased chemical energy availability and more severe TR
events [114]. Battery chemistry also plays a crucial role, with lithium iron phosphate cathodes
demonstrating superior thermal stability compared to nickel-manganese-cobalt. Also, lithium
cobalt oxide cathodes release oxygen at lower temperatures [141]. The age and degradation his-
tory of the battery affect thermal stability, as aged batteries often exhibit compromised SEI layers
and lithium plating that reduce the temperature threshold for TR initiation [142]. Additionally,
the effectiveness of thermal management systems, including cooling efficiency and thermal isola-
tion between cells, significantly influences how localized heating events propagate throughout a
battery pack [143].

Prevention and mitigation of thermal abuse require comprehensive approaches encompassing
materials engineering, system design, and active safety measures. At the material level, the devel-
opment of thermally stable cathode materials, flame-retardant electrolytes, and ceramic-coated
separators with higher melting points can significantly increase the temperature threshold for
TR initiation [144]. BMS play a critical role by continuously monitoring cell temperatures and
voltages, implementing algorithms to detect early signs of thermal abnormalities, and activat-
ing preventive measures such as reduced charging currents or enhanced cooling [143]. Physical
design strategies include incorporating thermal barriers between cells to limit heat propagation,
implementing effective heat dissipation systems, and designing controlled venting mechanisms
to safely release pressure and gases during thermal events [145]. Advanced battery packs may
incorporate dedicated fire suppression systems and TR, propagation barriers to contain incidents
and prevent cascade failures throughout the pack [146].

2.6 Unwanted Chemical Reactions of Lithium-ion Batteries

LIBs are susceptible to a series of unwanted chemical reactions that can culminate in TR, a
hazardous event characterized by rapid temperature escalation and potential cell rupture or fire.
Examples of unwanted reactions are shown in Figure 2.8. Exposure to temperature changes
triggers highly exothermic reactions between intercalated lithium and the organic carbonate
solvents (such as ethylene carbonate), resulting in the evolution of heat and flammable gases
such as carbon monoxide and methane [25, 147, 148]. The heat generated from these reactions
can further accelerate the decomposition of the SEI and propagate the onset of TR.

As the temperature continues to rise, cathode materials, particularly those based on lay-
ered oxides like LiC0Oy and LiNizCoyMni_z—yO2 (NMC), undergo structural decomposition
at temperatures exceeding 150 °C. This decomposition is accompanied by the release of oxygen
from the cathode lattice, which reacts violently with the flammable electrolyte [25, 142] - see Sec-
tion 2.2 and Appendix A for in-depth mechanisms. The released oxygen not only intensifies the
combustion of electrolyte solvents but also propagates further exothermic reactions, significantly
increasing the risk of cell venting or explosion. Recent studies have shown that even advanced
electrolytes, such as those based on lithium bis(fluorosulfonyl)imide (LiF'ST), are susceptible
to similar exothermic reactions at high temperatures, indicating that cathode decomposition
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Figure 2.8: Unwanted reactions of the LIB.

remains a critical concern for LIB safety [142].

In addition to SEI and cathode decomposition, lithium-ion catalysed breakdown of electrolyte
components plays a pivotal role in the thermal instability of LIBs. Quantum chemical studies
have demonstrated that the presence of Li™ ions lowers the activation energy required for the
decomposition of common electrolyte solvents, such as ethylene carbonate, thereby accelerating
the formation of gaseous by-products and heat under abusive conditions [149]. Furthermore,
the presence of transition metal ions dissolved from the cathode can catalyse additional de-
composition pathways, exacerbating TR [25]. Collectively, these unwanted chemical reactions
underscore the complex interplay of electrochemical and thermal phenomena that govern LIB
safety, highlighting the urgent need for robust SEI layers, thermally stable electrolytes, and
cathode materials with improved oxygen retention.
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Thermal Safety Systems in Lithium-ion
Batteries

TR in LIBs is a critical safety concern for both electric vehicles and stationary battery energy
storage systems [96]. TR refers to a self-accelerating thermal failure that can lead to fires
or explosions, triggered by abuse conditions such as overheating, overcharging, internal short
circuits, or mechanical damage [150]. In multi-cell battery assemblies, a single cell’s TR can
propagate to neighbouring cells, greatly escalating the hazard [151, 152].

This chapter provides a comprehensive review of passive and active mitigation and suppres-
sion methods at three scales of battery integration: cell-level, module-level, and pack-level (see
Figure 2.2 for reference) [150, 153|. Passive safety strategies are those inherent design and ma-
terial measures that do not require active intervention (no external power) to mitigate the onset
of TR or to suppress its propagation [153, 152|. These passive approaches act as a first line
of defence - preventing thermal and mechanical abuses from initiating TR, and containing or
delaying any TR that does occur so that catastrophic outcomes are avoided or minimized [96].
Active mitigation and suppression strategies involve real-time intervention - by sensors, control
systems, or engineered suppression mechanisms - to prevent a detected thermal anomaly from
escalating or to minimize the impact of a TR event in progress.

At the cell level, it is considered built-in safety devices and controls that detect abnormal
conditions and intervene within single cells. At the module level, strategies that limit propa-
gation from one cell to others (e.g. through cooling, isolation, or suppression within a module)
are discussed in this chapter. At the pack or system level, the chapter contains comprehensive
approaches for a whole battery pack or an installation, including cooling systems, fire sup-
pression systems, and ventilation/exhaust mechanisms [21]. For each level, both experimental
results (from recent safety tests and demonstrations) and theoretical or modelling studies are
integrated (96, 151, 152].

A summary of TR prevention strategies in LIBs is shown in Table 3.1, categorized by cooling
medium, battery shape, and study type. The table highlights key advancements in air, lig-
uid, PCM, and hybrid thermal management approaches, with references to primary literature
supporting each methodology and outcome. In-depth presentation of prevention systems and
solutions to avoid battery fires is compiled in the Appendix B.

3.1 Passive Safety Systems for Avoiding Thermal Runaway

3.1.1 Cell Level

At the cell level, the priority is to enhance the intrinsic safety of the battery cell’s materials
and components so that the cell is more resistant to TR initiation. Even if a cell does enter
TR, cell-level safeguards aim to limit the severity of the event (e.g. by slowing heat release or
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Thermal Safety Systems in Lithium-ion Batteries

preventing fire) and prevent escalation to neighbouring cells or modules, as the heat dissipates
to other neighbouring cells (see Figure 3.1). Cell-level strategies can be grouped into several
categories:

e Safer electrochemical materials: Choosing or designing electrode and electrolyte ma-
terials that are less prone to violent exothermic reactions or fire in abuse conditions (e.g.
thermally stable cathodes like LiFePOy4, non-flammable electrolytes) [160].

e Separator and internal design features: Using shutdown separators or other internal
design elements that passively impede ion flow or heat generation when temperatures rise,
thereby halting the TR process [161].

¢ Built-in safety devices: Incorporating devices such as positive temperature coefficient
(PTC) thermistors, current interrupt devices (CIDs), rupture vents, and thermal fuses in
the cell, which activate under high temperature or pressure to disconnect or relieve the
cell [162].

e Thermal additives and coatings: Introducing flame-retardant additives in the elec-
trolyte or special coatings in electrodes/current collectors that either quench combustion
reactions or shut down the cell electrically when overheating occurs [163].

e Mechanical resilience: Designing the cell casing and components to better withstand
mechanical abuse without catastrophic internal shorting - for instance, stronger casings
and more robust separators to resist puncture [164].

The choice of cathode material has a profound influence on a cell’s TR behaviour. Lithium
iron phosphate (LFP) is a prime example of a safer cathode chemistry due to its structural and
thermal stability. Unlike conventional nickel-manganese-cobalt (NMC) oxide cathodes which re-
lease oxygen and heat during decomposition, LFP does not undergo exothermic oxygen-releasing
reactions within normal operating temperatures. As a result, LFP cells tend to have higher onset
temperatures for TR and less severe heat release [160, 165, 166].

Integrating small fractions of safer anode materials or stabilizing the SEI can mitigate heat
release. For example, pre-lithiated silicon-graphite anodes with robust SEI coatings may generate
less heat under abuse because the SEI is more heat-resistant and consumes fewer exothermic
reactions (the SEI breakdown is a major contributor to early heat in TR).

The liquid electrolyte in LIBs is highly flammable and a key driver of fire in TR. A crucial
passive strategy is to modify the electrolyte to be less flammable or even nonflammable. One
approach is adding flame-retardant additives that either suppress ignition or quench combustion
radicals [167]. For instance, organophosphates or phosphazene compounds can be added to elec-
trolytes; these additives release phosphorus-containing species upon heating that scavenge free
radicals and form a protective char, thereby suppressing electrolyte flammability efficiently by
isolating oxygen or capturing free radicals and acids generated in the combustion process. Re-
cent research demonstrated a thermal-responsive phosphazene-based additive that dramatically
inhibited TR - when the cell overheated, the additive decomposed endothermically and released
flame-retardant products, significantly reducing combustion intensity [168].

Such additives can reduce the chance that vented gases ignite, effectively providing a built-in
fire extinguisher. Another tactic is using non-flammable solvents or high-boiling-point solvents
in the electrolyte. Replacing volatile carbonate solvents with, for example, ionic liquids or
fluorinated ethers can raise the ignition point. Even aqueous electrolytes (water-based lithium-
ion chemistries) have been proposed for stationary applications; while aqueous LIBs have lower
voltage and require careful design to avoid water electrolysis, they offer - inherent safety - by
eliminating flammable organics [169].

However, aqueous or ionic-liquid electrolytes are still emerging technologies and may not
yet meet performance requirements for EVs. Nonetheless, ongoing progress in design strategies
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Figure 3.1: Heat propagation from cell to cell (denoted as C2C) example.

of safe electrolytes for preventing TR - continues to broaden the horizon of intrinsically safer
electrolyte formulations.

The battery separator plays a pivotal safety role. A well-known passive safeguard is the
shutdown separator concept: multi-layer polyolefin separators (often a trilayer of PP/PE/PP)
that melt and close their pores at a threshold temperature (~130 °C for PE). When a cell
overheats, the PE layer softens and prevents ion transport while the PP layers remain intact,
offering mechanical support and improving thermal stability. By blocking ionic conduction, the
shutdown separator can effectively terminate the electrochemical reactions and current flow in
an abused cell, potentially halting further temperature rise. However, shutdown separators have
limitations: the melting that closes pores can also lead to shrinkage of the separator film. If the
overheating is very rapid or localized (as in ISC), the separator may shrink and pull back, possibly
causing direct contact between electrodes. To address this, manufacturers carefully design multi-
layer separators so that the higher-melting-point layers (e.g. outer PP) hold structural integrity
even when the PE middle layer melts. In effect, the separator self-seals, but does not mechanically
collapse [170].

Additional analysis on the use on cell’s materials (cathode, anode, separator and electrolyte)
is described in Appendix A.

Besides shutdown behaviour, thermal stability and mechanical toughness of separators are
crucial in a mechanical abuse scenario. Standard microporous polyolefin separators can start
to deform at relatively low temperatures (~100 °C) and are not strictly puncture-resistant.
Therefore, improved separators often use ceramic or aramid fibre coatings, or entirely different
materials like non-woven mats. A non-woven separator (e.g. made of heat-resistant fibres) will
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not melt at all; while it may lack a shutdown function, it can survive much higher temperatures
without degrading. For instance, separators with inorganic ceramic coatings (alumina or silica)
on the surfaces can withstand temperatures above 150-200 °C, delaying or preventing TR onset.
Moreover, these coatings enhance puncture strength - an important factor if cells are crushed
or penetrated in a crash. If a nail penetrates a cell, a tougher separator may stay intact longer
around the nail, limiting the short-circuit area and heat release, which can be the difference
between a minor venting and a full TR. Most cylindrical and prismatic cells include a pressure-
relief vent or score line on the can that ruptures in a controlled manner if internal pressure rises.
This prevents the cell from exploding like a sealed bomb. For example, one design improvement
in cylindrical cells was adding an annular groove on the can lid as a predetermined break line to
ensure the vent opens quickly at a set pressure, avoiding uncontrolled case rupture [171].

An example of cell vent is presented in Figure 3.2 - cross-sectional diagram of a cylindrical
cell’s built-in safety vent (burst disk). Even individual cells have pressure relief features. Typical
18650,/21700 Li-ion cell vent in the positive terminal cap is shown. The vent mechanism consists
of a thin metal disk with a scored groove that acts as a burst diaphragm, supported by a plastic
insulating ring. When the cell’s internal pressure rises beyond a threshold (due to gas generation
at over ~70 bar inside the cell), the vent disk ruptures along the groove (blue arrows). This
allows gas to escape through designated openings rather than blowing the whole cell apart [172].
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Figure 3.2: Cross-sectional diagram of a cylindrical cell’s built-in safety vent (burst disk).

Thus, cell-level devices must be complemented by system-level protections for maximum ef-
fectiveness. Beyond these, researchers are developing thermally switchable components like the
thermally sensitive current collector. A thermally sensitive current collector is a specially engi-
neered devices (for example, an aluminium foil with a polymer or solder layer) that disconnects
when a certain temperature is exceeded. One design uses a low-melting solder in the current
collector: if the cell gets too hot, the solder melts and the current collector breaks, electrically
isolating that electrode. Such mechanisms are still in development but offer another passive
fail-safe to stop a runaway chain reaction inside a cell [173, 174].

To summarize cell-level measures: manufacturers combine multiple passive safeguards in mod-
ern cells. For instance, a high-capacity EV cell may use a shutdown separator and flame-retardant
electrolyte additives and also vent - each kicking in at different stages of abuse. Experimental
abuse tests (like nail penetration or overcharge) demonstrate that these features can delay or
prevent full TR. However, no single solution is foolproof. If abuse conditions are severe (e.g. a
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high-velocity penetration directly causing massive internal shorts), a cell can still go into TR
despite all internal protections [169].

3.1.2 Module Level

A battery module consists of multiple cells arranged in close proximity, usually in series/parallel
groupings with common structural supports and sometimes enclosed in a sub-housing. At this
level, the key safety challenge is TR propagation — if one cell experiences TR, the heat and fire
may spread to adjacent cells, causing a chain reaction. Modules in EVs often contain dozens of
cells (e.g. a brick of 30100 cells), and in BESS a module might contain large prismatic cells or
many smaller pouch cells. Passive strategies at module level aim to prevent a single-cell failure
from cascading through the entire module, or at least significantly slow the propagation to give
time for detection or intervention. This typically involves thermal insulation, heat absorption,
and strategic layout within the module. Key passive approaches at module scale include:

1. inserting thermal barriers or insulating materials between cells to limit heat transfer,

2. incorporating PCMs or other heat absorption media to soak up heat surges (see examples
in Figure 3.3),

3. optimizing cell and module geometry to reduce thermal coupling,

4. using module enclosures or partitions that can contain flames and debris.
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Figure 3.3: (a) The PCM-based cooling EV module. (b) Three different fin cases and correspond-
ing experimental images [148]. (c¢) PCM/finned-HP integrated thermal management module. (d)
the PCM integrated shell and tube battery pack [175].

Thermal Insulation Barriers Between Cells

One straightforward way to impede TR propagation is to physically separate cells with materials
that block heat transfer and flame. By containing the intense heat of a runaway cell, the adjacent
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cells may avoid reaching their ignition temperature. Numerous insulating materials were explored
for this purpose, including ceramic fibre mats, glass fibre sheets, mica, polymer foams, aerogels,
and even intumescent materials (see Figure 3.4 for comparison). The ideal barrier material has
low thermal conductivity, high heat capacity, and high thermal stability [25]. It may also need
mechanical strength to maintain separation between cells even if one cell casing ruptures or
pressure builds - otherwise the failing cell could press directly against its neighbour. Recent
experimental studies have systematically compared different barrier materials - a phase change
material matrix, a ceramic fibre blanket, and a glass fibre sheet, each placed between cells in
a small module. Glass fibre sheet provided the best protection, delaying propagation to the
next cell by ~900 s and even preventing the third cell in line from undergoing TR [176]. In the
same tests, the total mass lost to fire/gas was reduced with the glass fibre barrier by about 6%
compared to no barrier, indicating less material was burned or ejected. The glass fibre’s excellent
performance was attributed to its excellent thermal insulation and mechanical properties that
kept heat and fire contained. By contrast, the PCM-based barrier in that study absorbed heat
but did not insulate as effectively once fully melted, and the ceramic fibre, while also insulating,
was slightly less effective than glass fibre in that setup.
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Figure 3.4: Comparison on the insulation materials - price vs. thermal conductivity (based on
[158, 176, 177]).

Another study examined silica aerogel sheets as cell-to-cell barriers (aerogel is an ultralight
porous silica with extremely low thermal conductivity). Varying the aerogel content and thick-
ness, they found that thicker aerogel sheets markedly improved TR propagation resistance [178].
Aerogels are attractive because they combine low conductivity with high thermal stability (non-
combustible). However, pure aerogel blankets can be brittle. Composite aerogel-fibre mats are
sometimes used to add toughness. It was investigated three different thermal insulation materials
(including an aerogel-based felt) in a large-format pouch cell module [179]. It was observed that
all the tested materials delayed propagation compared to no barrier, though none completely
stopped it in every case. By analysing each material’s properties, it was identified that a low
thermal diffusion coefficient (slow heat spread) and a high maximum service temperature were
critical parameters for an effective barrier. In other words, the material must not only insulate
well but also remain intact at the extreme temperatures of a runaway (which can exceed 600 °C
in worst cases for high-energy cells).

Materials like fibreglass, ceramic fibre boards, mica sheets, and rock wool (mineral fibre)
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all serve this role and have been studied for battery modules. For instance, rock wool boards
(commonly used as fire insulation in buildings) can tolerate high heat and have low conductivity,
making them viable to isolate battery sections though their weight and thickness might restrict
EV use to some extent (more feasible in stationary BESS where weight is less critical). In addition
to traditional insulators, intumescent coatings and blankets offer a dynamic form of insulation.
Intumescent materials (often polymer-based with special additives) expand many times their
original thickness when exposed to heat, forming a char foam that is highly insulative. An
intumescent paint can swell up to 100 times in thickness under fire, creating a thick, porous char
layer that thermally protects the underlying surface [158]. When applied to or placed between
battery cells, an intumescent layer would automatically react to a burning cell by expanding and
shielding its neighbours. These coatings block 60-90% of incident heat flux once expanded, as
reported in fire protection literature. They essentially starve the propagation process of the heat
needed to ignite the next cell.

One challenge is ensuring the intumescent material remains adherent and effective in the
confined space of a battery module, but ongoing development is tackling these issues (for example,
new formulations that expand uniformly even in constrained gaps). A complementary passive
tool is the use of fire-resistant fabrics or blankets wrapping groups of cells. High-temperature
fabrics (fibreglass cloth, aramid fibre like Kevlar, silica cloth, etc.) can act as fire curtains that
contain flames and hot ejecta from a runaway cell [158].

These have been used in aerospace battery enclosures and are being explored for EV modules.
A fire-resistant blanket does not necessarily stop heat conduction (unless combined with an
insulative layer), but it can prevent direct flame impingement on adjacent cells and confine the
hot gases [158].

Table 3.2: Comparative overview of common insulation materials for high-temperature appli-
cations, including their thermal conductivity, approximate cost, and qualitative assessment of
mechanical strength properties (based on [146, 179, 180, 181, 182]).

Material Type Description of Mechanical Properties
Good tensile strength (90-100MPa);
Glass Fiber flexible, easily handled and cut;

maintains shape under moderate stress.

Low tensile strength (0.08-0.1MPa);

Ceramic Fiber excellent dimensional stability at high
temperature; brittle, may fracture if sharply bent.

Brittle, low compressive strength;
Silica Aerogel prone to cracking under mechanical stress,
though composite forms offer some reinforcement.

Good compression and shear properties;
Mica strong for stamping or forming;

holds structural integrity under load.
Moderate tensile and compressive strength;
Rock Wool/Mineral Fiber | dimensionally stable; resists deformation,
suitable for non-structural insulation.

Flexible prior to heat exposure; upon heating,
Intumescent Coatings expands into rigid, protective, char-like
structure, reinforcing the barrier.

Enhanced mechanical strength via

composite matrix (glass fiber, polymer);
retains shape, resists fracture, improved

over pure aerogel.

Advanced Composite
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Phase Change Materials for Thermal Absorption

PCMs operate on the principle of storing and releasing thermal energy through reversible phase
transitions, most commonly between solid and liquid states. When a PCM absorbs heat during
the phase transition (melting), its temperature remains nearly constant while it stores a signif-
icant amount of latent heat. Conversely, as the material solidifies, the stored energy is released
in the form of heat, again at an almost constant temperature.

PCMs are substances that absorb a large amount of heat upon phase change and are thus
used to moderate temperature spikes. In battery modules, PCMs (such as paraffin waxes, fatty
acids, hydrated salts, etc.) can be placed around cells so that if a cell starts to overheat, the PCM
melts and absorbs energy, limiting the temperature rise. PCMs by themselves do not prevent
fire or block flames, but by heat absorption they can delay or possibly prevent TR initiation
in nearby cells. Experimental evidence shows PCMs can be very effective in passive cooling of
batteries. In lithium-ion cells with different PCM encapsulations, it was found that PCM cooling
significantly decreased the cell surface temperature compared to natural convective cooling [183].
In a trigger-cell TR scenario, modules with PCM layers had the neighbouring cells stay cooler
than in identical modules without PCM [184]. Integrating a aerogel-felt plus PCM composite
was found to mitigate TR behaviour and heat by about ~45% (temperature wise). The aerogel
provided insulation while the PCM absorbed heat, a dual action that prevented the propagation
of runaway.

The combination of an insulating material (to slow heat flow) and a PCM (to absorb heat) can
stop propagation entirely [185]. It was demonstrated that a module with both a thermal barrier
and a PCM layer showed no propagation, whereas using a cooling plate alone did not sufficiently
delay propagation. The PCM’s latent heat absorption effectively buys time during which the
affected cell’s energy is absorbed rather than passed on to its neighbours. Common PCMs for
battery safety include paraffin waxes (melting around 40-80 °C, with latent heat ~150-200 J/g)
and salt hydrates (with higher thermal storage but can be corrosive). Paraffins are popular due
to chemical stability and ease of encapsulation, but they are flammable, which is problematic
if the PCM itself gets hot enough to combust. To address this, researchers use flame-retardant
PCMs or add flame suppressants to PCM formulations [183, 186].

Another approach is to gel or encapsulate the PCM in a polymer matrix, so that when the
PCM melts it does not leak extensively and is less exposed to air. It found embedding PCMs
in porous matrices (like metal foams or graphite sheets) can improve thermal conductivity and
contain the liquid phase. High thermal conductivity helps spread the heat into the PCM faster,
preventing local hotspots. PCMs can be deployed in different ways at module level. One design is
a PCM sheet or pad between cells (for cylindrical cells, this might be a wrapping or an inter-cell
spacer filled with PCM). It was demonstrated that a phase change composite placed in a battery
pack prevented propagation in their setup, TR in one cell did not spread to others when the
pack was integrated with a PCC layer [186, 187].

Module Layout and Structural Design

Beyond materials inserted between or around cells, the geometric arrangement and structural
design of the module itself can influence TR propagation outcomes. Several passive design
strategies are noteworthy:

e Cell Spacing and Arrangement: A general rule states "greater distance between cells
provides more thermal isolation". If cells are packed too tightly, heat transfers very quickly
by conduction, convection and radiation. By increasing the inter-cell gap (even by a few
millimetres) and possibly filling that gap with air or an insulator, modules can achieve
a measurable reduction in propagation risk. It was showed that cell arrangement affects
propagation under air cooling certain layouts allowed cooling air to reach all cells more
evenly, thus avoiding any cell reaching runaway conditions [188, 189)|.
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In thermal propagation context, a cell that is surrounded by fewer immediate neighbours
(e.g. on the module periphery, or in a hexagonal spacing pattern) might transfer less heat
to others. Increasing the spacing around the hottest cell in a module was shown to reduce
the peak temperature and thermal gradients [190].

e Module Enclosures and Dividers: Many battery modules are built into a rigid casing
or frame (often aluminium or polymer). By using thermally resistant materials for the
casing or internal dividers, one can passively contain thermal events. For example, some
modules have partitions separating sections of cells, these partitions can be made of metal
(which acts as a heat sink and barrier) or polymer composites. Aluminium partition walls
have high thermal conductivity, so they absorb heat quickly and distribute it (which can
protect one side for a time by diluting heat, but also could transfer heat to far cells). Thick
aluminium plates in modules have been tested as heat spreaders that also block direct
flame, and it was found that they can prevent propagation if properly designed [191, 192].

The downside was weight - the metal adds significant mass. Alternatively, ceramic parti-
tion boards (like insulated concrete boards or fibre-reinforced ceramic) provide strong fire
barriers without as much heat conduction, though they are brittle [158].

e Cell Mounting and Potting: How cells are mounted can affect propagation. If cells are
tightly clamped together for structural reasons, they share heat more readily. If they are
mounted with small gaps or a compliant spacer, there is less direct conduction. Some mod-
ule designs use potting compounds or thermal interface materials around cells for thermal
management. Potting (encapsulating cells in resin or gel) can either help or hurt safety: a
potting material with high thermal conductivity might spread heat, whereas a potting with
low thermal conductivity could act as an insulator. However, potting compounds can be
flammable; thus recent efforts are toward flame-retardant potting materials (incorporating
fillers like aluminium hydroxide that release water when hot). If designed right, a potting
compound can serve as both a heat sink and a fire suppressor through endothermic filler
reactions [193].

e Venting Considerations in Module: While venting is more of a pack-level issue, at
module level it is relevant how the module handles the gas and flame from a venting cell.
Some designs include a rupture disk or chimney for each cell - a passive vent that routes
hot gas safely out of the module [114]. Additionally, flame arrestors (screens or meshes)
can be placed in vent outlets to quench flames.

As EV and BESS modules increasingly aim to pass rigorous safety tests (like not propagating
beyond a certain number of cells), these passive design elements are becoming standard. It is
not uncommon now for manufacturers to claim a module is TR propagation proof via internal
barriers and cooling elements. Real-world validation of such claims is growing, with many citing
that their modules can sustain a single cell failure without igniting the whole module. This is
achieved through the combination of techniques discussed above.

3.1.3 Pack Level

At the pack level, the entire battery system in an EV or a stationary storage unit is considered,
comprising multiple modules along with the pack enclosure and any ancillary protective elements.
Pack-level passive strategies aim to contain a TR event within the smallest possible portion of
the system and to protect the surroundings (vehicle cabin, equipment, building, etc.) from fire
or explosion. The pack level is also where differences between EV batteries and stationary BESS
are most pronounced, due to differences in scale, environment, and safety requirements. Key
passive strategies at pack level include:
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1. dividing the pack into sections or modules with fire-resistant barriers (to stop propagation
beyond a module),

2. using a strong, thermally insulating pack housing that can contain fires for a duration,

3. providing passive pressure relief paths for hot gases to vent out safely, avoiding pressure
build-up and explosion,

4. leveraging the vehicle or facility design (placement of the pack, separation from occupants
or critical equipment) as a passive safety measure.

It was also considered how EV and BESS implementations differ in these aspects.

Segmentation and Firebreaks in Pack Architecture

By increasing the inter-cell gap and possibly filling that gap with air or an insulator, modules can
achieve a measurable reduction in propagation risk [158]. It was found that arranging cylindrical
cells in a staggered (diagonal) pattern rather than directly aligned improved air cooling and
could reduce hot spots in a pack [194]. Similarly, it was showed that cell arrangement affects
propagation under air cooling - certain layouts allowed cooling air to reach all cells more evenly,
thus avoiding any cell reaching runaway conditions [188]. In propagation context, a cell that
is surrounded by fewer immediate neighbours (e.g. on the module periphery, or in a hexagonal
spacing pattern) might transfer less heat to others. Increasing the spacing around the hottest
cell in a module was shown to reduce the peak temperature and thermal gradients [195]. In EV
modules there is pressure to minimize spacing for energy density reasons. A practical compromise
is to have slightly larger gaps or insulating inserts around every N-th cell or around the module
edges where heat can escape. Increasing spacing around the area of a pack that experiences the
highest temperature can reduce the temperature difference in the pack by ~29% [191]. Thus,
designers sometimes leave a larger air gap at the centre or ends of a pack row to act as a heat
sink. In stationary BESS modules, energy density is less critical, so designers can afford more
generous spacing or even put each cell in its own mini-compartment. There have been studies
on optimal spacing between modules: increasing the gap by a few centimetres can drastically
reduce radiative heat transfer between module surfaces, which is a primary mode of propagation
in a pack fire [189].

Figure 3.5 contains examples of fire segmentation. Figure 3.5a presents Tesla’s structural
battery pack (Model Y with 4680 cells) is divided into four internal modules separated by robust
structural ribs ("firewalls") and filled with a special pink foam for support and fire mitigation.
In this image, one section of foam has been removed (to the left of the photograph) to reveal
the cells and busbars, while the remaining modules stay encased in the foam. These internal
partitions act as mechanical firebreaks that localize TR to one module. Figure 3.5b is a close-
up of the Tesla structural pack’s internal connections, showing rows of cylindrical cells (under
residual pink foam) connected by small welded connector plates. These plates and wires form
electrical segmentation: they act as built-in fuses, isolating failed cells. In a severe overcurrent
or short, the thin connectors melt ("fuse blow"), preventing the fault from cascading.

In stationary BESS, segmentation can be more aggressive. Often each module (or rack) is
enclosed in its own sub-cabinet. In large containerized BESS, it is common to have multiple
racks, each rack can be treated as a compartment. Some BESS manufacturers install vertical fire
barrier panels between racks of batteries in a container, so that if one rack is on fire, the adjacent
rack is shielded for a certain period. These barriers might be made of steel or calcium-silicate
board with fire retardant insulation, capable of withstanding, 1 800 s of fire exposure. The idea
is to prevent a domino effect through the entire container. Evidence of the importance of such
segmentation came from real incidents: a 2019 BESS fire and explosion in Arizona revealed that
lack of internal barriers allowed the entire container to fill with flammable gases, leading to a
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Figure 3.5: Examples of segmentation and firebreak features to prevent a single cell failure in
battery packs in electric vehicles (EVs): (a) Tesla’s structural battery pack (Model Y with 4680
cells) [196]; (b) close-up of the Tesla structural pack’s internal connections [197].

massive event. In response, new standards (NFPA 855, UL 9540A) encourage designs where a
single module burning will not take out the whole container, which practically requires passive
fire partitions or very effective active suppression. In practice, passive partitions are often used
since they require no activation and are fail-safe in a power outage [198, 199].

An example of segmentation on stationary unit is presented in Figure 3.6. Cross-sectional
schematic of an EVLO stationary ESS enclosure is presented in Figure 3.6a. Stacks of battery
modules (purple units) are arranged with intentional air gaps between each tray (module group).
Red arrows indicate the “chimney effect” — in case of a TR in one module (flame icon), hot
gas rises in the vertical gap and is vented out the top, bypassing other modules. Figure 3.6b
is example of layout of a containerized stationary ESS. The system includes six independent
battery racks, physically and electrically segmented, enclosed within a shared container. Fire
mitigation is addressed via a fire water spray pipe integrated above the racks. Thermal control
is maintained by an AC air outlet duct, while power electronics are separated into the power
conversion system and direct current centralized control panel compartments. The architecture
demonstrates both mechanical segmentation (individual battery racks) and firebreak strategies
(overhead spray and airflow channeling), aiming to confine TR events to localized zones.
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Figure 3.6: Examples of segmentation and firebreak features to prevent a single cell failure in
battery packs in BESS: (a) cross-sectional schematic of an EVLO stationary energy storage
system enclosure (side view) [200]; (b) segmentation layout of a containerized stationary energy
storage system (BESS) [201].

Pressure Relief and Venting Systems

While containing a fire is important, preventing a dangerous pressure build-up is equally critical.
When batteries go into TR, they eject a substantial volume of gas (from electrolyte vapour,
decomposition products, etc.). If these gases accumulate in an enclosed space, they create an
explosive atmosphere and high pressure [202, 203|. A small spark can then cause a deflagra-
tion or even detonation. This risk is higher in a confined pack or, in sealed BESS containers.
Therefore, passive venting mechanisms are essential to safely disperse these gases. In EV packs,
manufacturers incorporate pressure relief vents or panels in the pack casing. For example, many
pack designs have blow-out ports sections of the enclosure that are weaker (scored or use a burst-
ing disk) which will pop open when internal pressure rises. FEaton and other suppliers market
dedicated that normally are closed to keep water out, but will open under a slight overpressure
to let gases escape [204].

These valves often also prevent backfire (some contain a membrane or tortuous path that acts
as a flame arrestor, so that if the gases inside ignite, the flame will not shoot out as a jet). The
venting direction is usually designed to route hazards away from occupants e.g., vents directed
downward or away from the passenger compartment in EVs. As a passive device, a vent just
reacts to pressure with no electronics needed. The importance of venting is reflected by safety
testing standards. In the UL 9540A tests for BESS, for instance, large-scale fire testing measures
how the container vents gases. If the container can vent sufficiently, the likelihood of an explosion
is much reduced. Many stationary battery systems now include blow-off panels or louvres on
the container or cabinet that will open at low pressure (some are held closed by magnets or low-
strength bolts that give way when a certain pressure is exceeded). When a battery failure occurs,
these panels pop open and direct flame and smoke out the top or sides of the container, rather
than letting pressure rise inside. This is exactly what passive venting aims for: controlled release
of energy rather than an uncontrolled rupture. Without venting, following scenario is possible:
a flammable gas mixture builds up and later ignites, causing a devastating explosion [158].

One challenge with venting is that once opened, the vents also allow fresh air (oxygen) to
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enter, which can actually feed the fire. That is why in some cases venting is coupled with active
systems (like water mist). But purely passively, one can mitigate this by placing flame arrestors
or one-way valves on vents. Flame arrestors (mesh screens or sintered metal filters) let gas out
but cool any flame front trying to flash back in. Passive one-way valves can let pressure out, but
then close to limit ingress of air. Eaton’s vent valves, for instance, are designed to close again
after relieving pressure, to prevent air exchange once the immediate overpressure is gone [205].

3.1.4 Summary on Passive Systems

Passive mitigation strategies are indispensable for LIB safety, forming a robust baseline of pro-
tection that does not depend on active controls or external intervention. At the cell level,
manufacturers employ safer materials (like non-flammable electrolytes and stable cathodes) and
built-in shutdown devices (vents etc.) to prevent abuse conditions from triggering TR and to
limit a cell’s energy release if it does fail. At the module level, thoughtful design incorporating
thermal barriers (ceramics, fibres, intumescents) and heat-spreading/absorbing elements (PCM
inserts, heat sinks) can effectively prevent or resist the TR propagation within a module. These
measures, validated by both experiments and simulations, have been shown to delay propagation
by many minutes or even halt it entirely in some cases.

Finally, at the pack or system level, strong enclosures, strategic segmentation, and passive
venting systems work in tandem to contain fires and protect the surroundings, whether in an
electric vehicle or a stationary storage facility. Real-world incidents and rigorous testing have
proven that features like pressure relief vents and fire-resistant housings can be the difference
between a controlled burn and an explosive disaster. It is important to emphasize that passive
strategies often complement each other and are most effective as a multi-layered defence. No
single passive feature can guarantee absolute safety given the energy densities involved; however,
each layer (from cell-intrinsic safety to module insulation to pack venting) adds additional time
and reduces severity, thus enabling active measures or emergency responses to intervene.

3.2 Active Strategies for Mitigating and Suppressing Thermal
Runaway

Unlike passive safety measures (which rely on intrinsic material properties or device design to re-
sist failure), active mitigation and suppression strategies involve real-time intervention by sensors,
control systems, or engineered suppression mechanisms to prevent a detected thermal anomaly
from escalating or to minimize the impact of a TR event in progress [144]. This section focuses on
such active approaches to TR mitigation at the cell, module, and pack/system levels, comparing
their implementation in EV versus BESS contexts (including indoor and outdoor installations),
based on the latest peer-reviewed findings.

Active suppression of TR is inherently complex because of the speed and multi-faceted nature
of battery failures. Once a cell enters TR, it undergoes a sequence of internal reactions releasing
heat, flammable electrolyte vapour, and other gases; if the cell case or vent opens, hot gases and
potentially fire are emitted externally [25].

An effective mitigation strategy must therefore either prevent the initial trigger (e.g. by
early detection and shutdown), arrest the progression (e.g. by cooling or electrically isolating
the failing cell before it cascades), or suppress the consequences (e.g. by extinguishing flames
and controlling gas emissions). These actions may occur before, during, or after the onset of TR.
Active techniques often rely on a deep understanding of TR mechanisms to target specific failure
stages. For instance, the timing of intervention is critical thermal management systems must
remove heat faster than it is generated to halt thermal escalation, and fire suppression systems
must deploy in the narrow window after venting but before an explosion can occur in confined
spaces [136].
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While EV battery packs and stationary BESS share underlying LIB technology and TR
mechanisms, there are crucial differences in their operating environments and safety approaches.
EV batteries are constrained by weight and space, integrated in vehicles where collisions are
a concern, and rely primarily on onboard passive protections and the vehicle’s BMS to handle
faults. In contrast, BESS installations (especially large containerized systems) can incorporate
heavier dedicated safety systems (fire suppression, cooling, and ventilation) and must adhere to
building and fire codes for stationary systems.

Indoor BESS pose concerns of toxic and flammable gas build-up, requiring robust ventilation
or explosion relief, whereas outdoor BESS and EVs in open environments may allow easier heat
dissipation but face weather and first-responder access issues [206]. The aim is to elucidate
how strategies are implemented or prioritized differently (for instance, an automatic sprinkler
or clean-agent flood system is feasible in a stationary facility, but an EV relies more on built-in
isolation and letting a fire burn out in a controlled way under guidance of first responders [114]).
By examining these nuances, the section provides a comprehensive understanding of active TR
mitigation across applications, forming a basis for improved safety design in future energy storage
systems.

3.2.1 Active Mitigation Methods at the Cell Level

Active mitigation at the cell level involves safety mechanisms and controls that operate on in-
dividual cells to either prevent TR initiation or mitigate its impact at the source. A single LIB
cell typically includes several built-in safety devices often regarded as last line defences as well as
being monitored by external circuits (part of the BMS) for signs of abnormal behaviour. While
these measures are sometimes categorized as passive (since they activate autonomously when cer-
tain thresholds are exceeded), they represent targeted interventions at the cell level that can be
considered "active" in the sense of producing a deliberate change in the cell’s state (e.g. discon-
necting it electrically or shutting down electrochemical activity) to avoid catastrophe [84, 162].

Internal Fuses and Current Interrupt Devices

One critical strategy to halt a developing TR within a cell is to break the electrical circuit before
excessive heat or internal short-circuit current can build up. Lithium-ion cells commonly include
internal CIDs or thermal fuses integrated into the cell’s cap or electrode tab. A CID is typically
a thin metal disk or diaphragm that reversibly flexes or ruptures when the internal cell pressure
rises beyond a set point, thereby disconnecting the cell from the external terminals by opening the
circuit. In cylindrical cells (e.g. 18650 or 21700 formats), the CID is often combined with the vent
in the cell lid. Under abuse conditions such as overcharge or overheating, gas generation inside
the cell increases pressure; a pressure-activated CID will snap open between about 1 MPa and
2 MPa internal pressure, stopping charge/discharge current flow and ideally preventing further
heating [117, 207]. For example, two 18650 cell models with CIDs activated at about 100 °C when
internal pressure reached ~1.8 MPa successfully disconnected the cells from the circuit. This kind
of rapid electrical isolation can mitigate TR by removing one source of heating (ohmic/chemical
heat from continued current flow). However, CIDs have limitations - in overcharge scenarios
with high pack voltages, the sudden opening of the circuit can generate an electrical arc at the
CID gap, igniting flammable gases around the disconnect and potentially triggering TR, despite
the CIDs activation. Moreover, once a CID opens, the cell is permanently disabled, which,
while safe, reduces pack capacity and requires module-level designs to manage such failed-open
cells. In addition to pressure-triggered CIDs, temperature-triggered fuses (thermal fuses) and
resettable PTC fuses operate based on cell temperature. A thermal fuse within the cell can be
a low-melting-point metallic link that melts open if the local temperature exceeds a threshold
(often above 130 °C). By blowing at elevated temperature, it interrupts current before the cell
reaches the more dangerous self-heating regime above ~150 °C [208].
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Preliminary laboratory tests of such an HTS limiter integrated in a cell circuit showed im-
proved stability under short-circuit conditions, effectively clamping the current below the internal
damage threshold and then automatically resetting once temperatures normalized. This is an
example of leveraging advanced materials for self-adaptive current limiting as an active TR pre-
vention at the cell level. PTC Devices and Shutdown Mechanisms thermistors are another widely
applied cell-level safeguard [209]. These are resistive elements (often polymer-based composites)
that exhibit a sharp increase in resistance beyond a certain Curie temperature, thereby limiting
current flow as temperature rises.

Sensing and Monitoring for Early Intervention

Active mitigation at cell level is not limited to internal passive devices; it also encompasses
external sensing and control targeting individual cells. Fach cell in a battery pack is usually
monitored for voltage and often temperature (via surface-mounted thermistors). The BMS con-
tinuously analyses this data. When abnormal readings occur e.g. a cell’s voltage drops suddenly
(possible internal short) or its temperature spikes, the BMS can take active steps such as cutting
off charging/discharging current to that cell or the entire pack. This is an active response aim-
ing to remove stress from a failing cell. For instance, in overcharge conditions, an active BMS
control will terminate charging as soon as an over-voltage is detected, preventing the overcharge-
induced exothermic reactions; this is much faster and more controlled than waiting for a CID to
mechanically break at dangerous pressure levels [25].

Advanced sensing methods have emerged recently, such as acoustic or ultrasonic sensing and
fibre-optic sensing for cells. Ultrasonic monitoring can detect subtle changes in a cell’s internal
structure (through time-of-flight of sound waves) that precede TR, such as gas generation or
expansion in a cell [210, 211]. If these early warning signs are caught, the BMS could actively
reconfigure the pack (e.g. isolate the suspect cell via bypass circuits if available, or at least flag
it for replacement).

Fibre-optic sensors embedded near cells can directly measure internal temperature distribu-
tion or strain with high resolution and electrical isolation They have demonstrated the ability
to catch localized heating inside a cell earlier than traditional surface sensors [147]. While
such sensors are still largely experimental, they represent the next generation of active cell-level
monitoring that could trigger mitigation actions. The combination of early warning and rapid
response is critical.

At cell level, this means detecting a cell that is entering TR (for example, by sensing its
safety vent opening acoustically or a sudden pressure rise) and then activating countermeasures.
Experimental systems have been built where the detection of a vent acoustic signal triggers a
localized cooling spray onto that cell, successfully preventing fire spread [212]. Such a system
blurs the line between cell-level and module-level, but it underscores a concept: tightly coupling
sensors to actuators at the smallest scale improves reaction time. If each cell (or small group of
cells) had a mini suppression module ready to douse it or isolate it upon a trigger, propagation
could be aggressively mitigated [213].

3.2.2 Active Mitigation Methods at Module Level

A battery module typically consists of multiple cells grouped together (in series and/or parallel)
with physical proximity, held in a frame or enclosure, often sharing cooling and monitoring
infrastructure. When a cell in a module goes into TR, the heat and fire can quickly threaten
adjacent cells. Module-level mitigation strategies focus on preventing propagation from the initial
failing cell to its neighbours and managing the event within the module so it does not escalate to
the pack. Active approaches at this level include thermal barriers coupled with cooling, module-
integrated fire suppression (such as aerosol or liquid agents that deploy within the module),
electrical isolation of a failing cell or group, and venting mechanisms to relieve and direct hot
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gases out of the module. Many of these strategies operate together with the module’s design
features (passive barriers, etc.), but introduce an active element - such as a trigger that releases
a suppressant or turns on enhanced cooling flow when a problem is detected. Following topics
are discussed:

1. thermal management and cooling systems employed at module level for TR mitigation
2. active suppression agents inside modules (sprays, aerosol generators, etc.),

3. module segmentation and electrical disconnection approaches.

Enhanced Cooling and Heat Dissipation

One straightforward way to prevent a single cell’s TR from igniting its neighbours is to rapidly
remove heat from the vicinity of the failing cell, keeping adjacent cells below their ignition
temperature. Modules often include cooling infrastructure (e.g. cooling plates, fins, or liquid
coolant channels) as part of the BTMS for normal operation. Leveraging this for safety, an
active BTMS response can flood a module with maximum cooling when a hotspot is detected.
For example, in EV modules with liquid cooling plates, if a cell’s temperature sensor triggers
high, the cooling system could ramp up flow rate in that module or direct coolant preferentially
to that area. Experimental studies indicate that active liquid cooling can significantly slow
thermal propagation. Under a forced liquid cooling flow, the propagation from a triggered cell
to its neighbour could be delayed long enough that the neighbour did not reach its TR threshold
at all, effectively confining the event to one cell [214]. An example of such cooling plates and
channelling is shown in Figure 3.7.

Industry has begun to integrate heat sensors and even pipe networks in modules, designed
such that if one cell vents hot gas, the heat triggers a sprinkler-like release of coolant in that
module [216]. One active method along these lines is the spraying until TR is finished: modules
equipped with sprays that activate to douse cells upon overheat have been shown to effectively
prevent TR propagation at the module level. The spray can be of a coolant or fire retardant
liquid. The timing is crucial - it must activate right when the first cell goes into TR (detected via
temperature, smoke, or pressure sensor) to soak the neighbouring cells and absorb heat. Such
active spraying delayed or entirely avoided the ignition of adjacent cells in test modules, as the
cooling and flame suppression took effect almost immediately [217]. Although the integration
of additional subsystems - such as fluid reservoirs, pumps or pressurized canisters, and sensor
arrays - introduces design complexity, such active strategies may constitute a transformative
solution for modules containing densely packed, high-energy cells. An alternative concept in-
volves incorporating dedicated TR "stopper" elements. These components do not operate as
conventional cooling systems, but rather they are engineered to actively extract or redirect heat,
thereby interrupting or mitigating the propagation of thermal events.

Immersion cooling could act as a thermal management method and as an ultimate TR sup-
pressant, because any vented flames or sparks are immediately surrounded by liquid. A recent
modelling study proposed an immersion system where, upon detecting a failing cell, the fluid is
vigorously circulated to enhance convective cooling and even boil (carrying heat away via latent
heat) [218]. Such a system could theoretically keep all cells below critical temperature, albeit
with the complexity of keeping the battery in a bath of coolant. Nevertheless, some stationary
BESS have started exploring coolant immersion as a safety feature rather than just a performance
feature, because a non-flammable coolant can act as a TR firewall around each cell.

Module-Integrated Fire Suppression

Beyond cooling, modules can be equipped with fire suppression agents that deploy in the event
of TR. One example is the use of condensed aerosol generators inside battery modules or enclo-
sures. Aerosol fire suppression units are small canisters containing solid compounds that, when
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Figure 3.7: (a) Optimization of cooling plate serpentine flow channels with splitter blades; (b)
schematic of channel connections; (c¢) mini-channel cold plate designs [215].
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electrically triggered or ignited by heat, release a flood of fine particulate aerosols (typically
potassium carbonate and related particles) that fill the volume and chemically inert the flames.
In the context of a battery module, an aerosol unit could be set to discharge if a temperature
spike or smoke is detected [219, 220].

There have been tests of aerosol suppression on lithium battery fires: an aerosol concentration
of about 60 g/m? inside a container could successfully extinguish a battery fire and prevent
reignition for at least 1,800 s [221|. Det Norske Veritas (DNV) carried out large-scale testing
where aerosol units extinguished a lithium-ion rack fire in a confined space, showing the agent can
be effective in knocking down flames quickly [222]. The advantage of aerosol is that it is stored
in compact form and can be deployed rapidly, and it leaves no water residue. However, there are
caveats: aerosol does not cool the cells significantly, so while it may extinguish flames, the cells
may still be hot and can reignite if oxygen becomes available again. The solid particles can be
corrosive or cause short circuits if they penetrate battery electronics, and the loss of visibility
inside an enclosure can hinder manual firefighting. Because of these issues, it is advised aerosol
agents alone should not always be a comprehensive solution for battery modules, especially in
scenarios where ventilation will eventually bring fresh air (leading to possible flashover) {222, 114]

Another approach is incorporating liquid fire suppressants within modules. A small quantity
of suppressant (water, foam, or a special chemical store) in the module can be stored that
gets released when needed. There are patented systems (e.g. by DAFO Vehicle in 2020 [223])
describing a tube or bladder that runs through the module which will rupture and dispense a
fire suppressant when a certain high temperature is reached. This is a passive activation but
results in an active suppression action. The suppressant could be a coolant like 3M Novec or an
encapsulated water mist. Tests with water mist have shown that fine mist can cool and inert

51



Thermal Safety Systems in Lithium-ion Batteries

flames effectively in battery fires, although water alone might not permanently prevent re-ignition
unless applied in large volume or with additives.

So module-level systems often consider additive-enhanced water or foam. Foam extinguishing
agents (such as those used for fuel fires) can also be applied to battery modules. Foam has the
benefit of forming a blanket that both cools (mostly water-based) and smothers by excluding
oxygen. A recent study evaluated injecting firefighting foam into an EV battery pack and found
it did suppress the fire; however, the thermal energy inside the pack was not removed as quickly
as with water, leading to the pack still being hot (around 50 °C) after extinguishment [224, 225|.

Electrical Isolation and Module Segmentation

Active mitigation at module level is not only about controlling thermal and fire effects, but also
about electrical interventions to minimize cascading failures. In a series-connected string of cells
(typical in modules), if one cell goes into TR and internally short-circuits, it can suddenly draw
energy from neighbouring cells (those in parallel) or cause large current surges through itself
from the rest of the string. This can accelerate heating and also damage other cells electrically.
Therefore, an active strategy is to electrically isolate a failing cell or subgroup once a failure
is detected. While CIDs and fuses discussed at the cell level achieve disconnection at the cell
itself, module-level isolation might involve contactor or pyrotechnic disconnects at the module’s
terminals. Some advanced battery packs include pyrotechnic switches that can isolate entire
modules from the pack within milliseconds when a severe fault is detected. For example, if a
module’s voltage collapses rapidly (indicating an internal short), the BMS could fire a pyro-fuse
to sever that module’s connection, preventing other modules from dumping charge into it and
feeding the fire. This strategy has been used in EVs mainly to protect against crash-induced
internal shorts; it is an active measure as part of a vehicle’s safety system (like airbags). By
segmenting the pack, each module is limited in the energy it can release. On a finer scale, there
has been conceptual research on cell-level disconnects within modules. One idea is using solid-
state relays or addressable fuses on every cell, so that if a cell is suspected to fail, the BMS can
disconnect it [226, 227].

However, implementing dozens or hundreds of such switches is complicated and cost-prohibitive
with current technology. Instead, the focus is on module level: ensure that a failing module does
not drag others with it. EV manufacturers now design packs to meet regulations that require
thermal propagation to be limited. Active module isolation is one means to meet this require-
ment. In practical terms, this could mean if one module starts venting and burning, the car’s
systems disconnect that module electrically and perhaps even activate cooling just for that mod-
ule (if coolant loops can be zoned), attempting to confine the event [67].

3.2.3 Active Mitigation Methods at Pack/System Level

Pack or system level mitigation encompasses all the higher-level strategies employed to control
TR impacts in the context of an entire battery pack or an entire stationary energy storage system.
At this level, the approach becomes more holistic: the system may include fire suppression sys-
tems (sprinklers, gas flooding, etc.), ventilation and exhaust management, thermal management
coordination across modules, and integration with facility or vehicle safety infrastructure. In an
EV, pack-level safety might involve the design of the pack enclosure to contain or direct fires,
the vehicle’s computing system taking action (e.g. limiting vehicle motion, alerting occupants),
and coordination with first responder procedures. In a stationary BESS, system-level mitigation
includes dedicated detection (smoke, gas sensors), automatic fire suppression installations, and
emergency response protocols tied into the installation [225, 228]. Key active strategies at this
level are discussed:

1. fire suppression systems using gaseous, liquid, or solid agents on the pack or enclosure
scale,
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2. ventilation and explosion prevention measures for confined battery spaces,
3. pack thermal management and segmenting as an active containment strategy,

4. the differences in implementation between EV packs and stationary systems.

Fire Suppression Systems (Gas, Liquid, Solid Agents)

Large battery systems often rely on fire suppression systems akin to those used in buildings
or engine compartments, but tailored for battery hazards. The choice of suppression agent is
crucial, as evidenced by extensive research since 2020 into what agents most effectively control
LIB fires. Broadly, suppression agents are categorized as gaseous (clean agents and inert gases),
liquid (water, foams, special solutions), or solid (powders, aerosols). Each has advantages and
drawbacks in LIB scenarios, and often a combination (or sequential use) is recommended for best
results [228].

Gaseous Suppression: Common clean agents include COs, Halon replacements like HFC-
227ea (FM-200) [229] and FK-5-1-12 (Novec 1230) [230], and emerging agents like 2-BTP (2-
bromo-3,3,3-trifluoropropene) [231]. These are stored as liquefied gas and released to flood the
battery enclosure with an inert or chemically active gas that extinguishes flames primarily by
oxygen displacement and heat absorption. Novec 1230, a fluoroketone, has been tested in battery
fire scenarios: it requires a certain concentration (design concentration often 5-6% volume per
volume) to inert the environment, and it can suppress flames effectively, with one study noting
it had much higher efficiency than COs in both open and closed space battery fire tests [232].
However, a critical limitation of purely gaseous agents is cooling - these agents do not remove
heat as effectively as water. A battery that has undergone TR will remain very hot internally
even after the flames are out. If oxygen is reintroduced (e.g. by opening the enclosure or if
the gas concentration drops), the materials can reignite because the core heat was not reduced
sufficiently [222, 233].

This was demonstrated in incidents like the Arizona BESS explosion in 2019. A clean agent
(Novec 1230) was deployed and likely snuffed the initial fire, but did not cool the batteries; when
firefighters opened the container, air rushed in and a delayed deflagration occurred injuring four
firefighters [233].

Recognizing this, the latest strategies often combine gas agents with others. For example,
Novec 1230 and water mist have been proposed as a two-stage suppression: Novec is discharged
first to knock down flames, immediately followed by a water mist to cool the batteries. It
was showed that this combined approach drastically reduced peak battery temperatures and
prevented re-ignition, achieving better outcomes than either agent alone. Essentially, the gas
handles instant fire suppression and the water provides sustained cooling [146, 234].

Water and Water-Based Agents: Water remains one of the most effective suppressants
for battery fires in terms of heat removal. Its high heat capacity and latent heat of vaporisation
mean it can absorb enormous amounts of energy. Firefighters commonly use water deluge or
mist to control EV and BESS fires. On the order of 0.6 m? of water per kWh of battery capacity
might be needed to fully extinguish and cool an EV battery fire [235], which translates to tens
of thousands of litres for a typical car pack. This large quantity originated from the need of
continuous cooling until all cells are below TR self-heating temperature.

In a stationary system, fixed sprinkler systems or deluge systems can be installed. Exper-
iments with full-scale container fires showed that sprinklers could prevent a single-module fire
from propagating to the entire container by cooling surrounding equipment and quenching flames
on emitted gases [236]. Water mist systems (which produce fine droplets) are particularly at-
tractive because they use water more efficiently: the fine droplets evaporate quickly, displacing
oxygen locally and cooling surfaces. One those installations is presented in Figure 3.8 - the sys-
tem is designed to rapidly cool surfaces, displace oxygen, and suppress combustion in confined
LIB installations such as BESS containers or EV charging enclosures. High-pressure nozzles
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produce microdroplets (<200 um) that evaporate efficiently, absorbing heat and reducing the
risk of TR propagation [237].

Figure 3.8: Industrial water mist fire suppression system with overhead nozzles actively discharg-
ing a fine mist over a battery module area [237].

Numerical analysis of a 20-ft BESS container fire indicated that a water mist system sig-
nificantly reduced flame temperatures and delayed pressure rise, thereby mitigating explosion
risk [238]. The drawback of water is the potential to generate toxic run-off (water will dissolve
HF, Li salts, etc., creating contaminated coolant) and it can also react with certain battery
materials (e.g. residual metallic lithium or hot LiPFj salt can hydrolyse to HF'). Nonetheless,
the consensus in safety research is that water is indispensable for cooling, and the goal is to use
it in a smart way: for instance, adding additives to water to improve its performance.

One class of additives are surfactants and encapsulators like F-500 (a proprietary firefighting
additive). These additives can improve water’s wetting of surfaces (better penetration into
battery pack crevices) and also encapsulate hydrocarbon molecules or absorb toxic gases [239].
Tests by the German DEKRA institute compared F-500 solution to plain water and dry powder
on LIB fires; F-500 was found to reduce the release of flammable gases and help water soak
into the battery modules more effectively, leading to faster knockdown of fire and less risk of
reignition [240]. F-500 is essentially a micelle-forming agent that can capture certain volatile
organic compounds and also reduce water’s surface tension.

Ventilation, Exhaust Management, and Explosion Prevention

When LIBs go into TR, they release a mix of flammable gases (CO, Ha, light hydrocarbons, etc.)
and toxic by-products (HF', HCI, etc.) [130]. In a confined space, these gases can accumulate
to explosive concentrations. Therefore, an active mitigation strategy at system level - especially
for stationary BESS installed in buildings or containers - is proper ventilation and exhaust
management. This includes both venting mechanisms that activate during an event and pre-
emptive ventilation triggered by gas detection. For BESS enclosures (like walk-in containers
full of battery racks), design guidelines (such as NFPA 855 and UL 9540A test data) emphasize
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having explosion relief panels or vents sized to release pressure safely in case of a deflagration.

Active ventilation systems (powered fans) are often installed to purge flammable gases. A
typical system might have gas detectors that, when reaching a low-level limit, turn on exhaust
fans to dilute the atmosphere [241]. If high levels are detected, the system might also trigger an
alarm or suppression. The enclosure’s ventilation is able to be shut off during the initial stages (to
starve the fire of oxygen), but this allows flammable concentration to build [233]. Developing a
safer approach presents a challenge, as it requires minimizing the risk of exacerbating combustion
through oxygen introduction while also preventing hazardous gas accumulation. The current best
practice is to use ventilation after suppression: first, extinguish the flames with a clean agent,
then vent out the gases before opening the enclosure. This requires coordination in the control
system. For example, an active controller could, upon TR detection, isolate the electrical system,
release a clean agent, wait a prescribed time, then activate roof exhaust fans to slowly clear the
atmosphere. Such systems are integrated into their battery management units. For indoor
installations (e.g. batteries in a dedicated room of a building), building codes require smoke
exhaust systems. These can be repurposed or enhanced for battery gas exhaust. One active
approach is the installation of blow-out panels or flame ducts: if pressure or flame is detected, a
duct opens to route the hot gases and flames through a safe path (like a chimney) to the outside.
This is essentially an active vent that saves the facility from uncontrolled explosions. Explosion
prevention is closely tied to early gas detection. Pressure rise inside an enclosure can be an
earlier indicator of TR than temperature [213].

Examples of passive elements are shown in Figure 3.9. An example valve is shown in Fig-
ure 3.9a - Eaton’s 3-in-1 battery pack vent valve for EVs. This engineered vent device integrates
three functions — a one-way check valve for passive venting, an active venting actuation, and a
leak-check mechanism. Under normal conditions it stays sealed to maintain pack integrity, but if
internal pressure rises (e.g. due to cell TR generating gas), the spring-loaded valve pops open at
a low set pressure to rapidly relieve overpressure [242]. Cells are also designed to provide proper
venting paths such as shown in Figure 3.9b. These routing of the fumes allows to expel them in
controlled manner. Example of a roof-mounted explosion vent panel (product image by REMBE)
is shown in Figure 3.9c. This is a lightweight rectangular vent panel designed for installation on
a BESS container roof (model BESS.IKLI-EGV). It features a scored outline and central weak
section that will tear open at a defined breaking point when internal pressure from a deflagra-
tion pushes against it. Such vents are one-time use: the panel will permanently deform and
must be replaced after activation [243|. Figure 3.9d shows deflagration vent panels on a BESS
container, deploying during a TR gas explosion test. This render shows a cargo-style battery
container with roof-mounted explosion vents popping open and directing flames upward during
an internal battery fire (panels shown in open position with flames venting). BESS units often
incorporate large thin metal blow-out panels on their roofs or walls that act as weak sections to
relieve pressure in case of a gas deflagration. In an event, these panels burst at a low pressure
(e.g. ~0.05 bar) and vent the hot gases and flames to the outside, preventing the container from
violently exploding like a pressure vessel [244].

3.2.4 Comparative Analysis: Electric Vehicle vs. Stationary Energy Storage
System Thermal Runaway Strategies

Both EV and stationary ESS seek to mitigate TR, but the context and constraints lead to
different emphases in strategy. EV are on the move and the space and weight in a vehicle is
limited. ESS, in contrast, are stationary and batteries are often housed in dedicated containers
or battery rooms. It is compared how EV and stationary ESS approaches diverge or converge
across the various levels of protection, highlighting key differences in design philosophy, regulatory
requirements, and practical implementation.

Both electric vehicles and stationary battery energy storage systems seek to mitigate TR,
but the context and constraints lead to different emphases in strategy. It is compared how EV
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Figure 3.9: Examples of segmentation and firebreak features. (a) Eaton’s 3-in-1 battery pack
vent valve for EVs [242]; (b) Example of vent path for the cylinder battery cell; (c¢) Deflagration
vent panels on a BESS container [244]; (d) Example of a roof-mounted explosion vent panel
(product image by REMBE) [243].

and BESS approaches diverge or converge across the various levels of protection, highlighting
key differences in design philosophy, regulatory requirements, and practical implementation.

1. System Environment and Constraints: EV batteries face mechanical stresses (vibra-
tions, crashes), and the presence of passengers. BESS batteries have closer proximity to
critical infrastructure or buildings. These conditions influence mitigation choices. EV man-
ufacturers design pack intrinsic safety solutions (e.g. robust cell design, module barriers,
BMS controls) to prevent TR, but largely rely on external emergency response (firefight-
ers using water) for full suppression. In contrast, a stationary ESS can include active
fire suppression systems (e.g. a complete sprinkler or clean agent system installed in the
container).

2. Detection and Monitoring: Both EVs and ESS employ extensive monitoring, but ESS
installations might have additional layers like video thermal cameras or multi-point gas
detection across a facility. An EV’s BMS typically monitors each cell’s temperature (or
a representative cell per group), voltage, and pack current. It can trigger warnings on
the dashboard and even instruct the vehicle to slow down or shut off if a battery issue is
detected. ESS, especially large ones, often tie into building management systems. ESS are
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more likely to incorporate redundant sensors (for example, both a smoke detector and a
heat detector in the battery room). EVs, due to cost and complexity, usually have only
the necessary sensors for BMS function - rarely smoke sensors inside packs. For instance,
EV packs now include vented enclosures with pressure sensors; a sudden pressure rise in
the pack can be sensed and trigger pack isolation. ESS containers commonly have gas and
smoke sensors connected to automatically cut off HVAC and initiate suppression. EVs do
not have on-board gas sensors for battery vent gas, although one could envision future
designs where the cabin air sensor might detect a sweet solvent smell of electrolyte as a
warning.

3. Fire Suppression and Cooling Implementation: on-board suppression in EVs is lim-
ited. Exceptions are made in public transport buses and specialized vehicles, which have
fire suppression similar to engine fire systems (typically a cylinder of aerosol or Novec that
can discharge into the battery compartment). EV packs are designed with features like
thermal barriers between cells or modules, and directional venting to manage a TR event.
EV makers also use lower flammability chemistries [177, 245]. ESS, on the other hand,
often store much larger total energy and are usually maintenance-free, so they incorporate
robust active suppression: sprinkler systems in battery rooms, or clean agent flooding sys-
tems in containers. Indoor ESS are usually covered by building sprinklers per code. ESS
designs opt for a strategy to allow to burn through and heavily vent the container, and
then rely on firefighters, to reduce system cost (no suppression installed). This approach
has largely fallen out of favour after incidents showed the risk of explosions; now the trend,
supported by insurers and codes, is towards including at least some automatic suppression
in ESS. EVs effectively default to a let-burn strategy once passengers are safe - firefighters
often let an EV fire burn under controlled conditions or drown it in water.

4. Ventilation and Explosion Relief: An EV battery is relatively small and in open air,
thus an explosion from gas build-up is not a typical concern (the gases will dissipate around
the vehicle, unless it happens in a garage or tunnel). For ESS, deflagration prevention is
critical. ESS containers have features like pressure relief panels that will blow out at low
overpressure to direct an explosion upwards, and forced ventilation. EV pack enclosures are
typically not airtight - they will vent to the environment if cells rupture. Automotive packs
usually vent outside or under the vehicle for this reason. ESS are explicitly engineered now
with NFPA guidelines: e.g., a certain vent area per volume and/or mechanical exhaust
fans.

5. Scale and Redundancy: A single EV might have on the order of 5-100 kWh of batteries.
A grid storage ESS can have 1-100 MWh of batteries in one site - orders of magnitude
more cells. This scale means that propagation in ESS can involve thousands of cells,
releasing far more energy and potentially a much larger fire than an EV. ESS strategies
put strong emphasis on propagation prevention at early stages. Many BESS now use
modular isolation. Each rack or module is physically separated by fire-resistant walls from
the next, and the system is laid out to satisfy that a fire in one unit will not immediately
propagate to the next. EV packs, by contrast, pack cells tightly to maximize energy
density and rely on internal mitigation, but cannot use heavy firewalls between cells due to
weight. Design strategy related to used materials differ: EVs may incorporate innovative
lightweight materials (aerosol foams, etc.) as fire barriers, whereas ESS can use concrete
walls or steel partitions between battery stacks.

6. Regulatory Landscape: In automotive, standards and regulations (UNECE R100, ISO
6469-1, etc.) focus on passenger safety and electrical safety. They require tests like nail
penetration, crush, overcharge, etc., and usually the criteria is no fire or explosion in a
specified time frame. If a certain battery type shows in tests that a single module fire
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does not propagate and self-extinguishes, authorities might allow omission of sprinklers.
EV makers, try to ensure one module burning will not make the whole vehicle explode
instantly.

7. Post-event and Recovery: In EV, the typical mitigation is to extinguish if possible
and then monitor. Often EVs are quarantined after a fire (some are submerged in a
water tank for days to ensure no re-ignition). This is external to the vehicle’s own systems.
Stationary ESS operators must also plan for post-event cooling - many now have procedures
to keep affected battery racks under water spray for hours after suppression. From a design
viewpoint, some ESS include thermal imaging cameras that remain on to watch for any
reheating of cells after the main fire is out, and if detected, could re-trigger suppression or
alarms. EVs do not have such ability - once the 12 V system is likely compromised in a
fire, any cameras or sensors would be down. Both share the goal of preventing catastrophic
outcomes, but their means reflect their use-cases. Interestingly, cross-pollination of ideas
is happening: EV manufacturers are learning from stationary suppression research (for
example, incorporating non-toxic gas cooling agents inside packs), and ESS designers are
adopting EV battery innovations (like cell-level fusing, thermal barriers from automotive
industry). One convergence is the use of battery chemistry as mitigation: LFP chemistry,
which is inherently safer (lower heat output, no oxygen release from cathode), is being
widely adopted in stationary storage and increasingly in EVs for standard-range models.
By choosing a more thermally stable chemistry, both EV and ESS reduce the likelihood
and severity of TR, an inherently active choice at the design stage. Finally, cost and
maintenance considerations differ: a BESS might have a maintenance schedule to, say,
check the pressure of the fire suppression cylinders yearly, whereas an EV is consumer
product with minimal maintenance, its safety features must be mostly self-contained and
reliable for the life of the car without servicing. This affects what can be practically
deployed.

3.2.5 Summary on Active Systems

TR in LIBs remains a critical safety concern, but the advancements in active mitigation and
suppression strategies in recent years offer a robust toolkit to manage this risk in both electric
vehicles and stationary energy storage systems. Through this section, we have examined layered
safety approaches from the cell level up to full battery systems, highlighting how a combination
of preventative control, real-time detection, and emergency intervention can drastically reduce
the probability of a minor cell fault escalating into a large-scale fire or explosion.

Modern LIB cells are being equipped with an array of internal safety devices (CIDs, PTC
elements, vent mechanisms) and even novel material-based shutdown features that act in synergy
to halt the onset of TR. Experimental evidence shows that these can be effective in isolating
failing cells electrically and slowing thermal build-up, though they are not foolproof. The trend
is towards integrating intelligent safety at the material level (e.g., thermally-triggered conduc-
tive additives that halt current) [162, 209]. Combining these intrinsic measures with external
BMS oversight (voltage/temperature monitoring and active cut-off) provides two layers of cell
protection - one acting automatically within the cell and one via the system’s brain.

If a cell does enter TR, the module-level strategies determine whether the event stays lo-
calized or propagates. It was found that active cooling and fast suppression at the module
level can contain even violent cell failures. Techniques like dedicated coolant loops that activate
on overheat, or small-scale suppressant releases (water mist, aerosol) inside modules have been
demonstrated to prevent fire spread to adjacent cells [208, 246]. Thermal and mechanical bar-
riers remain important, but adding active elements (sensors and actuators that respond within
the first few seconds of a TR) greatly improves outcomes. The concept of a self-extinguishing
battery module - one that can detect a burning cell and autonomously put out the fire before it
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leaves the module - is becoming reality through these innovations.

At the largest scale, active measures like full-system fire suppression, emergency ventilation,
and pack disconnects ensure that even if a module fails, the situation can be controlled and kept
from endangering occupants (in EVs) or facilities (in BESS). Gaseous agents (Novec, 2-BTP,
etc.) and water-based cooling have complementary roles and are often best used in combination
[220, 235]. The importance of managing flammable gas and pressure build-up in enclosed systems
is underscored by past accidents; thus, active venting and exhaust systems are integral in BESS
designs. EV pack designs channel hazards away from people, and vehicle-level responses (like
warning drivers, immobilizing the vehicle, etc.) are an active safety aspect distinct to EVs.

A comparative analysis revealed that while the underlying problem (TR) is the same, the
strategies diverge due to environment. EV mitigation focuses on built-in safety and allowing time
for occupant evacuation, whereas BESS mitigation invests heavily in automatic suppression and
containment on-site. Neither approach is inherently better; each is optimized for its scenario [241,
247].

Despite progress, challenges remain in making these active systems fail-proof and widely
adopted. False positives in detection systems can cause unnecessary activations (for example,
accidentally discharging a fire suppressant in a battery container due to a sensor error can be
costly and dangerous), so reliability of sensors and algorithms is paramount. The harsh environ-
ment inside battery packs (electrical noise, electromagnetic interference, mechanical shock) can
make sensor readings unreliable. Another challenge is scalability and cost, adding suppression
systems and complex controls increases cost, which must be justified by the risk reduction. For
EVs especially, manufacturers tread a line between safety and cost to weight ratio. Nonethe-
less, the increasing attention from regulators and the public to battery fires likely means safety
features will become selling points, not options.

In conclusion, active mitigation and suppression strategies greatly enhance the safety envelope
of LIBs, which are the linchpin of modern electrified transport and energy storage. By deploying
intelligent control, fast-acting protection devices, and effective firefighting measures at multiple
system levels, it is possible to prevent many TR incidents and to significantly limit the damage
from those that do occur. With diligent engineering and adoption of these strategies, catastrophic
battery fires can transition from a headline-grabbing rarity to an almost "managed" event that,
while still serious, can be handled without widespread harm. Ongoing research and real-world
validation will continue to refine these approaches, moving us closer to inherently safer high-
energy battery systems.
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A1m of the Thesis

In light of issues presented in the previous chapters, the dissertation posits a formal thesis that:

It is possible to develop a quantitatively-grounded methodology to test
lithium-ion battery fire safety and mechanical integrity with greater pre-
ciston, repeatability, and diagnostic value than current regulatory proce-
dures.

It is declared the methodology for testing energy storage systems used in alternative energy
sources can be developed with their fire and mechanical resistance being tested. Specifically, it is
stated that by leveraging standardized fire testing protocols and by implementing rigorous sensor
instrumentation, one can create a test for LIB systems, which produces consistent, repeatable
thermal exposure and rich data on the battery’s response. This approach is expected to sig-
nificantly reduce measurement uncertainty and overcome the variability seen in open-fire tests,
thereby yielding results that are both more reliable (scientifically repeatable) and more relevant
for safety engineering. The hypothesis is rooted in the observation other industry standards,
which are highly standardized and reproducible, thanks to strict protocols on thermocouple
placement, furnace pressure, etc. By importing these well-established fire-testing practices into
the battery safety domain, the test conditions can be made far more uniform and controllable
than a free-burning fuel fire. The ultimate goal is that such a methodology would not only im-
prove testing precision, but also provide deeper insight into the degradation processes of batteries
under fire and mechanical stress.

Building on the background problem and thesis, the aim of the thesis is to develop and demon-
strate a scientifically rigorous methodology for evaluating the fire-induced degradation processes
in modern battery systems (RESS and their protective structures). This overarching aim can
be understood as two complementary objectives to be implemented into works of Laboratorium
Badan Ogniowych Centrum Techniki Okretowej S.A.:

1. to critically analyse the current landscape of battery safety (both the phenomena of TR
and the standards designed to address it) in order to pinpoint exactly where and why
present testing methods fall short,

2. to formulate and validate an improved testing approach that addresses those shortcomings,
thereby enhancing both our scientific understanding and practical safety evaluations of LIB
systems.

In pursuing this aim, the research not only seeks to answer specific scientific questions, but

also to produce outcomes directly relevant to industry regulators such as recommendations for
new or rewritten test standards or design guidelines for safer battery systems.
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The title of this dissertation — Methodology for Investigating the Degradation Processes of
Modern Materials Used in Alternative Energy Sources Exposed to Fire and/or Mechanical Over-
loads — reflects the dual nature of the phenomena investigated and the interdisciplinary character
of the research.

The term mechanical overloads encompasses stresses that arise as a effect of thermal exposure.
When lithium-ion batteries and their protective enclosures are subjected to fire, the resulting
non-uniform temperature field induces thermal stresses within structural components. These
thermally induced stresses may cause local yielding, delamination, or fracture of the construc-
tion elements, ultimately compromising the mechanical integrity of the entire system. Hence,
the phenomenon of fire-induced mechanical degradation constitutes one of the central aspects
analysed within this work.

The term structural integration in the context of this research refers to the material and me-
chanical continuity of the energy storage system. Maintaining structural integration implies the
absence of cracks, ruptures, or leakage paths that could enable gas venting or flame propagation
between battery modules. Conversely, the loss of structural integration represents the onset of
critical failure — a state that, under extreme conditions, may escalate into explosion or complete
mechanical disintegration of the system.

The developed methodology thus addresses these coupled degradation modes by integrating
the thermal, mechanical, and diagnostic perspectives within a unified testing framework. This
holistic interpretation clarifies the conceptual link between the two main components of the
title — fire and mechanical overloads — and justifies their integration under one methodological
framework aimed at quantifying and reproducing the degradation processes in modern energy
storage materials and structures.

This work also involves data collected through testing multiple real-life samples introduced
into actual use in EV, stationary ESS or railway auxiliary ESS. While this adds to the practicality
value of the results presented in the thesis, simultaneously author wished to note they are limited
to the scope agreed upon non-disclosure and confidential disclosure agreements signed by the
customers of Centrum Techniki Okretowej S.A.
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Overview and Analysis of
Standardisation of the Battery Energy
Storage Systems Testing

Standardisation plays a pivotal role in the development, implementation, and safety assurance
of modern technological systems. In the context of engineering, standardisation refers to the es-
tablishment and application of agreed-upon norms, protocols, and procedures intended to ensure
consistency, interoperability, safety, and quality of products and processes across various do-
mains [248, 249]. These standards are typically developed by international and national bodies
such as the International Organization for Standardization (ISO), International Electrotechni-
cal Commission (IEC), and national institutes like the American National Standards Institute
(ANSI) or the National Fire Protection Association (NFPA). By fostering comparability, en-
hancing transparency, and reducing technical barriers to trade, standardisation has become an
essential mechanism for supporting technological innovation while ensuring public safety and
regulatory compliance.

In the rapidly evolving field of BESS, standardisation is particularly critical due to the di-
verse applications, complex architectures, and safety challenges associated with energy storage
technologies. BESS are utilized in a broad range of applications, from grid balancing and re-
newable energy integration to electric mobility and emergency power backup. These systems
are composed of intricate assemblies of cells, modules, and supporting hardware governed by
complex thermal, electrical, and chemical interactions. As such, the development and harmoni-
sation of testing standards is essential not only to certify performance but also to minimize risks
associated with TR, electrical faults, or mechanical abuse scenarios [25, 87, 250].

The process of standardisation in BESS testing typically involves the formulation of prescrip-
tive or performance-based test methods to simulate real-world failure conditions. These include
fire resistance (e.g., UL 9540A), mechanical shock and vibration (e.g., IEC 62660 series), and
abuse testing (e.g., UN 38.3). Such standards are designed through collaborative processes in-
volving technical experts, industry stakeholders, regulatory bodies, and academic researchers.
This collaborative nature ensures the incorporation of empirical data, best engineering practices,
and evolving scientific understanding into test specifications. Nevertheless, as various studies
show, many existing standards may suffer from inconsistencies or ambiguities - particularly in
sensor placement, acceptance criteria, or simulation fidelity - which may affect reproducibility
across laboratories [250]. A Table 5.1 details the standard name, reference, issuing body, issue
date, targeted purpose, scope of application, and salient comments for context in research and
compliance frameworks.

Moreover, given the dynamic development of battery chemistries and system configurations,
standardisation efforts must adapt rapidly to encompass new technologies. Emerging materials,
such as solid-state electrolytes, novel cathode compositions, and integrated BMS, introduce new
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safety and performance variables that require updated testing frameworks. In this context, the
role of standardisation extends beyond regulatory compliance and enters the domain of scientific
and engineering advancement. Iterative feedback between experimental testing, modelling efforts,
and standard development is crucial to capture degradation mechanisms under abuse conditions
and to refine the methodologies that govern them [114].

Following chapter provides an overview and critical analysis of the current standardisation
landscape related to BESS testing. It aims to outline the rationale, scope, and limitations of
key standards; identify inconsistencies in current methodologies; and highlight areas requiring
methodological refinement. Particular attention is given to procedures governing thermal and
mechanical abuse tests, as these are directly linked to the degradation pathways relevant to
lithium-ion based systems. By situating the discussion within both technical and regulatory
frameworks, this chapter contributes to the broader discourse on improving standardised testing
for safer and more reliable energy storage technologies. List of standards and regulations refer-
enced in the thesis (particularly in given section) has been listed in bibliography and with full
titles in Appendix E.

5.1 Standardisation Bodies

United Nations Economic and Social Council (ECOSOC) established in 1945 oversees
multiple subsidiary bodies composed of regional commissions, functional commissions and expert
bodies, standing committees and bodies [251, 252]. In 1947, The United Nations Economic
Commission for Europe (UNECE) was established by ECOSOC, which includes fifty-six member
states located in Europe, North America and Asia [253].

UN and UNECE introduced two major regulations for the battery EV safety - "Uniform
provisions concerning the approval of vehicles with regard to specific requirements for the electric
power train" abbreviated often times as R100.03 and Global Technical Regulation No 20 [67, 254].
Only R100 document has the status of mandatory document to comply with before a RESS is
placed on the European Economic Area [255]. Both documents show a series of abuse tests
including crush test, over-current protection test, vibration test, fire resistance test and (only
GTR) thermal propagation test. It is important to underline the thermal propagation test is still
being developed at this point and it is not mandatory procedure to undergo by the manufacturers.

International Organisation for Standardization (ISO) is responsible for bringing stan-
dards among hundred sixty-seven national standard bodies [256]. Organisation is autonomous
and non-governmental, however, their actions and standard development in deeply rooted in
the global market needs and based on the global expert opinion and overall consensus among
stakeholders [257]|. ISO and The European Committee for Standardisation since 1991 co-operate
in respect to the standardisation to avoid duplication of the efforts [258|.

ISO standard on the RESS safety developed over the years was ISO 12405-3:2014 [259] (from
series of ISO 12405 [260, 261, 262|), which was revised to ISO 6469-1:2019 [263| and a separate
document for mopeds ISO 18243:2017 [264].

International Electrotechnical Commission (IEC) founded in the 1906 is bound on
making electrical and electronic technologies safer, more efficient and reliable [265]. It is a global
non-profit organisation, which unites hundred seventy countries. The international standards of
IEC serve as the basis for risk and quality management and are used in testing and certification
to verify that manufacturers declarations are kept [266].

For EV safety requirements, IEC has developed IEC 62660 series of standards Part 1: Per-
formance testing [267], Part 2: Reliability and abuse testing [268] and Part 3: Safety require-
ments [269].

Regulation of the European Parliament and of the Council No 1025/2012 states the two
bodies are responsible for standardisation in the countries of the European Union - Committee
for Standardisation (CEN) and the European Committee for Electrotechnical Stan-
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Table 5.1: Comparative overview of international standards, regulations, and test methods for LIB safety and performance in electric vehicle (EV),

battery energy storage system (BESS), and cell applications.

Name

Issue Date

Issuing Body

Purpose

Application (EV, BESS, Cell, etc.)

Tests for performance, reliability, and abuse

Test Manual

ISO 12405-1:2011 2011 | ISO . Battery pack/system (EV)
(high power)
ISO 12405-2:2012 2012 | ISO Tests for performance reliability (high energy) Battery pack/system (EV)
ISO 12405-3:2014 2014 | ISO Safety and abuse testing procedures Battery pack/system (EV)
ISO 6469-1:2019 2019 | ISO Safety requirements for rechargeable energy storage systems (RESS) Battery system (EV)
MOH/.WHOQM Woomw_pgod 2021 | UNECE Safety of rechargeable battery installation in EVs EV, battery system
GTR No. 20 (2018) 2018 | UNECE/WP.29 Global safety regulation for electric vehicles; electrical safety /BMS EV, battery system
TIEC 62660-1:2018 2018 | IEC Performance and life testing for secondary lithium cells Cell (EV propulsion)
1IEC 62660-2:2018 2018 | IEC Reliability and abuse testing for secondary lithium cells Cell (EV propulsion)
TEC 62660-3:2022 2022 | IEC Safety tests for secondary lithium cells Cell (Automotive)
1IEC 62933 series 2017-onward | IEC Safety, planning, performance for BESS Energy storage systems, BESS
FreedomCAR Battery . . . . , .
71 2013 (Rev. 3) | USCAR/USDOE | Standardized testing methods for HEV/PHEV battery performance/life Cell, module, battery pack (HEV/PHEV)

Sandia Labs

SAND2017-6925 2017 (USDOE) Abuse test methodology for rechargeable energy storage systems Cell/module/pack (BESS, EV)
SAE J2464:2009 2009 | SAE International | Rechargeable Energy Storage System (RESS) Safety and Abuse Testing Guide | Battery system (EV/HEV)
SAE J2929:2013 2013 | SAE International | Minimum safety criteria for lithium battery systems in vehicles Battery system (EV/HEV)

UL 9540 2025 (Ed. 3) | UL Standards Safety for energy storage systems and equipment (system-level) BESS, ESS (stationary)

UL 9540A 2025 (Ed. 5) | UL Standards Test method for evaluating thermal runaway fire propagation in BESS BESS, modules, cells

UL 2580 2022 (Ed. 3) | UL Standards Safety tests for batteries in electric vehicles Battery (EV, heavy robotics)
UL 1642 2020 (Ed. 6) | UL Standards Safety evaluation of lithium cells Cell (consumer, EV, industrial)
UL 1973 2022 (Ed. 3) | UL Standards Batteries for use in stationary, motive auxiliary power applications BESS, stationary/motive batteries
UN 38.3 2025 (Rev. 8) | United Nations Safety testing for transportation of lithium batteries/cells Cell/module/pack

NFPA 855 2023 (Ed. 2) | NFPA Installations of stationary energy storage systems (fire safety) BESS (stationary, ESS)

GB 38031-2020 2020 | SAC Safety requirements for power battery systems in electric vehicles Battery systems (EV, NEV)
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dardisation (CENELEC). The European standardisation goal is to boost the competitiveness
of the European industry, in particular when the documents are established in coordination with
the global standardisation bodies i.e. ISO and IEC. It plays an increasingly important role in
the international trade and the opening-up reach of the product [270].

The European Committee for Standardization is one of three European Standardization Or-
ganizations (together with CENELEC and European Telecommunications Standards Institute)
that have been officially recognized by the European Union and by the European Free Trade
Association as being responsible for developing and defining voluntary standards at European
level. CEN unites National Standardisation Bodies of thirty-four countries [271] and focuses on
areas such as chemical, construction, consumer products, machinery, materials and other. CEN
also co-operates with ISO on the basis of Vienna agreement [258|.

The European Electrotechnical Committee for Standardization prepares voluntary standards
in the electrotechnical field, which help facilitate trade between countries, create new markets,
cut compliance costs and support the development of a Single European Market [272]. Similarly
to CEN, it includes National Standardisation Bodies of thirty-four countries [271]. IEC and
CENELEC also developed an agreement to work united to avoid duplication of work ("Frankfurt
agreement") [273].

Since there are multiple international organisations developing standards and regulations,
only the largest EV market members do create procedures on their own, such as the United
States and China.

National Highway Traffic Safety Administration (NHTSA) legalizes the equipment
of EVs and their batteries in the United States. It regulates the marked through Federal Motor
Vehicle Safety Standards (FMVSS) to implement laws from the government [70, 274|. Another
regulatory body in America is Department of Energy (DOE), which as released in coopera-
tion with Sandia National Laboratories document for recommended practices in abuse testing of
RESS [275, 276]. The FreedomCAR Battery Test Manual and SAND2017-6925 define standard-
ized testing procedures and performance benchmarks for batteries used in power-assist hybrid
electric vehicles. It focuses on evaluating battery life, power capability, safety, and reliability
through a series of controlled laboratory tests to support automotive development and industry
consistency.

Society of Automotive Engineers (SAE) is a USA-based organisation, which globally
joins together over two-hundred thousand engineers, technical experts and volunteers in the fields
of automotive and aerospace [277, 278|. It develops a number of abuse tests documents, which
are implemented to identify behaviour of EVs outside their standard operating range.

One of such documents regarding RESS safety tests is SAE J2464:2009 [279], containing
series of mechanical, electrical and thermal tests that main goal is to investigate scale of safety
hazard of given product in abusive conditions. SAE J2929:2013 [280] specifies safety requirements
and test procedures for lithium-based rechargeable battery systems used in electric and hybrid
vehicle propulsion. The standard addresses aspects such as electrical, mechanical, thermal,
and functional safety to ensure reliable operation and minimize hazards throughout the battery
system’s lifecycle.

Underwriters Laboratories (UL) is a global safety science organization renowned for
developing standards and conducting rigorous testing to ensure the safety and reliability of
products, systems, and services. Their work spans a wide range of industries, with a significant
impact on electrical, battery, and energy storage technologies. UL’s standards, such as those
for LIBs and energy storage systems, are widely adopted in the US and internationally, shaping
regulatory compliance and industry best practices. Through its commitment to research, certifi-
cation, and education, UL plays a crucial role in advancing public safety and fostering innovation
in emerging technologies.

UL developed various standards for batteries used in EVs as well as BESS, such as UL
9540 (2023) [281] on energy storage systems, UL 9540A (2025) |282] on TR tests of energy
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storage systems, UL 2580 (2020) [283] for batteries used in electric vehicles and other auxiliary
standards as UL 1642 [284] and UL 1973 [285].

UN 38.3 establishes rigorous safety requirements and test protocols for the transport of
lithium cells and batteries to ensure their safe handling during air, sea, and land shipment.
The standard details procedures such as altitude simulation, thermal testing, vibration, shock,
external short circuit, impact, overcharge, and forced discharge to verify battery safety before
transportation [286].

National Fire Protection Association (NFPA) is a U.S.-based non-profit organization
dedicated to reducing fire hazards and promoting public safety through codes and standards. In
the context of LIBs and BESS, the NFPA has developed comprehensive fire protection guidelines
that are widely recognized by industry and regulatory bodies. Notably, NFPA 855 (2023) [198|
establishes installation requirements for stationary energy storage systems, including parameters
for spacing, ventilation, fire suppression, and emergency response. The standard incorporates
findings from battery fire research and real-world incident analysis, promoting risk-informed
design and operational practices.

Moreover, NFPA 68 [287] and NFPA 69 [288] provide criteria for explosion protection sys-
tems, which are critical for mitigating TR events in confined spaces. These standards work
in conjunction with fire test protocols and detection methodologies, offering a framework that
balances safety with innovation in energy storage technology. Through its consensus-driven ap-
proach, the NFPA contributes to the safe integration of BESS into buildings and infrastructure,
supporting the broader transition to renewable energy systems.

The Standardization Administration of China (SAC) makes documents regulating EV
manufacturing and its components. The documents are recognized in countries such as Canada,
Japan, Korea and Germany. SAC is a member of ISO and IEC and is responsible for Chinese
National Committee in these organisations [289].

Due to large market of electrically propelled vehicles in China [17], SAC has advanced sig-
nificantly in the RESS standards development. The newest document consolidates the EV test
procedures GB 38031-2020 [73] and it introduces as a first country requirement to conduct
thermal propagation tests. Abusive tests has been largely described in previous edition of the
standard GB/T 31467.3-2015 [72].

5.2 Mechanical Test

Mechanical tests are critical in ensuring the safety and integrity of RESS in electric vehicles under
physical stress. Regulatory frameworks in major automotive markets - notably the European
Union, United States, China, and international standards - prescribe a series of mechanical
abuse tests for vehicle battery systems. These tests simulate conditions ranging from vehicle
crashes and vibrations to accidental drops or intrusions, aiming to verify that a battery pack can
withstand such events without causing hazardous outcomes [254, 263, 275, 73, 276, 286].

The primary mechanical tests mandated in various regulations include: mechanical shock
(simulating sudden acceleration or deceleration forces as in a collision), drop tests (accidental
battery drop during handling), penetration tests (impaling by sharp objects leading to internal
short circuits), immersion tests (flooding or submergence scenarios), crush tests (compression
forces as in a severe crash or structural collapse), and vibration tests (prolonged exposure to
road-induced vibrations). Subchapter provides a comprehensive review of these mechanical test
procedures as specified in automotive battery safety standards, comparing key parameters and
acceptance criteria across different regulatory regimes.

Fach section below addresses one category of mechanical test, summarizing the test’s purpose,
procedural description, equipment setup (including any sensor placement or instrumentation),
and key test parameters as defined by various standards. Where applicable, differences in test
levels (cell, module, pack, or vehicle level testing) are highlighted. Detailed comparative tables
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are provided for each test type, listing parameters such as accelerations, forces, drop heights,
velocities, durations, orientations, and other conditions specified by different standards.

In addition, the pass/fail acceptance criteria generally focused on preventing catastrophic
outcomes like fire, explosion, leakage, or electric shock are discussed for each test. It should be
noted that virtually all regulatory standards require that during and after these mechanical tests
the battery does not exhibit dangerous behaviour: for example, UNECE R100.03 stipulates that
the battery system must not catch fire, explode, leak electrolyte, or rupture its enclosure under
any of the prescribed tests [254]. Similarly, many standards (e.g. ISO 6469-1, ISO 12405-3,
UL 2580) explicitly set - no fire, no explosion, no rupture, and no leakage - as the criteria for
passing mechanical abuse tests [259, 263, 283]. High-voltage batteries are also typically required
to maintain electrical isolation above a minimum threshold after testing. These stringent criteria
ensure that even if a battery is severely damaged, it will not endanger vehicle occupants or first
responders.

5.2.1 Mechanical Shock Tests

Mechanical shock tests evaluate a battery system’s robustness against sudden acceleration or
deceleration, analogous to the inertial forces experienced during impacts or crashes. In essence,
a battery pack (or cell or module) is subjected to one or more high-g deceleration pulses on a
test platform (often a sled or shock table) to simulate the shock from a collision {290, 291].

Accelerometers are typically mounted on the battery and/or test fixture to verify that the
required peak acceleration and pulse duration are achieved. The test is usually performed in
multiple orientations to stress the battery in different axes (longitudinal, lateral, and vertical).
Table 5.2 summarizes key parameters for mechanical shock tests as specified by major standards.
These include the pulse shape (almost always a half-sine shock), peak acceleration (in g), pulse
duration, number of shocks and axes (directions), SOC of the battery, and the test levels (cell,
module, pack, or vehicle level) addressed by each standard |73, 286, 254, 263, 279, 283, 276].

Half-sine pulses are specified by all listed standards for mechanical shock, though some (e.g.
FreedomCAR) allow alternative pulse shapes if more representative of real crashes. The UN 38.3
transport regulation is included as it heavily influenced EV battery shock requirements (e.g. SAE
standards align with UN 38.3 conditions). Mechanical shock test requirements show considerable
variation across frameworks.

The peak accelerations range from single-digit g levels in some vehicle-level tests (e.g. ~7 g
in China’s GB 38031 for packs) up to extremely high g’s (50-150 g) for small-scale testing (as in
UN 38.3 and SAE methods for cells). The intended scenario also differs: UNECE R100.03’s shock
pulses are tied to crash pulses for different vehicle categories (simulating ~56 km/h crashes),
whereas SAE J2464 /2929 historically imposed very severe shocks on cells to envelope worst-case
shipping and crash conditions. Notably, newer revisions have converged toward moderate levels
- e.g. SAE J2464-2021 requires ~25 g, 15 ms shocks on packs, more in line with actual crash
decelerations.

Research indicates most real-world collisions produce deceleration peaks of 20-30 g for frontal
or side impacts (duration <100 ms), and rear impacts often <12 g. Only in extreme crash tests
(e.g. a 56 km/h rigid barrier crash) do peak decelerations approach ~50-55 g [292, 293, 294].
Therefore, standards specifying 50 g shocks at pack level (ISO 12405 and 6469, UL 2580) come
close to worst-case crash severity, whereas those requiring just 7-20 g (GB 38031, some UN R100
orientations) represent milder shocks.

The pulse durations also vary: European and US standards for vehicle-crash simulation often
use longer pulses (80-100 ms) to mimic crash deceleration profiles, imposing a more sustained
energy input on the battery. In contrast, many component-level tests (ISO, older SAE, etc.)
use very short pulses ~6 ms as a conservative shock that may reflect hitting a curb or small
object. FreedomCAR/USABC explicitly explored two levels: a low-level shock meant to cause
no damage, and a mid-level shock that might disable the battery but should not create safety
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Table 5.2: Comparison of Mechanical Shock Test Requirements Across Global EV Battery Safety Standards |73, 286, 254, 263, 279, 283, 276].

Standard Pulse Shape Peak Acceleration Duration Directions / Repetitions Battery SOC Acceptance Criteria
MI-N1T: 20-28 g (X), 4.5-15 g (Y)
UNECE R100.03 Half-sine M2-N2: 10-17 g (X), 2.5-10 g (Y) | 80-120 ms Longitudinal transverse Max operational SOC
M3-N3: 6.6-12 g (X), 2.5-10 g (Y)
70 (m/s)2 (2), 50 (m/5) (X),

No fire/explosion, no electrolyte leakage into
passenger compartment, isolation resistance requirements

No fire/explosion, no rupture,

15O 6469-1:2019 Half-sine 30 (m/s%) (Y) 6 ms 3 axes x 1 directions x 6 reps | Max operational SOC electrical safety (isolation resistance)
SAE J2464:2021 Half-sine ,m% UN38.3 for 12-48 kg, m‘Em (12-48 kg), 3 axes x 2 directions x 3 reps) | >95% SOC 23 mn.q cxvﬁm_o_r no rupture, voltage retention,
25 g (48 kg) 15 ms (>48kg) isolation resistance
SAE J2929:2013 Half-sine Refer to SAE J2464 Refer to SAE J2464 Refer to SAE J2464 Refer to SAE J2464 Refer to SAE J2464
7L 9580-2025 —— - —— - -
UL wcmo,womc, Half-sine 25 g 15 ms 3 axes x 2 directions x 3 reps | Max operational SOC Zo .mHﬁ explosion, no rupture, isolation resistance,
(personal vehicle) limited electrolyte leakage
50g (< 12 kg) 1lms (< 12 kg) , . - . .
1T, 2580-2095 o y " . y y
M\WW&N.WO_NM o) Half-sine 2 5g (< 100 kg) 15 ms (< 100 kg) 3 axes x 2 directions x 3 reps | Max operational SOC WMM%HM‘ mwcmmﬂ_owr M_o w:n?:mv isolation resistance,
oti-road veicle 10 g (> 100 kg or system)? 20 ms (> 100kg or system) ed electrolyte leakage
GB 38031-2020 Half-sine 7g(Z) 6 ms 1 axes x 2 directions x 6 reps | Not specified Zo ,m:m explosion, no rupture, isolation resistance,
limited electrolyte leakage
USABC FreedomCAR | Half-sine or alternative 208 Goé 5 30 g (Mid-1), 11-55 ms (Low), 16-65 ms (Mid-1), 22-110 ms (Mid-2) | 3 axes x 2 directions x 3 reps | Max operational SOC No fire) mvc_oﬁo_r no rupture, isolation resistance,
20 g (Mid-2) voltage retention
. 150 g (battery 1) N . No fire/explosion, no rupture, no leakage,
T . - Yo . . . . ' > ) )
UN 38.3:2023 Half-sine 50g (large battery ~12 kg) 6 ms (small), 11 ms (large) 3 axes x 2 directions x 3 reps | Max operational SOC voltage retention

1M vehicles designed for carriage of passengers (M1 passengers vehicle, M2 buses less than 5 tonnes, M3 buses more than 5 tonnes); N vehicles designed for carriage of
goods (N1 up to 3.5 tonnes, N2 up to 12 tonnes, N3 more than 12 tonnes)

2 Pack with separate modules previously tested individually to the appropriate higher shock level.

% Level (intensity) of shock: low, Mid-1 or Mid-2.

4 UN 38.3 defines:

e small cell: a cell with a gross mass <5 kg,

Standardisation of the Battery Energy Storage Systems Testing

o large cell: a cell with a gross mass >12 kg,
e small battery: a lithium metal battery or Li-ion battery with a gross mass <12 kg,

e large battery: a lithium metal battery or Li-ion battery with a gross mass >12 kg
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hazards. They also allow the manufacturer to extend pulse duration (lowering peak g) as long as
the shock energy input is equivalent, acknowledging that a longer, lower-g pulse can be equally
or more abusive in some cases.

All standards agree that mechanical shock must not lead to dangerous failures. The bat-
tery system should suffer no fire or explosion during or after the shocks. Most also forbid any
rupture of the battery enclosure or electrolyte leakage beyond allowable traces. For instance,
UNECE R100.03 requires that after the shock test (or a valid vehicle crash test in lieu of it),
the battery shows no evidence of leaking fluid, no case breakage, and no fire or explosion, and it
must maintain at least 100 ©/V isolation resistance in its high-voltage circuitry. Similarly, ISO
and UL standards mandate no fire, no explosion, no venting of toxic gases, and no electrolyte
spillage as passing criteria.

In practice, manufacturers often instrument the battery during shock testing with voltage
sensors and thermal sensors in addition to accelerometers, to detect any sudden drops in voltage
(indicating an internal disconnect or short) or unexpected heating. After testing, the battery
is observed (typically for 1 hour) to monitor any delayed reactions such as TR. If the battery
remains intact and electrically safe (even if it ceases function), it is deemed to have passed.
Notably, standards like UNECE R100 and SAE J2929 permit vehicle-level crash tests as an
alternative demonstration of shock performance. For example, a pack installed in a vehicle that
has successfully undergone frontal and side crash tests (per FMVSS 305 or ECE R94/R95) can be
exempted from separate shock bench tests, since the crash provides equivalent or more realistic
validation [71, 295, 296]. This provision underscores an important point: mechanical shock tests
at component level are a proxy for crashworthiness, and alignment between shock bench-tests
and actual crash pulses is an area of ongoing evaluation.

In summary, mechanical shock testing is a cornerstone of battery safety standards, designed
to ensure that a battery can endure collision-level forces without precipitating a TR or other
hazardous failure.

5.2.2 Drop Tests

The drop test simulates an accidental drop of a battery pack or module, for instance during
maintenance, handling, or replacement. While not directly related to vehicle crashes, this test
addresses the scenario of a high-weight battery being dropped from a certain height, which could
damage its enclosure or internal structure. The drop test is generally conducted by lifting the
battery (or cell/module) to a specified height and releasing it to free-fall onto a hard surface.
Instrumentation may include accelerometers to record impact shock and high-speed cameras
to observe the impact, but often the outcome is assessed by visual inspection and post-drop
monitoring rather than measured data. Table 5.3 compares drop test procedures across various
standards, including the drop height, orientation or surface impacted, number of drops, and test
sample state-of-charge [73, 254, 263, 286, 276, 279, 280, 283|. Table summarizes key parameters
such as drop height, impact surface and orientation, number of repetitions, battery level tested,
initial SOC, and acceptance criteria for standards

UNECE R100.03 and ISO 6469-1 standards for vehicle batteries notably do not mandate a
drop test, under the rationale a battery securely installed in a vehicle is unlikely to be dropped
in normal operation. However, UL 2580 requires a drop test for any battery intended to be
routinely removed or swapped (e.g. forklift or swappable EV batteries). The extreme 10 m drop
onto a pole is a legacy from US Department of Energy guidelines (SAND2005-3123) to simulate
worst-case abuse; most modern standards use more moderate heights (1-1.5 m). Drop height
ranges from about 1 meter (in most contemporary standards for EV packs) up to 10 meters. The
10 m drop, specified in Sandia National Labs’ report SAND2005-3123 and adopted by USABC in
the 1990s, involves dropping the battery onto a steel pole to concentrate the impact, simulating,
for example, a vehicle falling from a lift or a battery ejected and hitting a post. This is an
extremely severe test seldom required in recent regulations [276, 297].
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Table 5.3: Comparison of Drop Test Requirements in EV Battery Safety Standards [73, 254, 263, 286, 276, 279, 280, 283].

Standard Drop Height | Drop Surface / Orientation Repetitions Battery Level Initial SOC | Acceptance Criteria
SAE J2464:2021 >1lm Hard flat surface / Most vulnerable orientation | 1 Pack level only Fully charged | No fire, explosion, electrolyte leakage
Concrete surface / At angle likely No fire, explosion, electrolyte leakage.
: > / N . ) ) 3
UL 2580:2025 zlm to produce most adverse effect ! Pack level Fully charged Isolation resistance test after 6-24h
China GB 38031-2020 | Deteted from g o N/A N/A N/A N/A
standard
- / To 1
USABC FreedomCAR | <10 m Hard flat surface / At angle likely to 1 Pack level Fully charged | No fire, explosion, electrolyte leakage
produce most adverse effect
Ta13 -1 : : = v N NP
UN 38.3:2023 192m Various orientations (flat 3 sides, 5 drops (one for Cell/battery level | Fully charged No damage to cells, no release of contents,

edge, corner)

each orientation)

packaging integrity maintained
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Regulatory standards in the European Union and ISO context have historically omitted drop
tests entirely - reflecting an assumption that during vehicle use, large battery packs are bolted in
place and not subject to drops. However, industry standards in the US and some national codes
do include drop tests as a precaution for battery handling safety. SAE J2464 and SAE J2929
(which follow the UN 38.3 transport regulation) call for dropping a fully charged pack from 1 m
onto a concrete or steel surface. At least one drop must be non-flat (e.g. on a corner or edge) to
represent a worst-angle impact.

UL 2580 similarly mandates a >1 m drop onto a thick concrete slab, again ensuring at least
one angled impact. These standards typically require only a single drop test unless the battery
is designed to be removable: UL 2580 specifies that batteries intended for swapping be dropped
three times on the same unit, recognizing the higher probability of accidents during frequent
handling.

Chinese standards have evolved on drop testing. Earlier Chinese automotive battery guide-
lines (QC/T 743-2006 [298]) allowed up to a 10 m drop like the USABC method. More recent
standards differentiate by level: GB/T 36276-2018 (which covers energy storage batteries and
possibly EV batteries) requires a 1.5 m drop for single cells (dropped on their end) and 1.2 m
for modules. This graded approach acknowledges that larger assemblies might not need as high
a drop to impart similar impact energy to cells. The latest Chinese safety standard for EV
traction batteries, GB 38031-2020, interestingly does not mandate a stand-alone drop test at
pack level. This suggests Chinese regulators assume a securely installed pack is unlikely to be
dropped; testing focuses on crash (shock) and other abuse scenarios.

SOC for drop tests is typically set high (near 100% in many protocols), under the rationale
that a fully charged battery is in its most energetic (and potentially dangerous) state if damaged.
Some standards like SAE J2464 specify 95-100% SOC for drop and other abuse tests. UL 2580
allows using the "maximum normal operating SOC" if the battery in practice is not charged to
100% during use. This nuance ensures testing reflects real-world conditions for batteries that
intentionally limit top-of-charge (for longevity or safety).

The acceptance criteria for drop tests align with other mechanical abuses: the battery must
not ignite or explode upon impact. Typically, the pack is observed for a period (e.g. 1 hour)
after the drop for any signs of TR or fire. No hazardous electrolyte leakage or venting is allowed.

In UN transport tests (UN 38.3), the criteria are no fire and no disassembly; cells can vent
or deform but must not explode. UL and SAE standards similarly demand no fire or explosion;
UL also expects that no parts should break loose from the battery case during the drop. In
practice, many large KV packs are so robustly built that a 1 m drop causes only cosmetic damage
(dents), but the test ensures that internal connections or safety disconnects do not break in a way
that could create a short-circuit or high-voltage exposure. It is worth noting that automotive
manufacturers often conduct their own non-mandatory drop tests during development, especially
for batteries that might be handled in after-sales service. For instance, if a battery pack is
replaceable, companies will drop it from waist-height to ensure it will not become a fire hazard
if a technician accidentally drops it.

The regulatory focus, however, remains on crash simulations (shock and crush) rather than
drop. The rationale is that once a battery is installed in a vehicle, a drop large enough to matter
is unlikely, thus, European and [SO standards channel attention elsewhere.

Nonetheless, the drop test serves as a straightforward, if brutal, assessment of pack structural
integrity and internal retention of cells or components under sudden impact.

5.2.3 Penetration Tests

The penetration test (sometimes called the nail penetration or impalement test) is designed to
assess a battery’s response to a direct intrusion of a sharp object, which can cause an internal
short-circuit. This test simulates scenarios such as road debris piercing the battery enclosure or
a tool accidentally being driven through a battery module. In laboratory execution, a steel rod
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or "nail" is forced into the battery at a controlled speed. The rod’s intrusion can rupture cells
and separators, leading to internal shorting and localized heating - a severe abuse condition that
often precipitates TR in lithium-ion cells. The test apparatus usually involves a hydraulic or
motor-driven ram equipped with the specified rod, aligned to puncture the test unit (cell, module,
or pack) at a vulnerable location. Voltage and temperature probes are typically connected to
detect immediate voltage collapse or thermal events, since the test often ends once a voltage
drop or certain depth is reached. Table 3 compares key parameters for penetration tests across
standards, including the rod’s diameter, penetration speed, required depth of penetration, and
test levels |73, 268, 286, 254, 263, 276, 279, 280, 283]. Table 5.4 summarises nail penetration tests,
presenting specifications such as rod diameter, penetration speed, required penetration depth,
test levels (cell, module, pack), battery SOC, and acceptance criteria across various international
standards

The rod is typically steel, with a blunt tip in some cases. GB 38031:2020 eliminated the
single-cell nail test in favour of a TR propagation test at pack level. In that test, a cell is made
to go into TR (e.g. via nail puncture or heating) and the pack must show containment (no
propagation to adjacent cells beyond a certain time). This shift reflects a focus on containment
rather than individual cell penetration resilience. Penetration tests are among the most severe
battery abuse scenarios. For a fully charged lithium-ion cell, driving a steel nail through it almost
guarantees an internal short circuit and rapid heating. The test parameters above show a high
degree of consistency in rod size and speed: 3 mm diameter nails for single cells and larger 20 mm
diameter rods for modules or packs are common requirements [276].

The penetration speed is typically around 80 mm/s, which ensures the nail drives in fast
enough to cause a sudden trauma (slower push might allow some pressure relief). GB/T 31485
standard allowed a range (e.g. 10-40 mm/s) for the needle speed [299], but ~80 mm/s has been
a de-facto standard since the USABC protocol. For depth, standards generally require the rod
to go all the way through the test object or a representative depth. For a cell, full penetration
(nail enters one end and exits or nearly exits the other side of the cell) is expected.

For modules or packs, which contain multiple cells, different approaches exist: SAE and
USABC specify that the nail should pierce at least 3 cells in the module (if cells are aligned in
the penetration path) or go 100 mm deep if fewer than 3 cells are in line. In essence, the rod
must traverse a substantial portion of the battery’s interior.

Furopean and ISO 12405 series vehicle standards did not mandate a penetration test. This
omission may be due to concerns over repeatability and relevance - a penetration test is extremely
destructive and hard to control, and some argue it represents a very unlikely event in a properly
designed vehicle (since packs have protective enclosures). However, UL, SAE, and Chinese
standards historically did include penetration as they treat it as a proxy for "internal short
circuit" abuse.

The Chinese approach evolved in 2020: GB 38031-2020 decided that instead of skewering
a single cell and observing its behaviour (which is often inevitably a fire), it is more practical
to perform a thermal propagation test at the pack level [300]. In that propagation test, one
cell in a module is made to go into TR (by any method - it could be needling, overheating, or
overcharging) and the safety metric is whether the runaway propagates to neighbouring cells.
GB 38031 still allows using a nail to trigger that initial cell failure (the nail’s diameter 3-8 mm,
tip angle 20-60°, speed 0.1-10 mm/s), but the focus is on ensuring the entire pack does not
erupt.

This is a shift from preventing a single cell fire (which may be near impossible in nail tests)
to preventing a chain reaction, aligning with real accidents where one or a few cells might be
damaged but the whole pack should not catastrophically ignite.

However, in many nail tests, the event is so fast that the cell either goes into TR or not by
the time full penetration is done. The outcome can range from mild venting to violent flaming.
Thus, the acceptance criteria in standards are essentially checking that nothing beyond the
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battery occurs: no explosion is universally required (an explosion implies cell case ruptures in a
rapid, uncontrolled manner sending shrapnel - this is to be avoided). No fire is also a common
criterion, though some standards have been more lenient on internal fires. For instance, SAE
say no fire extending outside the battery enclosure is allowed; the battery may emit smoke or
even flames from a pressure-relief vent, but must not shoot flames or debris out of containment.
FreedomCAR’s older guidelines tolerated the cell itself burning (since nail penetration almost
always causes a fire internally) as long as it did not lead to an explosion.

Post-test observation is important. Typically, after penetration, the battery is monitored for
a certain time to ensure it has stabilized. If no fire or TR has occurred by then, the test is
concluded. Many cells will go into TR within seconds to minutes of a nail penetration if they are
going to at all, because the nail locally heats the cell (through internal short-circuit currents) to
a point where the separator melts and the cell’s chemical energy is released as heat. The test
basically checks the efficacy of any internal safety features (some cells have shutdown separators
or tear-away tabs that mitigate shorting effects) and the pack’s ability to manage a cell failure
(via venting direction, fire-resistant materials, etc.).

The trend in recent standards (like GB 38031 and also draft UN GTR proposals) is moving
away from requiring every cell to survive a nail, and toward making sure that even if one cell
violently fails, the whole pack does not go up in flames. This is reflected in propagation tests
and requirements for thermal barriers and venting.

In summary, the penetration test is a brutal exam of a battery’s internal safety under an
almost unrecoverable fault. The various standards prescribe similar methods - a fast-moving
steel nail of significant size - and expect the battery not to explode or endanger its surroundings.
The differences lie in whether this test is required at all. Where it is required, the parameters
are fairly harmonized across the international standards, thanks in part to early cooperation and
data sharing in the field of battery safety research.

5.2.4 Crush Tests

The crush test (also referred to in some standards as the mechanical integrity test or compression
test) assesses the battery’s ability to withstand compressive forces and deformation, as would
occur in a severe vehicle collision or if the battery is mechanically crushed by debris. This test
essentially tries to squeeze or crush the battery pack or cell between two platens or a platen
and an anvil. It is one of the most demanding mechanical tests, often resulting in significant
physical damage to the battery. The test setups vary: some use a flat plate (Type A) to mimic
a broad impact (like a car chassis deforming onto the battery), and others use a cylindrical
or bar indenter (Type B) to simulate a concentrated impact (like a pole or edge intrusion; see
Figure 5.1). Typically, the crush is applied at a slow, controlled rate (quasi-static) to a specified
force or deformation limit. Instruments include load cells (to measure force), displacement sensors
(to measure how much the battery is crushed), and voltage monitors (to detect sudden voltage
drops indicating internal collapse).

Type A refers to a flat crushing plate (often textured to prevent slip). Type B is a round
rod or bar, sometimes used for cell-level crush (e.g. 15 mm diameter rod across a cell). Some
standards (SAE, IEC) specify both types: e.g. cylindrical cells are crushed between two rod
halves to simulate two cells pressing, while packs use a flat plate. FMVSS 305 is the US vehicle
crash safety standard which indirectly sets expectations (no battery rupture or leakage in a
crash). The crush test is essentially a quasi-static crash simulation at the component level. It
aims to answer the question: if the battery is pinched or squashed in a collision, will it internally
short-circuit or burst into flames. Since an actual crash is dynamic, the standards have to pick
either a force threshold or a deformation threshold (or both) to apply in a slow press. There are
two approaches highlighted in Table 5.5:

e Force-based approach: Apply a specified maximum force and test if the battery with-
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Figure 5.1: Crushing fixtures; (a) TEC 62660-3:2022 cylindrical cell crush fixture; (b) TEC 62660-
3:2022 prismatic cell crush fixture; (b) IEC 62660-3:2022 prismatic cell crush fixture [269];
(c) GB 38031-2020 crushing fixture [73]; (d) SAE J2464 and UNECE R100.03 crushing
plate [254, 279].

stands it without catastrophic failure. This is seen in UNECE R100.03, UL 2580, SAE J2929
for packs, etc., where 100 kN is a common target for passenger car batteries. The value of
100 kN was chosen because analyses and crash tests indicated that in a severe crash, the
battery might experience on the order of 50-100 kN force distributed through its structure.
For example, R100.03 required 100 kN for M1 category vehicles (cars) and allowed per-
haps lower for smaller vehicles (L-category motorcycles have separate rules). A fixed force
standard makes the test independent of battery size (to some degree), although obviously
a very large battery might handle 100 kN easily whereas a small one might be flattened.

e Weight-proportional (energy-based) approach: Make the force limit proportional
to the battery mass (e.g. 1000 multiplied by the weight, e.g., UN 38.3). This essentially
attempts to impart roughly a constant stress or acceleration to the battery. USABC and
IEC cell tests use 1000 times the weight as a maximum force, reasoning that a heavier
battery will naturally experience bigger forces in a crash due to inertia. For instance, a
50 kg module would be tested up to 50 kN in this scheme. For very large packs (500 kg),
this gives 500 kN, far exceeding the 100 kN used elsewhere. In reality, such forces might be
overly conservative. IEC 62660-2 (cell safety) and FreedomCAR allowed using engineering
judgment or crash analysis to determine a suitable force if 1000 multiplied by the weight
was unrealistic in real life applications [301, 302].

The plate or indenter type significantly affects the outcome. A flat plate (Type A) distributes
force evenly, often crushing the whole pack uniformly. A rounded or bar indenter (Type B)
localizes the force, potentially piercing into the structure. IEC and some cell standards specify
a rod for cell tests because cylindrical cells, for example, are often crushed by being pressed
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between two bars across their diameter (to simulate one cell pressing into another). In pack-level
tests, regulators usually choose a flat plate to simulate a wall or another flat object pressing the
battery. UNECE R100.03, for instance, calls the test "mechanical integrity" and uses a rigid
plate with semicircles that compresses the battery from one side (often the weakest side).

IEC 62660-2 specifies two standard plate sizes (Type A might be a plate >20 cm? area for cell,
etc.). It was noted that guidance on where to apply the plate is often lacking, but generally the
rule is to choose the location — most likely to cause damage — as per SAE J2464 or, in R100.03’s
case, the manufacturer and test laboratory confer to identify the worst-case orientation. This
often means crushing the broad side of the pack (if that is where internal cells are closest to the
wall) or at a corner (which might concentrate stress). The speed of crushing is slow — typically
on the order of 1 to 10 mm per minute (i.e. quasi-static). This is done to allow any energetic
events (shorts, TRs) to manifest during the compression [303] .

A fast crush might actually be less severe in some cases because it does not give time for
heat to build up, but standards err on the side of conservative, slow application to maximize
internal damage. For cells, extremely slow rates (0.1-0.5 mm/s) are sometimes used to simulate
a gradual crush and to let the voltage drop be observed clearly.

Stop criteria vary - UL, SAE, UN and GB standards crush to a percentage of the battery’s
original dimension (common values: 70% or 50%, meaning a 30% or 50% compression). A stop
when a target force is reached (e.g. stop at 100 kN even if the battery is not fully flattened).
Some do a combination — e.g. crush to 85% thickness, hold, then continue to 50% if no failure
yet, as cited in SAE J2464.

Another approach is monitoring cell voltage: TEC says if the cell voltage suddenly drops by
one-third, that implies an internal short and the test can be terminated to avoid over-crushing
beyond that point. This can be important for cell tests to prevent an unnecessarily extreme
crush once the cell has clearly failed internally. Packs usually rely on a force or displacement
limit, since monitoring every cell’s voltage in a big pack is complex. Across standards, 100 kN
has emerged as a de-facto crush force for a full EV pack test (for passenger cars).

The acceptance criteria for crush tests echo the now-familiar refrain: no fire, no explosion, no
electrolyte leakage, and maintain electrical safety (isolation). For example, R100.03 says after the
crush the battery must not leak electrolyte or vent dangerously, and it must maintain isolation
resistance.

If the battery has a venting system (pressure relief), it is allowed to vent non-flammable
gases, but not to spray electrolyte around. FMVSS 305 (which is a vehicle crash test standard,
not a laboratory crush) specifically limits electrolyte leakage to <5 litres in the first 30 minutes
after a crash and requires no dangerous voltage on the vehicle chassis. While laboratory crush
standards do not quantify leakage in litres, the general rule is any visible liquid leaking out is a
fail.

Rupture of the enclosure is usually not allowed either - for high voltage batteries, any crack
that exposes internal components or wiring is considered a failure (since it could lead to electric
shock or increase fire risk). For cell-level tests, criteria are a bit simpler: no fire or explosion. It
is expected a crushed cell may open or leak (since it is small and not in its final enclosure); that
is acceptable as long as it does not combust violently.

One noteworthy element: some standards allow using actual vehicle crash tests instead of a
component crush. This is similar to the shock test alternative. For instance, UNECE R100.03
states that if the vehicle has passed frontal and side crash tests (per UNECE R94 and R95),
then the battery is considered to have met mechanical integrity requirements if it was installed
in that crash-tested vehicle [295, 296].

The rationale is that a full-scale crash imposes realistic deformation on the battery. In fact,
such dynamic tests may be more strenuous than a uniform static crush. However, for certification
of stand-alone batteries (e.g. for multiple vehicle use), the quasi-static crush is still needed. The
difference between a dynamic crash and a static crush has been debated. Studies have pointed
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out that a single-point static crush might not replicate the load distribution of a real crash.

In real crashes, the battery might be saved by crumple zones and the vehicle structure ab-
sorbing energy. A static crush test, where the battery alone takes the force against an unyielding
plate, can be more severe in some aspects (no give in the system). Conversely, a static test
cannot capture inertia effects where heavy components inside the pack tear loose (something a
crash might do). So both have pros and cons, and the regulatory trend is to require the static
component test unless a full vehicle test is available.

China’s GB 38031 uses both approaches in a sense: for cell-level, they do an aggressive crush
(half-cylinder indenter) until the cell voltage goes to zero or it is flattened 15%. For packs,
GB 38031 requires that the pack either pass a 100 kN crush or, if a higher force is expected in
its specific vehicle application, to test to that higher force. Additionally, GB 38031 ties in TR
warning: if the pack is going to fail (cells crush and go into TR), the pack’s monitoring system
should have issued an alarm 5 minutes before a dangerous condition occurs, as part of their
thermal propagation safety requirement. This essentially couples mechanical and thermal safety
- ensuring the BMS can detect a crush-induced internal short and alert or mitigate before a fire
develops, an advanced concept not seen in older standards.

In conclusion, the crush test is arguably the harshest test of a battery’s structural design. It
enforces robust mechanical packaging: cell spacing, strong casing, protective frames, and pressure
relief features all play roles in passing this test. Differences among standards boil down to how
extreme the conditions are (100 kN flat plate vs. weight-based, rod vs. flat, etc.), but all aim
to guarantee that if a battery is damaged, it will not immediately unleash its energy as an
uncontrollable fire or explosion. With the introduction of heavier vehicles and new battery form
factors, these standards continue to evolve, but the fundamental safety goal remains: a crushed
battery might be destroyed and non-functional, but it should remain safe — no fire, no shrapnel,
no electric shock to occupants or rescuers.

5.2.5 Vibration Tests

The vibration test examines a battery’s ability to endure the vibrations and oscillatory motions
that occur in normal vehicle operation over its service life. Unlike the shock and crush tests (which
are acute, one-time abuses), vibration testing simulates chronic mechanical stress: the repeated,
cyclical loads from engine/motor operation, road irregularities, and structural resonance. While
vibration is not an "abuse" in the sense of an accident, severe vibration can lead to fatigue
failures of battery components (e.g. cracked welds, loosened bolts, damaged interconnects) and is
therefore considered in durability and safety standards. In fact, some standards classify vibration
under "reasonable foreseeable misuse" - prolonged exposure could cause internal failures that
might become safety hazards (like coolant leakage or electrical shorts). The test typically involves
mounting the battery on a shaking table and subjecting it to a specified vibration profile for
several hours along each of 3 orthogonal axes. Instrumentation includes accelerometers to ensure
the table inputs meet the required spectrum, and often instrumentation on the battery to detect
resonant frequencies or structural responses.

Table 5.6 summarizes vibration test specifications across standards, including whether a sine
sweep or random vibration is used, the frequency range, acceleration or Power Spectral Density
(PSD) levels, axis of testing, duration, and any special conditions (like temperature) [73, 286,
254, 263, 276, 279, 280, 283, 285, 304, 305, 306]. This compilation highlights methodological
discrepancies and convergence across test standards.

Vibration profiles are often derived from general vehicle vibration standards (like ISO 16750-
3 or MIL-STD transport standards) [307, 308]. SAE J2380 is widely used for EV batteries. It
was originally developed by Sandia and provides a realistic random vibration profile for 100,000
miles of service [306].

Many standards require repeating the vibration test at both high and low SOC to account
for any dependency (cells at low SOC might loosen more due to less swelling). After vibration,
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a visual inspection and electrical check (capacity or isolation) is performed. Vibration test
requirements are among the most standardized across different regulations, thanks in part to
reference to common sources: many use the UN 38.3 transport test and/or SAE J2380. The
UN 38.3 vibration test (which all lithium batteries must pass for shipping) involves a sinusoidal
sweep from 7 Hz to 200 Hz and back, in logarithmic cycles, over 3 hours per axis. The amplitude
is 0.8 mm (peak-to-peak) at low frequencies, transitioning to an acceleration of 8 g at higher
frequencies. However, that 8 g is only for small cells; for large battery assemblies (>12 kg),
UN 38.3 actually uses just 1 g across the board. Heavier systems get a milder requirement in
UN 38.3, since the test is primarily for transport (and big packs are not resonating at high g’s
in packaging).

Automotive-specific standards like SAE J2380 and ISO 12405 decided that a more realistic
random vibration profile is better for in-vehicle service. Road vibrations are stochastic (random)
due to roughness, and contain a wide frequency range with certain intensities. J2380 provides a
PSD profile typically ranging roughly 0.4 (m/s?)2?/Hz at low frequency down to 0.01 (m/s?)2/Hz
at higher frequencies, shaped to represent vehicle frame input; integrated, this yields a total
acceleration on the order of 3 G-RMS. The test is run for 3 hours per axis. ISO 12405-2, ISO
12405-3 and ISO 6496-1 used similar random profiles and even required sweeps or multi-axis if
applicable. The frequency range for random tests is often up to 200 Hz for pack-level (since
vehicle vibration from road usually has most energy <200 Hz).

IEC 62660-2 for cells goes further to 2000 Hz to account for high-frequency vibration that
small cells might see in handheld tools. Duration is usually several hours per axis.

UN 38.3 and most others choose 3 hours per axis (9 hours total). Some automotive standards
extend it to 8 hours per axis to simulate longer life (for instance, heavy-duty vehicle standards
or some OEM requirements go to 12 or 24 hours total). At least one standard - AIS-048 (India) -
required testing at different temperatures as well (-40, +75 °C) to combine vibration and thermal
stress [309].

Most standards, however, do vibrations at ambient room temperature unless otherwise spec-
ified. The axes of testing are the three orthogonal axes of the battery’s mounting orientation:
typically vertical (Z), longitudinal (X), and lateral (Y). Some standards refer to testing in "three
mutually perpendicular mounting positions" for cells, meaning you mount a cylindrical cell in
3 different orientations to vibrate it along different internal axes. For packs, it is bolted to the
table as it would in a car (with its mounting points), and then vibrated in each direction.

SOC is another consideration. Vibrations themselves do not directly depend on SOC, but
SOC might influence the mechanical stiffness or mass distribution slightly (full cells vs empty
cells can have different internal stresses). More importantly, after vibration, one may do an
electrical check (like capacity or resistance measurement).

SAE and IEC standards require doing vibration at both high and low SOC. For example,
IEC 62660-2 and the UL procedure do vibration at 100% and at 20% SOC (two separate test
runs on two samples). J2380 also lists doing tests at two SOC levels on the same profile. The
rationale is to ensure that no matter the state of charge (which might affect clamping force in
modules or cell swelling), the battery does not suffer damage.

Acceptance criteria for vibration tests are more diverse: no fire, no explosion, no electrolyte
leakage are expected (vibration should never be severe enough to cause immediate fire). So
essentially it is a pass if the battery does not self-destruct dangerously. But beyond safety,
vibration also addresses reliability: after the test, the battery should still function.

For instance, a standard may require that the battery retains a certain percentage of its
capacity or that there is no structural damage like broken mounts or loose connectors. ISO 6469-1
required that insulation resistance still be okay and there be no loss of mechanical integrity (no
cracked housing or loose parts). Some standards require an internal inspection to check for things
like cell misalignment or connector damage. However, regulatory frameworks like R100.03 focus
only on safety (so they do not mandate any performance retention, just no hazards). In that
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sense, the pass/fail is principally safety-oriented: the pack should not leak or show open circuits
that could cause safety issues. A functional check (charge/discharge) is often done to ensure the
battery can still be operated or at least safely shut down.

It is pointed out that there is a wide dispersion in test conditions, but many traced to
UN 38.3 or SAE J2380 as base references. UN 38.3 is considered somewhat insufficient for true
automotive durability, as it was meant for transport safety (one-time shipping). SAE J2380 is
more representative of the cumulative damage over a vehicle’s life. For example, an EV battery
in a stiff suspension vehicle might experience vibrational accelerations around 1-3 G-RMS for
thousands of hours.

The test compresses a lifetime into hours by applying a higher level of vibration than aver-
age. Combined vibration and environmental stress: Some advanced standards and OEM tests
run vibration at high and low temperatures to see if cold embrittlement or hot softening exacer-
bates vibration damage, e.g., MIL-STD tests for military vehicles do this and AIS-048 (Indian
standard) [307, 309].

During vibration testing, sensor placement is important. An accelerometer is usually mounted
on the vibrating table (on the fixture near the battery) to ensure the input matches the prescribed
profile (closed-loop control). Sometimes extra accelerometers are put on the battery itself to
measure its response (for informational purposes; not necessarily pass/fail criteria but to identify
resonances). Large battery packs can have resonant frequencies in the test range. If a resonance
is found (often indicated by amplification of acceleration on the pack vs table), some standards
like GB 38031 require an additional test: dwell at that resonant frequency for a period (like 30
minutes) to simulate prolonged resonant vibration. This is because resonance can cause much
higher stress and potential damage. US and European standards generally assume the random
profile covers that, but the Chinese standard explicitly calls for resonance dwell testing, which
is a thorough approach.

After the test, besides checking for safety (no fire, etc.), typically the battery is opened (if
it is a sample for test) to inspect for physical damage: e.g. cracked welds, insulation wear, or
cell displacement. For regulatory certification, they might not require opening (since that could
damage evidence), but they require a functional test and isolation check. For example, R100.03
says after vibration, isolation resistance must still be >100 €2/V, meaning the dielectric integrity
is intact (no chafed wires causing short to chassis). If isolation fails, it is a fail because that could
mean in a real vehicle the vibration wore through insulation and could shock someone or cause
a short.

In summary, the vibration test ensures that the battery design is robust against the everyday
"background" mechanical stress of driving. The differences among regions are minor — mainly
whether a sine sweep or random vibration is used, and the intensity /duration. The trend is
toward using random vibration profiles tailored to vehicle environments, as these are more re-
alistic than simple sine sweeps. With EV batteries often lasting 8-10 years, vibration testing
has become not just a safety check but a durability requirement. Nonetheless, from a regulatory
viewpoint, the emphasis remains on verifying that no safety hazards (loose fragments, internal
shorts leading to fires, etc.) will result from vibration. Indeed, standards treat the vibration test
as an abuse test by requiring no fire or explosion (some even call vibration "abusive" since in
normal conditions it should not cause immediate failure). The inclusion of vibration in essentially
all battery regulations highlights recognition that mechanical stresses over time can degrade a
battery’s safety if not accounted for in design.

5.2.6 Summary of Mechanical Test

Mechanical testing is a cornerstone of battery safety qualification in the automotive industry’s
regulatory frameworks. Through shock, drop, penetration, immersion, crush, and vibration tests
- each targeting a different facet of mechanical stress - standards ensure that electric vehicle
batteries can withstand both ordinary and extraordinary mechanical challenges without jeop-

81



Standardisation of the Battery Energy Storage Systems Testing

ardizing safety. A unifying theme in all regulations is the stringent pass criteria: regardless of
test specifics, a battery system must not ignite or explode, must contain its electrolyte, and
must maintain electrical isolation when subjected to mechanical abuse. These outcomes are
non-negotiable prerequisites for regulatory approval of a RESS.

The comparison reveals that while European (UNECE R100.03) and international standards
lean towards incorporating vehicle-crash equivalence (using crash test evidence or moderate com-
ponent tests), American and Chinese standards often prescribe more direct and sometimes more
aggressive component-level tests. For instance, the EU’s approach historically omitted drop
and nail penetration tests, focusing instead on crash shock and crush aligned with vehicle crash
norms, whereas US and China developed stand-alone drop and penetration protocols (UL , SAE,
China’s GB) to cover handling and abuse scenarios beyond crashes.

China’s recent standards like GB 38031 have introduced innovative requirements such as ther-
mal propagation mitigation (in lieu of single-cell nail tests) and combined vibration-immersion
sequences, reflecting a proactive safety philosophy. The US framework, lacking a single national
regulation for batteries, relies on a patchwork: federal crash standards (FMVSS 305) ensure
post-crash electrical safety, while industry standards (SAE, UL , USABC) fill in with abuse tests
that many manufacturers follow. ISO, aiming for global consensus, often mirrors UNECE rules
(for regulatory acceptance) but also provides optional tests for comprehensive evaluation (e.g.
ISO 6469-1 includes water immersion and shock, acknowledging newer concerns).

In practice, auto-makers seeking worldwide market access tend to design to the most de-
manding criteria among these standards. A pack that passes UL 2580’s drop and crush, China’s
nail penetration (propagation) test, and R100’s crash pulse and isolation checks will essentially
meet all regulatory requirements. Thus, there is a convergence towards best practices. Research
by organizations and safety bodies continuously feeds into revisions of standards (for example,
adjusting shock levels to real-world crash data or refining crush force values to avoid unrealistic
excess).

The ultimate goal is a robust yet realistic battery safety test regime that assures public safety
without stifling innovation with undue conservatism. By comparing the procedures and criteria,
this chapter has identified how each test contributes to understanding a battery’s degradation
and failure modes under mechanical stress. Mechanical shocks primarily test cell retention and
electrical connection integrity during a sudden jolt; vibrations test long-term mechanical fatigue;
crush and penetration directly probe the cell’s vulnerability to internal shorts and the pack’s abil-
ity to contain such events; drops check the robustness of enclosures and mounts. All these tests,
while originally devised as safety qualifiers, also inform engineers about degradation - e.g., a bat-
tery that barely passes vibration might have loosened connections that could impair performance
over time. Thus, from a degradation processes perspective, the mechanical tests in regulatory
standards serve as accelerated indicators of how a battery might wear or fail mechanically in the
field.

In conclusion, the mechanical test procedures enshrined in regulations provide a comprehen-
sive safety net against mechanical abuse. The comparative tables and analysis herein serve as a
reference for researchers and engineers to understand the current state-of-the-art in regulatory
mechanical testing for EV batteries. Ensuring compliance with these rigorous tests is not just
about meeting legal requirements, but fundamentally about safeguarding users and rescuers from
the unique hazards of high-energy battery systems under mechanical duress.

5.3 Electrical Tests

Electric vehicle battery packs must undergo rigorous electrical abuse tests as part of industry
standards to ensure safety and reliability. These tests simulate electrical fault conditions - such
as short circuits and overcharging - to evaluate whether a battery can withstand them with-
out causing hazardous events (fire, explosion, etc.). Currently, a variety of international and
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national standards specify such tests, including global regulations (e.g. UNECE R100.03 and
UN GTR 20), industry standards (ISO, TEC, SAE, UL), and country-specific standards in the
United States and China. However, differences in testing procedures and criteria exist across
these standards, which complicates direct comparisons and has prompted calls for harmonization.

5.3.1 External Short-Circuit Test

One of the most critical electrical abuse tests is the external short-circuit test, which evaluates a
battery’s response when its terminals are directly shorted. The purpose is to assess the battery’s
ability to withstand a high current surge and to verify that protection devices (fuses, circuit
breakers, etc.) function properly to prevent a dangerous situation. During this test, the battery
(cell, module, or pack) is connected across a very low-resistance load, creating a near-direct
short. This causes a rapid, large current flow until the battery’s protective devices activate or
the battery’s internal impedance limits the current [310]. The main safety risks are intense ohmic
heating, which can induce TR in cells, and arcing at connection points, potentially leading to fire
or insulation damage. The Table 5.7 summarizes key test parameters and conditions specified
in major normative documents, illustrating the variation in methodologies and safety thresholds
adopted across different regulatory frameworks. This information is essential for evaluating
compliance pathways and benchmarking degradation behaviour under abuse conditions relevant
to RESS applications.

Test conditions for the short-circuit simulation vary across standards. Most standards specify
using an external resistor in the order of just a few milliohms to maximize the fault current. For
example, UNECE R100.03 and related standards use an external load of about 5 m{) to simulate
a hard short circuit [254].

In contrast, UL 2580 use around 20 m$ for the short [283]. The duration of the short is
typically maintained for several minutes or until the battery stabilizes. For instance, China’s
current EV battery safety standard GB 38031-2020 mandates that an external short be applied
for 10 minutes with a conductor of < 5m€ [73|, similar in stringency to UNECE R100.03’s
requirements. U.S. and international standards likewise generally require ~10 minutes of shorting
unless a safety interruption occurs. Another key parameter is the SOC of the test sample.
Since a fully charged battery represents the worst-case scenario (maximum stored energy), many
standards require testing at 100% SOC.

Pass/fail criteria in all these standards focus on preventing catastrophic outcomes. The bat-
tery must not ignite, explode, or vent toxic gases extensively during or after the short. Activation
of safety devices (e.g. fuse blow, circuit breaker trip) is expected. In practice, many EV batteries
include protective circuitry that cuts off the short current within milliseconds. The test therefore
verifies that such protection operates correctly and that cells can survive the initial surge until
protection kicks in.

If a battery lacks external current interruption, the cells themselves must endure the short
without TR. Notably, UNECE R100.03 require that after a short-circuit test, the battery exhibit
no evidence of fire or explosion. Chinese standard GB 38031-2020 likewise requires no fire or
explosion and also that post-test the battery’s electrolyte leakage is within specified limits. In
essence, despite slight differences in execution, all standards have the common safety goal of
ensuring an external short does not lead to a battery fire.

In summary, the external short-circuit test is universally mandated across EV battery stan-
dards, but specific protocols differ. International regulations (like R100.03 or GTR 20) and
Chinese standards demand a very low resistance (< 5mS2), often at full charge. US standards
(SAE, UL) mirror these conditions closely, though UL 2580 allowed a slightly higher short re-
sistance (20m€?) in its procedure. These nuances can influence test outcomes, which is why a
battery might pass one standard’s short-circuit test but potentially fail another’s if the condi-
tions are more severe. Overall, however, all standards agree on the outcome: an EV battery
must withstand a direct short without causing fire or harm.
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Table 5.7: Comparison of selected international safety testing standards for LIBs with respect to overcharge, overdischarge, and short-circuit scenarios,
based on [69, 73, 260, 261, 279, 297, 285, 283, 304].

Safety Test

ISO 12405-1:2012
IS0 12405-2:2012

ISO 6469-1:2019

IEC 62660-3:2022

SAE J2464:2021

SAND2005-3123

UL 2580:2022

GB 38031-2020

IEC 62619:2022

UL 1973:2022

Owvercharge (rate; cut-off SOC
or cut-off voltage)

5 C; 130% SOC (ISO 12405-1)
2 C; 130% SOC (ISO 12405-2)

Lnax; as per
manufacturer
guidelines

1 Cor1/3C; (BEV)
5Cor1C; (HEV)

120% V or 130% SOC

Tiax; 150% V
or 200% SOC

32 A; 200% SOC

Tmax; 110% SOC

Tnax: 110% V

<1 C; 150% V

1 C; 25% V or 30 min
(ISO 12405-1)

Lax; as per

OeE,&ﬁn\.EEx (rate; cut-off voltage o <r . manufacturer 1C;25% V or 30 min | Lyayx; N® 1 C; 30 min Iinax; 30 min N; 25% V (system) | 1 C; 90 min Iinax; 30 min
or over time) 1/3 C; 25% V or 30 min Jidelines ’ ;
(ISO 12405-2) gudehmes
A ) 100 m€2 (ISO 12405-1) - - <20 mQ (cell) - -
; val rt circe 518 < < < ( < <
Egzternal short circuit (resistance) 20 mQ (IS0 12405-2) 5 mf2 <5 mQ} <5 mQ <5 mQ <20 mQ (system) <5 mf2 20 m$2 <5 mQ2
Internal short circuit N/A N/A Battery-embedded Battery-embedded N/A N/A N/A Battery-embedded N/A

/

nickel particles

nickel particles

nickel particles
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5N represents not specified or no specific parameter indicators; Inax represents the maximum current that can be charged and discharged; V represents the maximum
upper or lower voltage specified by the manufacturer.
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5.3.2 Overcharge and Overdischarge Tests

Beyond short circuit, another category of electrical abuse tests involves forcing the battery be-
yond its normal voltage limits — namely overcharge (charging past 100% SOC) and overdischarge
(discharging past 0% SOC, potentially into cell reversal). These tests verify that the battery’s
control systems (e.g. BMS) can prevent or withstand such events, and they assess what happens
if those protections fail. Virtually all EV battery safety standards include an overcharge test
(and usually an overdischarge test as well), since charger or BMS malfunctions could lead to
these scenarios [311]. Overcharge testing are split into two types: charging the battery beyond
full capacity and inducing TR to assess the potential damage or to test the overcharge protec-
tion systems, whether the cell will not reach past threshold SOC (usually above 100%). The
safety risk is significant: overcharging can lead to excessive lithium plating on the anode, heat
generation from side reactions, electrolyte decomposition, and ultimately cell rupture or TR if
unchecked [312]. Therefore, standards require that the battery, if overcharged, does not ignite
or explode.

Many EV batteries have overcharge protection circuits (voltage limits, disconnect relays) -
the test ensures these work or that the cell’s inherent safety mechanisms (like current interrupt
device) activate in time. Standards differ in how they define the overcharge amount and method.
Some specify charging to a certain multiple of the battery’s rated capacity or a percentage beyond
full charge. For example, SAE J2464 required up to 200% of the battery’s nominal capacity in
an overcharge test [254, 279]. This is an aggressive test essentially attempting to double-charge
the battery (usually at a moderate current like C/3). In contrast, Underwriters Laboratories
UL 2580 standard set a lower limit, it required charging a fully discharged battery at maximum
specified current until the pack’s protection tripped or until reaching 110% SOC [283]. Some ISO
standards chose an intermediate level, such as 130% of nominal capacity [259]. These differences
are quite large (110% vs 200% SOC), and indeed it has been pointed out that test parameters
for overcharge vary widely between standards. Such variation can lead to different outcomes,
making it hard to compare results directly - a battery might safely survive a 110% overcharge
but not a 200% overcharge. For this reason, experts have called for aligning these test conditions
across standards.

Chinese standards have defined their own overcharge procedures. According to GB 38031-
2020, a single cell is overcharged at a constant current until the cell reaches 100% SOC or until
the temperature of the cell rises above 10 °C standard operating temperature of the cell [73].
For testing at the battery pack level, the Chinese standard interestingly specifies starting from
a partial charge: the pack should begin in the middle of its normal SOC range, and then it is
charged using the fastest charging method allowed by the manufacturer until the pack’s voltage
exceeds its limit. This approach simulates a scenario where a fast charger fails to terminate
correctly - starting at mid-range SOC ensures the charger stays on for a while and really pushes
the pack into overcharge. Other standards, like R100.03, typically start the overcharge test from
100% SOC (i.e. continue charging an already full battery).

Regardless of method, the pass criteria are the same: no fire, no explosion, and usually no
violent rupture. Batteries often vent gases or leak electrolyte in an overcharge test; this is usually
acceptable as long as there is no fireball or fragmentation. Ideally, the battery’s BMS should
stop the charging (open a relay) once an over-voltage is detected, terminating the test safely.

Overdischarge testing, on the other hand, checks the battery’s response when drained past
zero charge. The risk with overdischarge is that cell voltages can reverse and cause copper from
current collectors to dissolve into the electrolyte; upon subsequent recharge, copper dendrites may
form and cause internal shorts, or the SEI can break down leading to heat and gas. Overdischarge
tends to be less immediately dramatic than overcharge - often the cell just goes to 0 V and then
degrades internally. Indeed, experimental studies show that an overdischarged battery does not
heat up as much as an overcharged one in the moment [313]. Still, standards include it to ensure
that BMS low-voltage cut-offs work and that no immediate safety hazard arises from a deep
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discharge. The typical procedure is to connect a resistive load and let the battery discharge well
beyond the point the BMS would normally cut off, sometimes even forcing reversal of a cell, for
a set duration.

For example, IEC standard might require discharging at a small current for 1 hour after
reaching 0% SOC or until the battery reaches some low negative voltage. As with overcharge, no
fire or explosion is allowed. It is also required to check that the battery remains safe to recharge
afterward, though its capacity may be permanently reduced. Practically, modern EV packs have
protective circuitry that should prevent severe overdischarge by disconnecting the pack when
cells get too low. The overdischarge test is thus often about verifying this protection. If a pack
has no such protection, which is unlikely in EVs, the test examines the physical failure mode
of cells when driven into reversal. Generally, overdischarge tests are not as stress-inducing as
overcharge tests in LIBs - overcharge is far more likely to cause an immediate TR event. This is
reflected in standards: while all require overcharge testing, a few earlier standards optionalised
overdischarge. Nonetheless, Chinese, US, and UN standards today all include it as a necessary
part of the safety test matrix

In summary, overcharge and overdischarge tests are widely implemented across EV battery
standards to ensure the battery can handle abnormal voltage excursions. Differences lie in how
much overcharge is applied and under what conditions.

5.3.3 Other Electrical Safety Requirements

In addition to the major abuse tests above, EV standards cover a range of other electrical safety
checks. While not "abuse tests" per se, these are crucial for a comprehensive safety evaluation
and are worth noting:

e Isolation Resistance and Dielectric Withstand: High-voltage EV battery packs must
have sufficient electrical isolation from the vehicle chassis to prevent shock hazards. In-
ternational EV safety standards (ISO 6469-1, and regulations like FreedomCAR in the US
or UNECE R100.03) specify minimum isolation resistance (e.g. at least 100 ©Q/V of the
pack voltage) to ensure no dangerous leakage current [71, 263]. UL 2580 likewise includes
isolation resistance and dielectric withstand tests (applying a high voltage to the pack
to ensure insulation holds up) [283|. These tests ensure the battery’s enclosures, wiring,
and shutdown circuits protect users from electric shock under normal and fault conditions.
China’s GB 38031 has similar requirements [73]. Chinese regulations for EVs (such as
GB/T 18384) historically have mirrored the isolation criteria of ISO/SAE. There is broad
agreement internationally on isolation test methods, so this is one area with relatively little
divergence among standards.

e Thermal Protection and Temperature Control Failure: Batteries have specified
operating temperature limits, and most packs include sensors and cooling systems. Some
standards test what happens if the battery’s thermal management fails. For example,
UL 2580 includes a "Failure of Cooling or Thermal Stability System" test [283], in which
any active cooling is disabled and the battery is put through certain usage profiles or
environments to see if it remains safe. Additionally, Chinese standards and ISO may
include an over-heating protection test: heating the battery slowly in an oven to see if
the BMS shuts it down before a critical temperature is reached. The goal is to verify
that thermal safeguards (like a thermal fuse or software cut-off at given cell temperature)
actually work. While not an "electrical" abuse in terms of current or voltage, this test
checks electrical control of thermal risks. It complements the purely thermal abuse tests
(like external fire or thermal soak) found in standards.

¢ Imbalanced Charging: EV battery modules consist of series cells that must be balanced.
UL 2580 lists an "imbalanced charging" test, likely charging a pack with cells at differing
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states of charge to see if the battery management can handle imbalance without overcharg-
ing some cells. This is a nuanced test ensuring the BMS algorithms and cell balancing
circuits prevent any one cell from being driven into unsafe conditions. Not all standards
explicitly test this, but it reflects a practical safety concern [283].

5.3.4 Summary of Electrical Tests

Electrical safety tests for EV batteries covering short-circuits, over-voltage and under-voltage
abuses are fundamental to all standardization regimes in the automotive industry. They serve to
qualify that a battery design can prevent or mitigate the most dangerous electrical failure modes.
The common thread is that all aim to prevent battery fires and explosions under electrical abuse,
but we found notable differences in test procedures and stringency.

For instance, the acceptable extent of overcharge ranges depending on the standard, and
internal short-circuit testing is handled via differing philosophies. Such disparities mean that a
battery might pass one standard’s criteria while failing another’s, purely due to test condition
variations. On the positive side, the existence of multiple standards has collectively pushed the
industry towards safer battery designs.

Going forward, there is strong momentum toward global harmonization of EV battery safety
tests. Aligning on the worst-case test scenarios and performance criteria would enable a unified,
higher safety benchmark and reduce redundant testing efforts. Initiatives under the UN (through
the Global Technical Regulations) are a step in this direction, influenced by input from U.S. and
Chinese experts alike. In the meantime, battery developers must design with all these standards
in mind - essentially engineering for the most rigorous elements of each. By doing so, they ensure
that the resulting batteries will meet the current international, U.S. and Chinese requirements
for electrical safety, instilling confidence that even under severe electrical abuse, EV batteries
will behave as safely as possible.

5.4 Environmental Tests

RESS in electric vehicles must undergo rigorous safety testing under various environmental con-
ditions to ensure they can withstand abuse without catastrophic failure [96]. Regulatory ho-
mologation standards and industry standards define a battery of environmental tests designed
to simulate extreme conditions and fault scenarios. These tests, which complement mechanical
and electrical abuse tests, aim to verify the integrity of battery packs under thermal extremes,
fire exposure, and the release of hazardous substances. The primary goal is to protect vehicle
occupants and first responders by preventing TR propagation, fire, explosion, or toxic exposure
for a sufficient time to allow safe evacuation [23]. Summary of environmental and thermal stress
endurance parameters used in selected battery safety standards, focusing on high-temperature
and thermal shock cycling tests was presented in Table 5.8. Standards include automotive,
industrial, and regulatory protocols applicable to LIB systems and their subcomponents.

Below is a comprehensive analysis of the main standardized environmental tests for EV RESS,
including mandatory tests in international regulations (UNECE R100.03, GTR 20-2018, Chinese
GB/T standards) and voluntary or industry-specific standards (ISO, IEC, SAE, UL | etc.). The
test categories examined are:

e thermal stability,
e thermal shock,
e fire resistance,

e emissions.
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For each type, the purpose is compared, procedures, key parameters, pass/fail criteria, and
specific challenges across different standards. Tables 5.8 and 5.9 are provided to summarize
and contrast the test profiles for each category. Reviews of battery safety standards indicate
that while international efforts (like the Global Technical Regulation) are harmonizing require-
ments, significant discrepancies remain in how different organizations approach safety testing.
For example, China’s mandatory standard GB 38031-2020 (EV traction battery safety) builds on
UNECE R100.03 and GTR 20 but imposes more stringent conditions for environmental tests like
vibration, thermal cycling, humidity, immersion, salt spray, and altitude simulations |72, 73, 254].

Such differences reflect varying safety philosophies: some regulations emphasize demonstrat-
ing robust management of hazards (often allowing built-in protection systems to function),
whereas many voluntary standards adopt worst-case abuse scenarios with safety systems de-
feated to test inherent resilience. It is broadly recognized that improved standardization of test
protocols and closer collaboration between industry and regulators are needed to ensure reliable
and comparable safety performance of RESS across jurisdictions [70]. In the following sections,
each major category of environmental test is discussed in detail.

Table 5.8: Summary of environmental and thermal stress endurance parameters 73,
254, 260, 269, 279, 283, 285, 297|.

High-temperature Temperature shock
Safety Test endurance (temperature; | cycling (temperature

time) range; cycles)
UNECE R100.08 o,
IS0 6469-1 N/A -40~60 °C; 5
IS0 12405-1:2011 o,
ISO 12405-2:2012 N/A -40~85°C; 5
IEC 62660-3:2022 | 130 £ 2 °C; 30 min -40~85 °C; 30
SAE J2464:2021 300 °C; 30 min" -40~70 °C; 5
SANDZ2005-3123 N/A -40~80 °C; 5
UL 2580:2022 N/A -40~85 °C; 5

o . -40~85 °C; 5 (cell)

GB 38031-2020 130 £ 2 °C; 30 min ~40~60 °C: 5 (pack or system)
UL 1973:2022 N/A -40~75 °C; 10

" -5 °C increment is applied for every 30 min of exposure until the temperature reaches 300 °C
or sample disintegrates.

5.4.1 Thermal Stability Tests

Thermal stability (or high-temperature endurance) tests evaluate a battery’s ability to withstand
elevated temperatures without undergoing TR or significant damage. The purpose is to deter-
mine the temperature threshold at which the cell or pack becomes thermally unstable, and to
ensure that batteries remain safe up to and slightly beyond their maximum specified operating
temperature [314]. In regulatory contexts, this can also demonstrate that the RESS’s thermal
management and safety circuits will act to prevent dangerous overheating.

Early incremental-heating tests (SAE J2464 and the USABC/FreedomCAR guidelines) are
designed to push cells to their thermal limits in a controlled manner. They identify the precise
temperature at which self-heating accelerates uncontrollably, indicating the TR, threshold. These
tests typically reveal cell-level stability limits and the effectiveness of any shutdown separators
or venting mechanisms [276, 279|.

In contrast, newer standards like UL 2580 (referring to UL 2054 [315]) adopt a simpler
high-temperature endurance approach: holding the RESS at a fixed elevated temperature for
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a duration. This approach verifies that no TR or fire occurs up to that temperature, without
necessarily determining the exact runaway point. It provides a safety margin beyond normal
operating temperatures (commonly around 50-60 °C for automotive cells) [316] and ensures
the battery can tolerate transient thermal events (e.g. due to cooling system failure) without
immediate catastrophe. A key difference is whether the battery’s internal protection is engaged.
ISO and UL tests usually disable over-temperature cut-offs (for example, pack contactors or
thermal fuses) to test the inherent stability of the cells/module. UNECE R100.03, on the other
hand, regards the RESS’s thermal management as part of the safety concept. R100.03 requires
documentation and possibly testing to show that if a component fails or the pack overheats, the
battery’s controls will intervene to prevent hazardous outcomes.

This reflects a philosophy difference - regulatory tests assume the vehicle’s safety systems
are functional, whereas many voluntary standards assume worst-case failure of all safety devices.
The pass/fail criteria across standards consistently demand no fire or explosion. Venting of steam
or mild gases may be allowed in some cases (venting is typically not a failure unless it is violent
or ignites). SAE and USABC protocols explicitly measure the TR onset temperature, which
becomes a design input for thermal management systems

The challenge in thermal stability testing is balancing realism and stringency. An incremental
test to destruction yields more information but at the cost of sacrificing samples and possibly
creating extreme conditions unlikely in normal service. Fixed-temperature tests are easier to
perform and less destructive, but their stringency (choice of temperature and duration) must
be high enough to uncover safety weaknesses. In practice, 130 °C for 30 minutes has become a
common benchmark in industry, as it significantly exceeds typical EV battery operating limits
while being below the decomposition point of most electrolyte solvents.

5.4.2 Thermal Shock Tests

Thermal shock (temperature cycling) tests simulate abrupt ambient temperature changes that a
vehicle might experience, for instance when driving from a cold environment into a hot garage
or vice versa. Rapid thermal expansion and contraction can stress battery components (cell
jellyrolls, seals, welds) and potentially cause cracks or loss of integrity. The purpose of the test
is to ensure the RESS can withstand repeated extreme temperature swings without leakage, fire,
or performance degradation [317]. Table 5.8 compares key parameters of thermal shock tests.

Most thermal shock tests share the same low-temperature limit (—40 °C, a common qualifi-
cation temperature for automotive parts). The high-temperature limit varies: UNECE R100.03
uses 60 °C as the default upper bound (since many Li-ion batteries are not intended to oper-
ate beyond 60 °C without derating), whereas ISO and UL use 85 °C to provide a larger safety
margin [254, 283, 263]. Research indicates that at low temperatures the electrolyte’s ionic con-
ductivity plummets and lithium metal can plate onto anodes, raising the risk of internal short
circuits upon re-warming [318|. Hence, surviving repeated —40 °C exposure is a key indicator
of robustness. The number of cycles is typically five in most standards. Some cell-level stan-
dards (e.g. IEC 62660-3 [269]) require more cycles (30 cycles in one case) to capture degradation
trends, however these are specific for the cells itself, not the modules or assemblies.

In all cases, no fire, venting, or explosion is allowed during cycling or subsequent observation.
Minor mass loss (due to pressure-relief valve opening) might be permissible if the standard
explicitly allows venting, but generally, any leakage of electrolyte is a failure. A significant
difference lies in whether the RESS’s thermal management or safety circuits are engaged. R100.03
permits the BMS to remain active during the test. This means if the battery pack has self-heating
or cooling functions, they could mitigate the temperature swings, although R100.03 requires the
cooling system be off to truly stress the battery.

More importantly, if a battery cell exceeds safe temperature, the BMS in an R100.03 test can
intervene (e.g. open a contactor). However, such intervention itself would likely be considered
an "abnormal termination" of the test; R100.03 explicitly states that any activation of safety
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measures beyond normal operation is not allowed as an outcome during the required cycles (i.e.
the battery must survive the cycles without triggering an internal fail-safe that aborts the test).

In contrast, ISO, UL, and SAE tests typically disable any such automatic cut-offs. The
battery is forced to endure the full temperature range passively, which is a harsher assessment
of intrinsic resilience. In one comparison, R100.03 was the only evaluated standard that allowed
over-temp protection to remain active during thermal cycling.

Another procedural difference is exposure time. R100.03 and GB 38031-2020 mandates very
long dwell times (at least 6 or even 8 hours) to ensure thermal equilibrium throughout the
pack. This is particularly important for large battery packs with thermal inertia; it ensures even
the core of the battery reaches the chamber temperature. SAE J2464’s previous version used
only 30 min dwells, focusing on the shock of rapid change rather than long exposure, which
was slightly less severe than international standards that combine shock with prolonged stress.
The outcomes and challenges of thermal shock tests include potential enclosure cracking, seal
breaches, or even cell venting if internal pressure spikes with temperature. High differentials
can also cause condensation of moisture (if any ingress) which may lead to electrical shorting.
However, under controlled laboratory conditions with dry air or nitrogen chambers, condensation
is minimized.

The primary challenge is ensuring the transition is fast but not so abrupt as to overshoot
temperatures beyond the set-points. Another approach is to move batteries between two cham-
bers (hot to cold) to achieve a < 30 min transition, which can introduce handling risks. Others
use a single chamber that can be cooled and heated rapidly.

In summary, thermal shock tests verify RESS responses the worst thermal swings it might
encounter in service (for example, a car in winter driving into a heated garage repeatedly).
The consensus criteria across standards are that the battery should not leak, catch fire, or
explode during or after cycling. In practice, well-designed automotive batteries pass these tests
by using flexible cell interconnections, robust seals, and accommodating thermal expansion in
the mechanical design.

5.4.3 Fire Resistance Tests

Fire resistance testing is one of the most critical parts of RESS safety certification. The fire test
evaluates a battery pack’s behaviour when exposed to an external fire, such as could occur if the
vehicle is in a fuel fire (from its own fuel in a hybrid, or an adjacent vehicle, or a garage fire).
The primary safety concern is the risk of the battery pack itself exploding or violently rupturing,
which could endanger occupants and rescuers. Thus, the core pass criterion in nearly all fire
tests is that the RESS must not explode during the specified fire exposure and for some time
after, thereby providing occupants the chance to evacuate. Different standards have developed
distinct methods to perform the fire test. Some immerse the battery or device under test (DUT)
in a direct flame (pool fire), while others use radiant heat sources or burners.

While the standards involve multiple objectives to obtain for the battery in the fields of
design, performance, safety design, environmental protection, classification etc., the standards
set the baseline for RESS safety [96]. When products receive positive test results and are intro-
duced to the market, the actions on the safety design become reactive after accidents or failures
happen [25]. Thus, it is of utmost importance to develop high quality testing procedures to
guarantee an excellent safety threshold for the users.

The standards and regulations selected for this study are: GTR 20:2018 [67], UNECE
R100.03:2021 [254], ISO 12405-3:2014 [259], ISO 6469-1:2019 [263], ISO 18243:2017 [264], SAE
J2464:2009 [279], GB/T 31467.3-2015 [72], SAND2017-6925:2017 [275] and UL 2580:2020 [283].
Comparison is shown in Table 5.9.

Despite the fact that there multiple standards involved the procedures are often times dupli-
cated with small changes. A following section will present the procedures used broadly nowadays.
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Table 5.9: Comparison of the EV safety standards and regulations based on |73, 254, 259, 263,
276, 279, 283, 285].

Reference name Procedure Pass criteria Purpose Assembly level
(cell, module, pack)
o~ 70 s direct exposure to positive-ignition fuel
NECE R100.03- | ' 5 '
[&‘aiocljineliouo(i (I)irf‘e continued for another 60 s with indirect No explosion ie. means the sudden Module or pack
" ! exposure (through perforated screen) ;'eleészz o.f ener. \ suﬁicieﬁt té causé Evacuation of the
UNECE R100.03 - 120 s direct exposure to burner flames ossre W . &3 ) ‘nd ’r’ roiectil o e n£ . from the Module or pack
LPG Burner of averaged temperature of 800-1100 °C pressure waves and/or projectyes occupants from the viodule or pack
that may cause structural and/or vehicle Nodile or pack
ISO 12405-3:2014 - . S physical damage to the surrounding - pack
70 s direct exposure to positive-ignition fuel, of the Tested-Device Pack
1SO 6469-1:2019 continued for another 60 s with ' ’ Pack
’ indirect exposure (through perforated screen) Pack
GB 38031-2020 NA Pack
No explosion i.e. a violent release
of energy that produces projectiles
a pressure wave from the DUT
 eeon ana 20 min. exposure to minimum of 590 °C ora pr(ssur_( wave from the L -
UL 2580:2022 with (UL 2580) imprecise fire source or and results in DUT contents being Ability to prevent Pack
UL 1973:2022 (UL 197;’) hvdr:)mrbbon ool fire forcibly expelled through a rupture explosion N
! © ! . in the enclosure or casing.
No projectiles falling outside
inner perimeter area.
SAND2005-3123 | DUT exposed to radiating surface of 890 °C % 5% None - purely informative Information on Module
SAE J2464:200 for 1200 s Fumes from DUT procedure behaviour of the DUT Moditle or pack
checked against flammability under abuse conditions o pack

Open flame procedure

Open flame procedures are named after usage of free burning petrol pool and using fire plume as a
heating source of the DUT. There are similar "open flame" procedures in following standards and
documents: GTR 20:2018 [67], ISO 12405-3:2014 [319], ISO 6469-1:2019 [68], ISO 18243:2017 [264],
UNECE R100.02:2013 [320], UNECE R100.03:2021 [254] and GB/T 31467.3-2015 [72]. The ex-
posure is induced by the positive-ignition pool fire contained in the pan of dimensions wider and
longer by 200-500 mm than the DUT. Provided DUT is not a part of a vehicle, it is set at a
height of 500 mm above the surface of the fuel. The test phases are presented in Figure 5.2 and
described below:

e Phase A: Pre-heating - at least 60 s pre-heating of the petrol pan with the DUT being
at least 3 m away. After 60 s, DUT shall be exposed to fire.

e Phase B: Direct exposure to flame - at least 70 s of direct exposure of the DUT to
flames from freely burning fuel.

e Phase C: Indirect exposure to flame - continuation of the DUT exposure at least
for another 60 s through perforated screen made of refractory material (placed in between
DUT and fire pan; see Figure 5.2 Detail 1).

e Phase D: Post-test observation - DUT is removed at least 3 m from the burning pan
for observation. The fire is extinguished either immediately after the DUT moved away
or within couple minutes. The DUT surface temperature shall reach ambient or should be
decreasing for the minimum of 3 h until the end of test.

During open flame test, there are following prerequisites to be met in order to carry out the
test.

e Ambient temperature must be above 0 °C, wind speed above the pan must be less than
2.5 km/h.

e SOC must be adjusted to 100%.

e The quantity of fuel must be sufficient to permit the flame, under free-burning conditions
to burn for the whole test duration. Only ISO 18243:2017 defines specific value to 25 1/m?.
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Phase A

Phase B

Phase D

Figure 5.2: Testing set-up and procedure.

UL 2580:2020 [283] defines "External Fire Exposure Test", where a fully charged electrical
energy storage assembly is subjected to a high temperature source. The source should provide
uniform heating conditions at the bottom surface of the DUT, that is measured with thermocou-
ples placed 25 mm below the DUT (shielded from the flame impingement). The test is carried
out for 20 min in the temperature of 590 °C, which is required to be established within 300 s of
ignition. UL 2580:2020 allows to substitute this procedure for one described in ISO 6469-1:2019,
which is interesting from the total exposure time (UL 20 min vs. ISO ~2-3 min).

LPG burner procedure

As per the newest revision of UNECE R100.03:2021 [254] and GTR 20:2018 [67], an alternative
method of fire resistance testing was introduced using LPG burners instead of petrol pool burning.
The procedure then consists of three stages:

e Heating: average temperature needs to reach 800 °C within 30 s.

¢ Exposure: average temperature after reaching 800 °C shall be maintained for 120 s within
800-1100 °C.

e Observation: DUT shall be observed until surface temperature reaches ambient or has
been decreasing for a minimum of 3 h.

The procedure additionally requires to monitor temperature 50 mm below the DUT with

the minimum quantity of five temperature sensors. Such sensors are used to establish exposure
conditions within 800-1100 °C range. Testing rig constructed by Korea Apparel Testing and
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Research Institute (KATRI) is shown in GTR 20:2018 [67] - see Figure 5.3. It is also required
for the burner flame to be 600 mm high measuring without the tested object.
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Figure 5.3: Testing setup and procedure according to UNECE R100.03 - KATRI testing rig [67].

Radiative source procedure

SAND2017-6925:2017 [275] and SAE J2464:2009 [279] documents contain fire resistant procedure
based on radiative heat source (steel plate). The procedure itself is largely different to the
previously presented.

DUT is exposed to radiating surface of of 890 °C', which is required to be established within
90 s of the start of the test. Radiating surface (steel plate) must be heated unilaterally by the
selected heat source with the exhaust gases not coinciding with DUT fumes (separate chamber).
The inside chamber with the DUT possess separate venting system to allow to collect exhaust
gases. Simplified view of the testing set up has been shown in Figure 5.4. The DUT is exposed
to radiation for 600 s or longer.
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Heating chamber with conventional burners that heat radiative surface
unilattery to 890°C

Rediative surface of 390°C

Figure 5.4: SAND2017-6925:2017 [275] and SAE J2464:2009 [279] testing set up - top view.

5.4.4 Immersion Tests

The immersion test, sometimes called the water submersion test, evaluates a battery’s safety
when submerged in water - particularly salt water, which is electrically conductive. This test
addresses situations like an electric vehicle being flooded (e.g. in heavy rain or a flood) or a car
with a battery pack ending up in water (such as a river or lake) after an accident. Water intrusion
can cause electrical shorting of battery terminals or connectors and potentially lead to TR or
shock hazards. The immersion test procedure typically involves fully or partially submerging
the battery in a saline solution for a specified duration, and observing its behaviour during and
after.

Table 5.10 provides key parameters and acceptance criteria from various international and
national standards for battery immersion testing, including fluid composition, test durations,
immersion conditions, and SOC requirements. The aim of each test is to ensure safety by
verifying the absence of fire or explosion under simulated immersion scenarios |73, 286, 254, 263,
276, 279, 280, 285, 283, 321].

GB 38031 includes two methods: one fully submerges the pack in saltwater, the other sim-
ulates a vehicle partially submerged (pack not completely underwater). For partial submersion,
GB 38031 specifies different depths depending on pack height to ensure the pack is significantly
flooded.

Many standards use a high SOC (e.g. 100%) for immersion; GB 38031 requires 90-95% SOC
for its sequence (it actually does immersion right after vibration, on a same sample).

Water immersion tests are a relatively newer addition to EV battery standards, introduced
after incidents of EVs in floods or hurricanes raised concerns. The procedure is straightforward
but can be quite dangerous, as submerging high-voltage batteries poses electrical shock risks to
test personnel (proper safety measures are essential, such as using non-conductive test tanks and
remote monitoring). The use of saltwater (typically around 5% NaCl by weight, approximating
seawater salinity) is deliberate: saltwater is highly conductive and promotes electrolysis and
corrosion, maximizing the stress on the battery’s sealing and isolation. Fresh water is less
aggressive in causing shorts, so a salty solution is preferred to simulate worst-case flooding (like
a car in sea water or road salt brine). For example, SAE J2464 recommend ~5% NaCl solution
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at room temperature (at 25 °C).

The duration of immersion is usually 2 h or until active bubbling or reaction stops. Bubbling
is observed as the water may enter the pack and cause short-circuit currents leading to electrolysis
of water (producing hydrogen and oxygen gas). If a battery has no breaches, there might be
little to no bubbling. If there is bubbling, standards often say to wait until it subsides, but
with an upper time limit. UL 2580 requires minimum 1 h soak or until bubbling stopped. The
FreedomCAR, procedure calls for >2 h and specifically notes to continue until bubbles stop,
indicating the main reactions have ceased.

Not all automotive standards adopted immersion tests. As shown, UNECE R100.03 does
not explicitly include a submersion test for the battery. Instead, R100.03 focuses on ensuring
isolation resistance in the event of exposure to fluids (e.g., after a crash, the battery must maintain
electrical isolation even if coolant or water ingresses, which is indirectly tested via other means).
Similarly, earlier ISO standards did not have a direct immersion test (though ISO 6469-1:2019
has general requirements that likely ensure IP67-equivalent sealing) [321, 322].

However, ISO 6469-1 now references water protection, essentially requiring the battery to
have an appropriate ingress protection rating (IPx7 is required) if water exposure is a concern,
but it stops short of prescribing a dunk test procedure. The most robust requirements come from
SAE or UL and China. GB 38031-2020 introduced an immersion test as part of a post-vibration
sequence: the battery pack is vibrated, then immediately submerged to simulate a scenario like
a vehicle in a flood after being rattled (perhaps mimicking earthquake or crash into water).

GB 38031 actually offers two modes: one where the pack is fully immersed in ~3.5% salt
water for 2 h, and an alternative where for very large packs (tall packs >0.85 m), where it is
not needed to cover them entirely. Instead, it is ensured the pack is submerged such that either
its bottom is 1 m below the surface (if pack is shorter), or if the pack is tall, at least the entire
pack is under water except you leave 15 cm of water above the top. This partial submersion
for 30 min is meant to simulate a realistic flooding of a vehicle’s battery compartment without
having to fill an enormous tank.

The criteria in GB 38031 are that the pack should not ignite or explode during the soak or
after being taken out. Additionally, since GB 38031 is oriented toward safety, it likely requires
the pack to not output dangerous voltages to the water (maintain isolation so that no current
flows into the water accessible to passengers or rescuers). Indeed, UL 2580’s criteria explicitly
mention no electrical shock hazard - meaning the pack’s chassis and terminals must not energize
the water in a way that could harm someone. This is usually verified by measuring insulation
resistance or leakage current while the pack is underwater.

During an immersion test, one often hears popping or sees bubbles as any weak points in the
battery’s sealing allow water to ingress. If water reaches the cells or high-voltage bus bars, it can
cause short circuits. Ideally, a well-designed battery pack is sealed (IP67 or better), meaning it
can be submerged at 1 m for 30 min without water ingress. Many EV packs are indeed built
to IP67 standards for water and dust. Table 5.11 delineates a systematic comparison of the
protection levels IPx7 and IPx8, detailing their respective water ingress resistance requirements,
test methodologies, environmental parameters, and application contexts for electrical equipment
in road vehicles, in accordance with the ISO 20653 standard.

The immersion test essentially verifies that - if it passes, the pack is likely well-sealed and/or
shuts itself down safely when water is detected. If the pack fails, the typical result would be
rapid bubbling (due to electrolysis from short-circuit currents) possibly followed by heating of
cells and potentially a delayed TR or venting once the pack is removed and the water evaporates
around hot components. That is why standards require observation after the test.

UL 2580 and others similarly require monitoring after removal for any signs of combustion.
The acceptance criteria are straightforward: no fire, no explosion. It is generally expected that
a submerged battery might short out and be permanently disabled (that is acceptable as long
as it does not create an external hazard). In fact, one concern is the generation of hydrogen
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gas from electrolysis - in a confined space, that could be explosive if ignited once the battery is
taken out of the water. Thus, tests in laboratories are done in well-ventilated areas. The battery
should not violently rupture underwater either. If a battery stays inert for the duration and after
removal, it passes.

The immersion test in UL 1973 (for stationary batteries) is slightly different: instead of
dunking the battery, UL 1973 calls for a moisture resistance test corresponding to the battery’s
enclosure IP rating (IPx7 or IPx8), often involving rain spray, humidity cycling, or shallow
submersion tests depending on claimed IP code. This is more of a product certification approach,
ensuring the battery can handle wet conditions in service.

In sum, immersion testing is about verifying containment and isolation. Europe does not
explicitly test it in R100.03, trusting design and isolation tests, and IP tests of casing; the US
addresses it via UL voluntary standards (important for safety certification in North America);
and China mandates it directly due to perhaps more frequent real-world incidents (China has
seen EV fires when cars were trapped in floodwaters, prompting regulators to act).

Going forward, as electrified vehicles become common in all climates, more convergence may
be seen, potentially adding water exposure tests in global regulations or at least requiring a
minimum IP rating for battery enclosures as part of regulatory approval. For now, the standards
that do have immersion tests ensure that a battery submerged will not suddenly burst into
flames or electrify the surrounding water - crucial safety outcomes for both vehicle occupants
and emergency responders.

5.4.5 Emissions-Related Environmental Tests (Toxicity and Particulates)

The rapid proliferation of RESS and/or battery energy storage systems BESS, has introduced
significant benefits to transportation and energy infrastructure, especially in the context of cli-
mate change mitigation and sustainable development. However, the increasing energy density,
complexity, and deployment scale of lithium-ion and similar battery technologies have raised
critical safety concerns - especially the risk associated with catastrophic failure events such as
TR. In such scenarios, the uncontrolled heating and degradation of battery materials can result
not only in fire or explosion but also in the release of toxic gases and ultra-fine particulates.
These emissions pose substantial risks to human health, environmental quality, and infrastruc-
ture integrity [323].

In response to these risks, regulatory bodies and standards-developing organizations across
the globe have implemented a range of emissions-related tests designed to characterize and man-
age the hazards associated with battery failure. Unlike traditional electrical or mechanical tests,
emissions testing specifically addresses the quantity and nature of harmful substances released
during fault conditions. This includes gaseous emissions such as hydrogen fluoride and carbon
monoxide, as well as aerosol emissions that may include microscopic particulate matter, many
of which fall in the nanoscale range and present unique toxicological properties [34, 130].

TR - the uncontrolled increase in temperature in battery cells - is the initiating event in
most emissions scenarios and represents a critical failure mode across LIB technologies. When
this phenomenon occurs, it leads to the decomposition of electrolyte solvents, active materials,
and separator polymers, which in turn release substantial quantities of thermal energy and ini-
tiate the liberation of gases and vapours. The chemical nature of the emitted substances varies
depending on cell chemistry, state of charge, battery architecture, and the surrounding environ-
mental conditions. However, the literature agrees that certain toxicants are highly prevalent and
of grave concern.

Hydrogen fluoride, for instance, is produced during the breakdown of fluorinated electrolytes
and binder materials. Experimental studies have shown that HF is emitted at rates ranging
from 20 to 200 mg per Wh of nominal battery capacity during catastrophic events. This im-
plies that even for mid-sized electric vehicle packs (approx. 100 kWh), emissions can contain
several kilograms of gaseous HF - a substance which is both corrosive and acutely toxic upon
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inhalation [34].

Similarly, carbon monoxide is a product of incomplete combustion and organic solvent degra-
dation. CO concentrations emitted during abuse scenarios often far exceed established occu-
pational exposure limits. In enclosed spaces such as passenger cabins or battery housings in
buildings, its presence dramatically increases the risk of toxicity or fatality. These issues are com-
pounded by the emission of ultra-fine particulate matter (PM), often constituting combustion-
generated carbonaceous nanoparticles and metal oxides, which are capable of penetrating deep
into the human respiratory system to trigger long-term respiratory and cardiovascular illnesses
[241, 323].

A salient feature of emissions testing is the manner in which battery failure is induced. Most
protocols rely on tightly controlled abuse initiation methods, such as forced overcharge, external
heating, internal short circuiting, or mechanical puncture. The selection of initiation method
typically reflects the standard’s scope (e.g., vehicular vs. stationary), target failure modes, and
desired realism.

Once TR is initiated, emissions are collected and analysed using a range of chemical and
physical detection instruments. Gaseous species are commonly monitored via Fourier-transform
infrared spectroscopy, gas chromatography-mass spectrometry, or flame-ionization detectors.
In parallel, advanced scanning mobility particle sizers and condensation particle counters pro-
vide real-time evaluation of particle counts and morphological characteristics in sub-micron do-
mains [96].

The most sophisticated standards record species-specific concentrations over time, enabling
not just identification of peak quantities but also dynamics of gas evolution. This data is essential
for designing alarm systems, ventilation systems, and post-event recovery protocols.

Across all standards, certain emissions are consistently regarded as critical targets for mea-
surement. These include:

e Hydrogen Fluoride, which presents both acute toxicity and corrosion risks.

e Carbon Monoxide, due to its invisible, odourless nature and high fatality risk in confined
environments.

e Volatile Organic Compounds (known as VOC), such as formaldehyde, methane, ethylene,
and acrolein, whose mutagenic and carcinogenic potential mandate strict supervision.

e Particulate Matter (often measured in two fractions PM2.5 and PM10), particularly <2.5 ym
and nanoscale particles, characterized by high deposition efficacy within the human lungs
and their ability to translocate into systemic circulation.

Yet, the degree to which each standard incorporates thresholds for these substances varies.
UL standards often define acceptable upper concentration limits or acceptability thresholds based
on national exposure standards (e.g., Occupational Safety and Health Administration or National
Institute for Occupational Safety and Health). On the other hand, standards such as SAEs often
adopt a performance-based methodology, requiring demonstration of functional mitigation (e.g.,
no gas impact on safety systems), rather than enforcing fixed numeric concentration thresholds.

At the vanguard of these developments is China’s GB 38031 standard, whose overhaul in
2025 (planned release for 2026) reflects a paradigmatic shift from risk acceptance to risk elimina-
tion. Such regulatory stringency is likely to shape international standards harmonization in the
coming years. Further convergence between automotive, transport, and stationary requirements
is foreseeable, especially as unified approaches to thermal propagation containment, early fault
detection, and emissions mitigation are increasingly demanded by policy, industry, and public
health advocacy alike.

Ultimately, emissions testing plays a central role not only in safeguarding the end-user but also
in steering battery innovation toward inherently safer chemistries, architectures, and deployment
strategies.

97



Standardisation of the Battery Energy Storage Systems Testing

Table 5.10: Overview of Battery Immersion Test Standards and Conditions based on |73, 263, 276, 279, 283, 321].

Standard

Immersion Fluid

Fluid Temperature

Duration

Coverage / Depth

Battery SOC | Acceptance Criteria

ISO 6469-1:2019

3.5%-5% NaCl solution

Ambient

Option 1: 2 h

Option 2: 30 min.

Option 1: Full immersion

100% No fire, explosion; alternatively IPx7 in ISO 20653 can be made

Option 2: according to ISO 20653 IPxT7: fully immerse; for test objects < 850 mm high, lowest point

>1000 mm below liquid su

rface; for > 850 mm high, highest point >150 mm below surface

SAE J2464:2021 5% NaCl solution Ambient >2 h or until visible reactions stop | Full immersion 100% | No fire or explosion

UL 2580:2022 5% NaCl solution Ambient 1h Full immersion - No fire or explosion

GB 38031-2020 3.5% NaCl solution Ambient 2 h immersion Mode 1: full immersion 100% | No, fire or explosion
Mode 2: According to GB/T 4208-2017 IPx7: fully immerse; for test objects <850 mm high, lowest point
>1000 mm below liquid surface; for >850 mm high, highest point >150 mm below surface

USABC FreedomCAR | 3.5% NaCl solution Ambient > 2 h or until failure Full immersion 7 100% 7 No fire or explosion; monitor >30 min post-test
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Table 5.11: Comparison of the protection levels IPx7 and IPx8 321, 322].

Aspect IPz7 (Temporary Immersion) IPz8 (Continuous Immersion)
Protection Level Code 7 Code 8
Brief Description Temporary immersion in water Continuous immersion in water

Water Ingress Requirement

Water shall not penetrate in a quantity
causing harmful effects or impairing
performance if the enclosure is immersed
in water temporarily under specified
pressure and time conditions

Water shall not penetrate in a quantity
causing harmful effects if the enclosure
is continuously immersed in water

under conditions which shall be agreed
between supplier and car manufacturer,

but which are more severe than code 7

Immersion Depth

1 m (minimum depth to lowest point of
enclosure)

>1 m (depth agreed between supplier
and manufacturer)

Ezxposure Time

30 min

Agreed between supplier and manufacturer
(longer than 30 min)

Water Temperature

Water temperature difference from
sample <5°C

Agreed between supplier and manufacturer

Test Setup - Equipment

Immersion basin/tank

Submersion basin (deeper than IPx7)

Test Conditions - Sample Positioning

Normal operating position with all
covers, shrouds, and drain holes

As agreed between supplier and
manufacturer

Test Conditions - Sample Size <850mm

Lowest point of enclosure 1000 mm
below water surface

As agreed (typically deeper than 1000 mm
below surface)

Test Conditions - Sample Size >850 mm

Highest point of enclosure 150 mm
below water surface

As agreed (typically more than 150 mm
below surface)

Water Pressure

Hydrostatic pressure only
(atmospheric + depth)

Higher hydrostatic pressure due to
greater depth

Severity Comparison

Less severe than IPx8

More severe than IPx7

Post-Test Assessment

Visual inspection for water ingress and
functional testing

Visual and functional inspection as agreed

Pass Criteria

No harmful water penetration,
equipment remains functional

No harmful water penetration under
agreed severe conditions

Typical Applications

Outdoor electronics, automotive
components exposed to temporary flooding

Submarine electronics, deep water sensors,
permanently submerged equipment

Test Standard Reference

ISO 20653

ISO 20653
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Battery Fire Resistance Testing
Methodology

6.1 Fire Plume Dynamics and Heat Flux in Lithium-ion Battery
Fires

LIB fires, whether in EVs or stationary energy storage systems, pose complex fire dynamics
due to the high-energy TR events and unique burning behaviour of batteries. A critical aspect
of understanding these fires is fire plume theory - the behaviour of the buoyant flame and hot
gas plume rising from the burning battery. The plume governs the distribution of heat and
combustion products, directly affecting heat transfer to surroundings. In the context of battery
fires, key plume characteristics include the centreline temperature, plume diameter (width), and
centreline velocity as functions of height above the flame. These parameters inform how far and
how fast heat is carried upward, which is essential for evaluating thermal effects on enclosures,
barriers, and nearby equipment. Two fire plumes scenarios can be applied for fire event connected
with LIB:

e Hydrocarbon pool fire - from petrol spill of the HEV or ICE vehicle with EV.

e LIB thermal runaway - for events when TR is induced within the battery cell(s).

Analysis is focused on models such as the Stefan-Boltzmann law for radiation, point-source
and solid-flame radiation models, and empirical correlations (e.g. Heskestad’s plume correlations
and Zukoski’s formulas). It is then discussed how to apply these models to practical scenarios,
including the design of battery enclosures and fire barriers, and the configuration of fire safety
tests. The influence of battery TR behaviour on plume development is examined, highlighting
how the intermittent and energetic nature of TR can alter plume characteristics. In addition,
relevant fire testing standards (UNECE R100.03, UL 2580, GTR 20) are referenced to contextu-
alize how plume theory is considered in safety qualification, though the primary focus remains on
the underlying science. Numerical examples are provided to demonstrate heat flux calculations
for a given thermal plume scenario.

6.1.1 Fire Plume Theory in Battery Fires and Fire Resistance Tests

When a LIB or battery pack ignites, it often produces a buoyant fire plume similar in principle
to plumes from traditional fires, but with some distinctive features due to battery chemistry and
enclosure effects. Additionally, tests for fire resistance of battery packs and modules use often
free burning fire pools. A fire plume can be broadly divided into two regions: the flame region
(near the fuel source, where combustion is active and visible flame persists) and the plume region
above the flame (dominated by hot combustion gases entrained with air). In battery fires, the

100



Chapter 6

flame region may consist of jets of flame from venting cells or a diffuse flame if gases accumulate
and burn above the battery, while the plume region carries hot smoke (often laden with fine
particles and toxic gases) upward. Key theoretical constructs for describing plumes include the
centreline temperature profile, the plume’s radius or diameter as it rises, and the velocity field
of the rising gases [324, 325].

In an open environment, the temperature along the centreline of a rising plume decays with
height above the fire source. Classic fire plume theory provides an empirical correlation for the
excess centreline temperature (temperature rise above ambient, 67") as a function of the heat
release rate (HRR) of the fire and the height z. One widely used correlation, originally developed
by Thomas/Zukoski and refined by Heskestad, is given by:

OTu(2) = 9.1+ (L2 )13 Q215 (5 — 2)~5/7 (6.1)

CpPo
where T, is ambient temperature, g is gravitational acceleration, ¢, and p are the specific heat
and density of ambient air, Q. is the convective portion of the heat release rate (in kW), and zg is
the virtual origin height of the plume [326]. This correlation is valid above the flame region (i.e.
for the buoyant plume where entrainment of air has cooled the gases significantly). The virtual
origin 2o accounts for the fact that the plume behaves as if it started at a point below the actual

fuel surface; for a fire of diameter D (in m) and total HRR @ (kW), Heskestad recommends:

20 ~ 0.083, Q%/° —1.02, D (6.2)

This empirical adjustment aligns the model with observed flame heights. Notably, the (—5/3)
exponent in the temperature decay indicates a rapid decrease in centreline temperature with
height in the far-field plume. This correlation is valid above the flame region (i.e. for the
buoyant plume where entrainment of air has cooled the gases significantly) [326, 327].

In battery fires, these plume temperature correlations can be applied if the effective convective
HRR is known. Convective HRR (Q.) refers to the fraction of total heat release carried away
by hot gases (as opposed to radiated heat). Many battery fires have substantial convective heat
due to the hot smoke plume, though a significant fraction can also be radiated. For example,
Heskestad’s equation can be applied to battery fires and predicted centreline temperatures on
the order of 530-1280 °C for fires in the 25-100 kW range at a height of 0.45 m. These values
highlight how a larger HRR yields a much hotter plume core near the flame. In a larger-scale
scenario, a full BESS module fire (propane-equivalent fire source) with a convective HRR on
the order of several MW was calculated to have a centreline temperature of about 644 °C at
z = 11 m. This indicates that even tens of meters above a large battery fire, the smoke plume
can remain around 600 °C, posing a significant thermal hazard for anything caught in it or for
structural elements if in an enclosure [328].

It should be noted that the above correlation assumes a statistically steady plume and might
underpredict temperatures in cases where a hot layer forms (e.g. under a ceiling). In a confined
or semi-confined geometry (like a battery in a vehicle or container), hot gases can accumulate,
leading to higher temperatures than an open plume model would suggest. Nonetheless, the
correlation provides a useful first approximation for plume temperatures in many scenarios [329].

Along with temperature, the upward velocity of plume gases is key to determining convective
heat transfer and smoke dispersion. Empirical plume theory shows that centreline velocity w,.
also decays with height (above the flame zone) following a power law. Zukoski [330] give the
centreline velocity as:

(99 iz 13
we(z) = C, (poonToo> (z — 20) (6.3)

where C), is an empirical constant on the order of 3.8-4.0 for free plumes. This relation indicates
that the plume gases slow down as they rise (with an exponent of -1/3), due to entrainment of
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ambient air which increases the cross-sectional area of the plume and reduces the buoyant driving
force per unit mass. Closer to the flame (smaller z), velocities are higher; farther up, velocities
decrease, eventually approaching the order of the ambient rising convection speed (and getting
carried by lofting and wind). Mean velocity, ug, follow approximately Gaussian in shape, with
the centreline velocity representing the maximum value and can be derived by integrating the
Gaussian velocity distribution:

00(z) =~ 0.5w.(2) (6.4)

flow

ATo,Ug

Figure 6.1: Features of a turbulent fire plume, including axial variations on the centreline of
mean excess temperature, 67y, and mean velocity, ug.

As the plume rises and entrains cooler air, it expands in diameter. The plume radius r,(2)
can be defined in various ways (for example, the radius where the excess temperature or velocity
falls to some fraction of the centreline value). For many buoyant plumes, the radius increases
approximately linearly with height: r,(2) = a(z — 29), where « is an entrainment constant.
Yokoi and Zukoski suggests an average o ~0.10-0.15 for a free plume. Using o = 0.1, the plume
diameter (2r,) would be about 0.2 times the height above the fire - meaning at z = 5 m, the plume
is roughly 1 m wide (for reference, visual observation of smoke plumes often corroborates this
order of magnitude). The radial profiles of velocity and temperature in a plume approximately
follow a Gaussian shape, with the highest values on the centerline and decaying towards the
edges, as presented in Figure 6.1. Zukoski’s analysis indicates that the velocity profile is slightly
broader than the temperature profile (by about 15% in width). In practical terms, this means
the plume’s hot core is somewhat narrower than the full width of the plume’s visible smoky
column, as cooler entrained air resides toward the edges |326, 331].

Although the focus is on the plume above the flame, it is worth noting flame height correla-
tions because they define where the flame region ends and plume-only region begins. A commonly
used flame height correlation for buoyant diffusion flames (like pool fires) is Heskestad’s formula:

Ly =0.235-Q%° ~1.02D (6.5)

where Ly is the average visible flame height (m). Essentially, flame height increases with the
fire size (heat release rate to the power 2/5). If this formula is applied to battery fires, one must
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560+ Petrol pool fires: Centreline temperature vs height
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Height above pool (m)

Figure 6.2: Calculation of the centreline temperature vs flame height based on Heskestad formu-
las’ for pool values of 0.58, 1.64 and 2.10 m?.

consider what constitutes the "flame". In an array of many cells, flames may appear at multiple
locations; the flame height in such cases can refer to the highest point of continuous flaming. For
example, an EV battery pack fire with @ = 1 MW and an effective source diameter D = 1 m
might have an expected flame height on the order of:

Ly~ 0.235 % (1000)%/° — 1.02 ~ 3.7m (6.6)

Flame height is important because below Ly, the plume is intermingled with flaming combustion,
whereas above Ly, the plume consists of hot gases that are cooling as they mix with air. Plume
models strictly apply for z > Ly (above the flame tip). Within the flame zone (z < Ly), the
centreline temperature is roughly the flame temperature (often on the order of 927-1227 °C for
hydrocarbon flames) [326, 332]. For battery flames, measured flame temperatures can be lower
than hydrocarbon pool fires; one study reported peak flame temperatures around 627 °C during
a laptop battery TR fire [328|. This “cooler” flame is partly due to the combustion of battery
electrolyte producing large amounts of aerosol (white smoke), which can dilute and radiatively
cool the flame.

In empirical modelling of buoyant diffusion flames, it is recommended the use of correlations
developed by McCaffrey and Zukoski to estimate the centreline temperature distribution above
a fire source. These correlations describe the excess temperature rise above the ambient level,
AT(z) = T(z) — Two, as an inverse power function of the vertical distance above the virtual origin
20

AT(z) x (2 — z9) " (6.7)

where n is an empirically determined exponent. In the continuous flame region, McCaffrey’s
data suggest n ~ 1.0, while in the far-field plume region, Zukoski’s analysis yields n ~ g The
virtual origin zg represents the theoretical point from which the plume appears to emanate and
is generally located below the physical fuel surface.

From a mathematical standpoint, Equation (6.7) possesses a singularity at z = zp. As the
distance z approaches 2y from above, the denominator (z — zp) tends to zero, and consequently:
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lim AT(z) — oc. (6.8)
Z—)Z(T
This implies that, according to the raw form of the correlation, the centreline temperature at the
flame base becomes unbounded. Such behaviour is clearly non-physical and is instead a direct
consequence of extrapolating an empirical fit beyond its range of validity.

Physically, the region very close to the fuel surface is dominated by intense mixing-controlled
combustion within the luminous flame core. Here, the gas temperature is constrained by the
adiabatic flame temperature of the fuel-air mixture, which for hydrocarbon pool fires typically
lies in the range Tinqe, &~ 927 °C to 1927 °C, depending on equivalence ratio, fuel composition, and
heat losses. The infinite temperatures predicted by Equation (6.8) therefore do not correspond
to measurable reality, but rather to a mathematical artefact of the assumed scaling law.

The origin of this artefact lies in the derivation of the McCaffrey and Zukoski correlations,
which were fitted to experimental measurements obtained in the plume region - that is, above the
continuous flame and in conditions where buoyant entrainment and turbulent mixing dominate.
In this far-field regime, the excess temperature decays predictably with height, following the
power-law behaviour of Equation (6.7). However, in the near-field (i.e., the continuous flame
zone), combustion heat release is volumetrically distributed, and the structure of the temperature
field is determined by complex interactions between convection, radiation, turbulence, and finite-
rate chemistry, none of which are fully captured by the simple inverse power form.

For this reason, in practical engineering analysis, it is standard practice to modify Equa-
tion (6.7) when z is close to zp. Two common strategies are employed. First, the correlation is
blended with near-field empirical regimes (e.g., McCaffrey’s continuous and intermittent flame
correlations) to produce a finite, physically reasonable temperature profile throughout the flame
height. Second, a physical temperature cap is imposed to represent the maximum attainable
flame-core temperature, often taken as Tt,, ~ 1873 °C for hydrocarbon fuels. These modifica-
tions remove the singularity at z = zg while preserving the accuracy of the model in the plume
region where the original correlation is valid. This is reflected in Figure 6.2, where areas below
1 m remain unknown for estimation. It shows three examples that has been quantified in further
Sections 6.4 and 6.3, where actual data from thermocouples at 0.5 m has shown the range of
temperatures between 600-900 °C, while calculations assume couple times higher temperature
at or near source.

6.1.2 Modelling Convective and Radiative Heat Flux from Fire Plumes

A burning pool releases energy in two primary modes: convective heating (hot gases and flame
tongues in direct contact with surfaces) and radiative heating (thermal radiation emitted by the
flame, primarily from soot and hot combustion products). In a pool fire plume, a substantial
fraction of the heat is carried upward by the buoyant hot gases (convective heat), which can
convectively heat any object engulfed by or directly in the flame. Simultaneously, the luminous
flame emits thermal radiation outward, which can heat objects at some distance or not fully im-
mersed in the flame. The balance between these modes is characterized by the radiative fraction
xr - the fraction of total Q that is released as thermal radiation. Sooty hydrocarbon flames typ-
ically have x, on the order of 0.3-0.4 (30-40%) for pool diameters up to a few meters, meaning
roughly one-third of the fire’s heat is radiated and the rest convected in the plume [333]. Very
large fires tend to have lower radiative fractions because thick smoke can self-absorb radiation.
Much of the radiation comes from the “luminous wall” of the flame - the incandescent soot in
the flame envelope. The flame’s interior (fuel-rich core) is cooler and emits less.

Radiation causes intense heating even if flames do not physically touch a target. A fully
developed hydrocarbon flame burns at temperatures around ~500-900 °C. The flame can be
approximated as a thermal radiator at those temperatures. A blackbody at 726 °C has an
emissive power o7 =~ 56 kW /m? (with o the Stefan-Boltzmann constant), so a large optically
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thick flame can emit on the order of 10-100 kW /m? from its surface. In practice, measured heat
fluxes incident on a sample just outside a gasoline pool fire range around 25-50 kW /m? during the
peak burning. This encompasses both radiative and convective contributions to a temperature
sensor. For instance, experiments with a 60 mL gasoline pan fire (lab scale) showed a rapid rise
to ~40 kW /m? heat flux in ~30 s, a plateau of 40-52 kW /m? for ~60 s while the flame was fully
developed, then a decay as the fuel burned out [334]. In large-scale fires, convective heat transfer
to an engulfed object can also be very high — flame convection coefficients might be on the order
of 10-20 W/m?K or more, and the flame temperature (>> ambient) yields convective fluxes of
tens of kW/m?. In summary, an object immersed in a pool fire plume experiences total heat
flux perhaps in the range of 50-100 kW /m? (a combination of direct flame contact and intense
thermal radiation), whereas an object a short distance away (only seeing radiation) might receive
on the order of a few tens of kW /m?, depending on distance.

Several semi-empirical models are used to estimate heat flux from fire plumes. One simple
approach is the point-source model, which assumes all the fire’s radiant output comes from a
point at some centroid of the flame. In that model, the radiative heat flux at a distance R is [333]:

NXTQ

!
rad = 4 g0

(6.9)

This is simple to use and conservative for distant targets, but it overestimates flux close to the fire
(since a real fire is not a point). A more refined approach is the "solid flame" model, which treats
the flame as an emitting cylinder or cone of finite size. In this model, one assumes the flame
has an effective radiating surface area (with height and diameter determined by correlations
or observations) and a uniform surface emissive power E¢. The heat flux to a target is then
calculated by geometric view factors (F') between the flame surface and the target, and accounting
for flame emissivity and atmospheric absorption:

¢"=F -1 ¢ Ey (6.10)

where F' is the view factor, 7 is transmittance of air (usually close to 1 for short distances), e/
is the flame’s effective emissivity (<1), and Ey is the flame surface emissive power. For large,
optically thick flames (diameter > a few m), e ~ 1 and the flame behaves like a blackbody.
Then the key parameter is Ey. Pool fire data suggests flame emissive power in the range of order
100 kW /m? for big hydrocarbon fires [333]. Using such models, one can estimate, for example,
the flux on a battery pack 0.5 m above a fire. If the flame engulfs the bottom of the pack, F ~ 1
for those surfaces, so flux might approach the flame emissive power (tens of k€W /m?). In contrast,
at the periphery F' is smaller. These models, along with correlations for flame height and tilt,
are critical in interpreting standardized tests - they help translate a given test’s conditions (pan
size, burner output, etc.) into an equivalent heat flux or temperature exposure on the battery.

6.2 Numerical Analysis of the Conditions for Fire Resistance
Testing of LIB

LIB systems are subjected to various fire exposure tests in safety standards to ensure they can
withstand an external fire without catastrophic failure. The goal is typically to verify that the
battery does not explode or endanger occupants in a vehicle fire, or first responders in an energy
storage fire. The focus is placed on three key fire test methodologies in use: open pool-fire tests
(as in UNECE Regulation R100.03 and UL 1973), a burner flame test (alternative in UNECE
R100.03), and a radiative heat test (SAE J2464). Each test simulates a hydrocarbon (or other)
fire in a different way. In following sections theoretical comparison on test conditions is made.

The fire plume above a hydrocarbon source is governed by buoyant convection. Modelling
involves:
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View factors for radiative heat transfer;

Flame height correlations (e.g., Heskestad, McCaffrey);

Use of point-source or solid flame models.

Convective and radiative heat flux estimation using empirical or semi-empirical models;

Equations shown in Section 6.1 are used to calculate heat flux and thermal dose values for
1 m? of pool fire (UNECE R100.03, UL 1973 - and UL 2580 if pool variant is selected) or tested
element (SAE J2464). List of assumptions is shown below.

e UNECE R100.03 Pool test following assumptions are made:

— radiative fraction X, ~ 0.35,
— heat enthalpy 0H = 44 MJ /kg,
— mass burning rate per unit area of fuel r = 0.055 kg/(m?s) and

— solid flame - blackbody T’y = 1000 K.

e UNECE R100.03 Burner test:

— flame emissivity ey = 0.85,

— view factor Fig9 = 1.

e UL 1973 Pool test see UNECE R100.03 Pool and for SAE J2464:

— flame emissivity e = 0.9,

— view factor Fio = 1.

Table 6.1: Heat flux and thermal dose numerical analysis theoretical results for the R100.03, UL
1973 and SAE J264 tests.

Standard Duration, s | Peak T, °C | Heat Fluxz, kW/m? | Thermal Dose, k.J/m?
R100.03 Pool 130 800-900 40-50 ~500

R100.03 Burner | 120 850950 3040 ~5,000

UL 1973 Pool 1200 800-1000 50-60 ~60,000

SAE J246/ 600 890 ~90-95 ~60,000

6.2.1 UNECE R100.03 Fire Resistance Test

The UNECE Regulation No.100 (Rev.3) Annex 9E defines a fire resistance test for electric vehicle
rechargeable energy storage systems - essentially a gasoline pool fire exposure beneath the battery
pack. This test, derived from a fuel tank fire test (UN R34) adapted for EV batteries [335], is
intended to simulate a scenario where the vehicle’s battery is exposed to an external petrol fire
(e.g. car fuel spill igniting under the vehicle). The test is staged in four phases:

e Phase A: Preheating. A pan of fuel (standard petrol) is ignited and allowed to burn
freely near the test object for 60 s without the battery directly over it. In practice, the
pan may be positioned beside or below at some offset during this phase. The purpose is to
stabilize the fire.
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e Phase B: Direct Exposure. The DUT is then placed directly over the burning pan -

typically 50 cm above the fuel surface - and exposed to the full flames for 70 s. This is the
most intense phase: the pack is engulfed in a “sheet of fire.” Measured flame temperatures
in this direct exposure are about on average 700 °C near the battery. The heat flux to
the battery surfaces is on the order of 25-50 kW /m? during this phase. Physically, the
pan dimensions must exceed the battery’s footprint by 20-50 ¢m on each side to make the
flame to cover it. During Phase B the battery’s exterior is directly heated by flame contact
and radiation, pushing it towards TR.

Phase C: Indirect Exposure. After 70 s, a thermal shield (firebrick screen) is interposed
between the fire and battery for an additional 60 s. The flames continue to burn, but now
the battery is heated only indirectly - mainly by hot combustion gases and radiative heat
through the screen’s openings. This phase represents a situation where the direct flames
might be somewhat separated (for instance, a brief drop in fire due to fuel depletion or
some shielding). Heat flux is correspondingly lower than in Phase B.

Phase D: Post-test observation. After the 130 s of fire exposure (Phases B and C), the
burning fuel is extinguished. The battery is then observed for up to 3 h as it cools. This
observation checks that no explosions or reignitions occur while the battery stabilizes. The
safety criterion in R100 is that during the test and subsequent cooldown, the battery must
not explode or disassemble in a hazardous way.

The test schematics were presented in Figure 5.2.

Table 6.2: Fire-resistance testing procedure outline [254].

Phase | Description Duration
A Preheating 60 s

B Direct exposure to flame 70 s

o Indirect exposure to flame (through perforated screen) | 60 s

D End of the test (observation) Conditional

In addition to the prescribed test procedure described above, R100.03 require the following
conditions to be satisfied during the test:

1
2
3
4
3

The test must be carried out in an ambient temperature of at least 20 °C.

Wind speed must be limited to 2.5 km/h measured over the fire source.

The flame source horizontal dimensions must be larger than the specimen by 200-500 mm.
Positive-ignition fuel needs to be used as a fire source.

The tested specimen must be set at 0.5 m height from the fire source.

The imposed wind speed limitations are predicted to be insufficient to mitigate the stochastic
nature of the pool fire. Additionally, the optimal steady-state burning mode of the pool fire may
not be achieved within the prescribed 60-s pre-burning period, therefore affecting overall exposure
conditions.

It was demonstrated that crosswind velocities of up to 0.7 m/s can induce a flame tilt angle
of 20-40°, significantly reducing the portion of the DUT covered by the fire plume (see Fig-
ure 6.3a [336]. The coverage of a tilted flame was shown to depend on the size and profile of the
pool fire, as well as the type of fuel used [329]. At low or zero crosswind conditions, pool fires
are prone to buoyancy-induced vortices, which generate lower-temperature regions [326]. These
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fluctuations affect the exposure temperature at the sides of the DUT, as the cross-sectional area
of the pool fire narrows with height—again, dependent on the pool size [332].

The R100.03 Phase A pre-burning period may be too short to stabilize exposure temperatures,
as the burning model is significantly influenced by the size of the pool fire under study. For large
gasoline fires (e.g., greater than 7 m? of horizontal pool surface), the optimal burning mode
is generally achieved after 50-60 s with a stabilized burning rate ratio [337]. However, LIB
applications of this scale are rare in the power train and day-to-day scenarios [338]. Conversely,
Chen and Lu observed that for smaller pool fires, the burning rate ratio evolves. The steady-
burning stage for small fires was found to be reached at 210 s [339], compared to the 50-60 s
typical for larger fires. Furthermore, a subsequent rise in the burning rate ratio was noted
after the steady-burning stage, significantly elevating temperatures, which is discussed further
in Section 6.4, showing obtained test results.

An important characteristic of pool fires is their area. To quantify fire engulfment of the
specimen, a pool fire extra area, Aggurq, is defined as the proportion of the pool fire area not
covered by the tested element. It is expressed as:

Apoot — A
ABatra = —””"ZA lDU L 100% (6.11)
poo.

where Ay, is area of the pool fire, Apyr is surface area of the device under test. For instance,
a 40% pan excess indicates 60% of the pool fire’s total area is covered by the DUT.

Fire engulfment studies were conducted with an 88.7% excess pool fire area relative to the
DUT size [340]. In cases involving large pool fires and much smaller DUTSs, convective and
radiative heat transfer was found to be evenly distributed around the exposed DUT [341, 342].
The R100.03 standards mandate that the pool fire exceed the DUT dimensions by 200-500 mm.
As illustrated in Figure 6.3b, the excess area decreases as the size of the DUT increases (see Equa-
tion 6.11. The blue line indicates the minimum excess (DUT size with an additional 200 mm),
while the orange line represents the maximum excess (DUT size with an additional 500 mm).
Green crosses denote the experimental data points from the study detailed in Section 6.4 and
Table 6.6.

6.2.2 UL 1973 and UL 2580 External Fire Test

The UL 1973 fire test forms a foundational part of evaluating stationary ESS for resilience against
external fire exposure. It stipulates that representative battery modules or systems must endure
a 1200 s exposure to a standardized hydrocarbon pool fire, simulating worst-case conditions akin
to those experienced in outdoor or semi-enclosed storage areas. The goal is not only to observe
fire resistance but to ensure that no explosion, fragment projection, or propagation occurs post-
exposure [283, 285, 343|.

In both tests, the DUT - typically a fully charged battery system or module - is suspended
610 mm above a 200-500 mm larger (each horizontal dimension) pan filled with hydrocarbon fuel,
most commonly heptane or gasoline surrogate, known for producing a consistent flame envelope
and high radiative output. Upon ignition, the fire quickly develops into a luminous yellow plume
characterized by peak centreline temperatures in the expected 890 °C level (intensifying over a
1000 °C, due to longer burn time), and average surface incident heat fluxes between 55-65 kW /m?
(accounting for radiative and convective contributions).

To maintain burn consistency, the fuel pan may include a water layer to prevent overheating,
and ignition is achieved using pilot flames or timed systems. The flame should envelop the entire
DUT footprint, and wind shielding is recommended to reduce variability caused by flame tilt
and flicker.

This exposure simulates real-world conditions such as a car fire, a structure fire affecting ESS
units, or uncontrolled flame impingement from external fuel sources.
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Figure 6.3: (a) Representation of non-tilted flame vortices (red), tilted flame partial engulfment
of the DUT (orange), and cold air areas with eddy currents (blue). (b) DUT surface area relative
to the required pool fire coverage.

The pass/fail criteria focus on explosion prevention. UL 1973 specifically requires that the
ESS shall not explode during or after the fire. This is verified by inspecting for any large
projectiles or sudden bursts within 1 m circle around the DUT (external edge). After the 20 min
fire, UL 1973 adds a hose stream test: the battery, still hot, is blasted with a fire hose water
stream (following UL 263 hose-down procedure [343]). The rationale is to simulate a firefighter’s
response - dousing the hot battery. The battery must not explode under the thermal shock of
the water either. Any violent rupture or flying debris would constitute a failure. Essentially,
even if the battery is mostly destroyed by fire, it should fail in a “safe” manner (no fragmentation
that could hit personnel). UL does not forbid the battery from burning; indeed, after 1200 s in
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a pool fire, complete combustion of the battery is expected. But the enclosure and cell design
should preclude any detonation.

For instance, pressure-relief vents should actuate to let cells burn gradually rather than
building up pressure. If the battery passes, it demonstrates a level of fire containment - it can
be engulfed for a significant time without blowing apart. This is critical for stationary batteries
in buildings or vehicles like railcars, where an external fire might not be escapable - the system
should not worsen the fire with an explosion.

For UL 2580, which addresses automotive traction batteries, the pass/fail criteria are similarly
rooted in the principle of non-catastrophic failure under thermal stress, but framed within the
additional context of vehicle occupant and first responder safety. As in UL 1973, a battery
exposed to the 20-min hydrocarbon pool fire is allowed to degrade, lose structural integrity, or
undergo internal thermal reactions. However, it must not explode, either during or after the fire.
An explosion in this context means a sudden energy release that causes fragmentation of the
battery housing or propulsion of cell or module components beyond the battery enclosure.

It may be fully destroyed in the process. However, its destruction must occur in a predictable,
safe, and non-violent manner. The goal is to demonstrate that, even under the worst fire condi-
tions (such as after a collision leading to gasoline or hydraulic fluid ignition under the vehicle),
the battery will not exacerbate the event by becoming an uncontrolled explosion source or by
exposing rescue personnel to unacceptable levels of mechanical, thermal or electrical risk.

6.2.3 SAE J2464 External Fire Test

SAE J2464 is a recommended practice for EV battery abuse testing. It includes a method
for thermal abuse by using a radiant heat source instead of open flames. Often referred to
as a “radiative panel” or “hot plate” test, this approach subjects the battery to a controlled
high-temperature environment meant to simulate the thermal flux of a fuel fire, without actual
combustion around the battery. The typical procedure (as historically implemented at Sandia
National Laboratories and other facilities) is as follows: the test sample (cell, module, or pack
at 100% SOC) is placed inside a radiant heating chamber or fixture — essentially an oven or
array of infrared heaters — with no direct contact between the battery and the heating elements.
The heater is then rapidly ramped up to a target temperature of 890 °C (£5%) within about
90 s, and that temperature is maintained around the battery for 600 s (unless the battery’s
reaction forces an early stop for safety). This profile (890 °C for 600 s) is intended to reproduce
the thermal conditions of a fully developed hydrocarbon fire. The temperature of 890 °C as
“nominal fire temperature” comes from equivalence with large open fires (typical flames burn
between 800-1000 °C). By enclosing the sample in a radiant heating apparatus, the battery is
heated primarily through thermal radiation (and to some extent by hot air convection in the
chamber). There is no flame impingement and no direct burning of the battery’s exterior in this
test - until and unless the battery itself vents flammable gases that then ignite. In many setups,
multiple quartz infrared lamps or electric heating elements line the walls of a reflective chamber
(sometimes called a “radiant box”), ensuring the battery sees a uniform heat flux from all sides.
The battery essentially free-stands in a furnace-like environment of nearly 900 °C.

A key aspect of the radiative test is that it is highly controlled. The ramp rate (ambient to
890 °C in 90 s) is specified to be very fast - this simulates the rapid engulfment of a battery
in an intense fire. The 90 s ramp roughly mimics the fire growth in a pool fire test. Once at
890 °C, holding for 10 min delivers a severe thermal load. The heat flux in such a chamber can be
estimated (see Table 6.1): if the walls are ~890 °C and behaving like a blackbody, the incident
flux on the battery could be on the order of 50-70 kW /m? [344] (since a blackbody at 890 °C
has an emissive power ~85 kW /m?, though in practice not all surfaces are at that temperature
and not all radiation reaches every spot due to view factors [329]).

If the battery is inside a radiative enclosure or cavity, the effective view factor (see Equa-
tion 6.10) from multiple walls to the battery approaches 1.0 as the chamber becomes more
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enclosed (blackbody cavity approximation).
In practical terms:

e For a large enclosure with highly emissive walls surrounding the battery, you can assume:

Fptlnel—)battery ~09-10 (6.12)

e For a specimen facing one hot wall:

F ~ Abatte’ry : COS(G) (613)

Apzznel

where 6 is the angle between the battery surface normal and the panel (0° for face-on).

The emissivity and material selection of the steel box emitter in the SAE J2464 radiative test
play a critical role in determining both the instantaneous heat flux and the total thermal dose
imparted to the test specimen. Emissivity governs the efficiency with which the emitter radiates
thermal energy; a surface with high emissivity (e.g., oxidized or black-painted steel, ¢ ~ 0.9-
0.95) emits significantly more infrared radiation than a polished or reflective one (e ~ 0.2-0.3).
Consequently, two emitters at the same temperature but with different surface finishes can yield
vastly different radiative fluxes - affecting not only the rate at which the battery heats but also the
cumulative thermal energy absorbed during the exposure period. A low-emissivity surface may
under-deliver the intended dose, reducing test severity, while a high-emissivity surface ensures a
worst-case, conservative scenario. Therefore, to maintain consistency and regulatory equivalence,
the emitter’s material and surface condition must be tightly controlled and characterized, as they
directly influence the fidelity and reproducibility of the thermal stress imposed on the battery
system. Dependency has been shown in Figure 6.4a - radiative heat flux as a function of surface
emissivity for three temperatures representative of SAE J2464 radiant panel test conditions
(minimum: 845.5 °C, nominal: 890 °C, maximum: 934.5 °C). The plotted values assume full
view factor geometry (F' = 1.0) and ideal blackbody orientation. The graph illustrates the linear
dependence of radiative heat transfer on emissivity and the significant flux variation (approx.
30-35%) across the temperature and surface finish tolerances. In Figure 6.4b total thermal dose
(in kJ/m?) received by a battery during the SAE J2464 test is plotted against emitter surface
emissivity and for a range of operating temperatures (+44.5 °C around nominal). The calculation
includes a 90 s linear ramp and a 600 s steady exposure. The data highlight the sensitivity of total
incident thermal energy to both emissivity and temperature variation, which directly impacts
test severity and reproducibility.

The SAE J2464 criteria for passing are similar: no explosion or battery disassembly. Because
SAE J2464 is a recommended practice, it often does not declare “pass/fail” in absolute terms but
rather provides that the battery should not rupture or ignite explosively. In research contexts,
this test yields quantitative data like time to TR ignition, max temperature reached, etc. If a
battery vents and catches fire inside the chamber, that is noted. One advantage is the test can be
halted by shutting off power if a dangerous condition arises (whereas a pool fire cannot be easily
turned off - one must wait or attempt to smother it). The radiant test is therefore considered
safer to conduct for laboratories and more repeatable. It avoids the smoke and soot of fuel fires,
enabling easier post-test clean-up and analysis of the battery remnants (no added combustion
debris from gasoline).

6.2.4 Comparison and Engineering Implications

Each of the above methods aims to simulate a hydrocarbon fire threat to LIB, but they do so
with different approaches and test set-ups, which implicates various repeatability and practicality.
Here we compare key characteristics.
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Figure 6.4: (a) Radiative heat flux as a function of surface emissivity; (b) total thermal dose of
SAE J2464 radiant panel test conditions.

Heat Exposure Profile

The pool fire tests (R100 and UL 1973, and UL 2580) involve real flames and thus deliver
a combination of intense radiation and direct convective heat. R100’s exposure is extremely
intense but short (~2 min of flame), whereas UL’s is intense and sustained (1200 s). The peak
heat fluxes in both are similar (order 50 kW/m?), but the total heat energy absorbed by the
battery in UL’s test is much higher due to duration. The burner test (R100 alternative) gives
a similar 2 min high flux but in a controlled way - the heat flux is kept in a tighter band (30—
40 kW/m?). The radiant test (SAE J2464) provides a high but somewhat uniform heat flux
(~90 kW /m? theoretical and ~70 kW /m? with view factor and emissivity losses) for 600 s,
without flame impingement. It ramps up slightly more slowly (90 s to reach full temperature)
than an instantaneous engulfment, but this is quite comparable to the growth of a gasoline fire.
In essence, all methods attempt to reach flame-equivalent temperatures (800-1000 °C) around
the battery. The main difference is time: short (R100), medium (SAE), long (UL). For engineers,
this means R100 is mainly testing short-term flame resistance (can the battery hold together for
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a couple of minutes), whereas UL 1973 is testing extended fire resistance (can the battery avoid
exploding even when fully involved in fire).

Radiative vs Convective Emphasis

In a gasoline pool fire, roughly 30-40% of the heat is radiative, so an object might be heated from
all sides by thermal radiation even if flames wrap primarily around the bottom. The R100 and
UL tests naturally include this effect. The burner method likely has a slightly lower radiative
fraction, but by having multiple burners around the item, they ensure a surround-flame condition
(including radiation from flame sheets on the sides). The radiant panel test is all radiation until
the battery itself ignites — which means it might slightly under-drive convective cooling effects.
In real flames, convective heating is coupled with cooling: hot gases flow upward, carrying heat
away as well. In a sealed radiant oven, the air is stagnant, so once the battery’s surface heats,
there is less removal of heat by flow. This could mean the radiant test might even be more
severe in heating some internal parts than a flame would, due to reduced convective heat loss.
Conversely, direct flame impingement can cause erosive burning of materials (e.g. charring of
casings) that pure radiation might not until ignition occurs. Thus, each method stresses the
battery in slightly different ways.

Reproducibility

The radiant heat method is by far the most reproducible. Temperature and heat flux can be
calibrated and repeated with minimal variability. Results from different laboratories should agree
closely if the equipment is properly calibrated. The gas burner method is also quite repeatable:
fuel flow rates and burner configurations can be standardized, and they are less sensitive to
environmental factors. The open pool fire is the least reproducible: small differences in fuel
quality, pan geometry, or wind can lead to variations. As noted, even with standardized specs,
pool fires have inherent flicker and randomness that introduce scatter in test results. There
are found significant differences in exposure, due to gusts of wind temporarily deflecting flames.
R100 attempts to mitigate this (e.g. wind shield fences around the setup, using the screen in
Phase C to get a uniform indirect phase, etc.), but variability remains at unsatisfactory level.
This has engineering consequences: to be confident of passing a pool fire test, designers often
over-build safety margins (e.g. use thicker fire shields) to account for worst-case exposure.

Safety and Practicality

Conducting a full-scale pool fire test (especially 20 minutes long) is expensive, hazardous, and
requires extensive preparations (fire brigades on standby, environmental permits for smoke, etc.).
It is not something that can be done frequently in development. The burner test is moderately
safer - it can be done indoors in a ventilated fire chamber since it is easier to scrub propane
combustion gases (which are cleaner) and there is no large pool of flammable liquid, however
the burner installation is complex, expensive and non-universal. The radiant test is the safest
for laboratories - no open flame, and the test chamber often contains any fire that does occur
(acting like a furnace). Accordingly, the SAE radiant method has been widely used in research
and early prototyping, whereas regulatory compliance (which must mimic real accidents) leans
toward actual fire exposure.

Evaluation of Results

From a regulatory standpoint, R100.03 is a pass/fail safety test - there is no quantitative rating,
just a requirement: no explosion within given time. UL 1973 similarly is pass/fail with criteria
on explosion and projectile distances. SAE J2464, being a guideline, often does not “pass/fail”
a design but informs design improvements (though manufacturers can set their own criteria like
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“no fire outside enclosure” etc.). The engineering interpretation of a passed R100 test is that
the battery can survive a brief intense fire long enough for evacuation. A passed UL 1973 fire
test suggests the battery is robust even in catastrophic fire scenarios (more relevant to property
protection - e.g. an ESS might burn but not violently rupture, giving firefighters a chance to
contain it).

Instrumentation and Data

In a raging pool fire, any thermocouples or heat flux gauges near the battery are likely to be
destroyed or produce unreliable readings (soot deposition, etc.). Thus, R100 and UL tests are
usually observed externally (e.g. infrared cameras, visual cameras) but not heavily instrumented
on the battery itself (aside from internal thermocouples if it is available due to safety reasons).
The burner test, being slightly more controlled, can allow a bit more instrumentation (using
thermocouples on the battery and IR cameras). The radiant test in SAE readily accommodates
sensors - it can embed thermocouples in the battery and run wires out since there is no massive
flame to sever them (until possibly the battery itself burns). This means the radiant method
is useful for mechanistic studies - for example, measuring the time it takes for internal cells to
reach TR threshold under a known heat flux. Such data helps validate thermal models and fire
simulations.

6.3 Empirical Evaluation of Open Flame Fire Resistance Testing
Procedure

The main purpose of a fire resistance test is to evaluate the resistance against heat exposure
propagated by fuel spills and ensure the driver and passengers have enough time to evacuate.
The exposure of RESS to fire during the test is provided by positive-ignition engine burning
under atmospheric pressure. The specimen is engulfed in flames for a given time period and then
observed for any signs of explosion. This procedure (only with heat source in form of petrol)
is also adopted in other standards, such as ISO 6469-1:2019 [263], ISO 18243:2019 [264] and
GB 38031-2020 [73]. Additionally, provisions discussed above must be met (see Section 6.2.1).

6.3.1 Object of Investigation

The experimental analyses were performed on a complete RESS (shown schematically in Fig-
ure 6.5) with the following dimensions: 110 c¢m long, 80 ¢m wide, and 40 ¢cm high, which was
composed of lithium titanium oxide cells and a lagging system. The SOC value was set to 51%
of the normal operating range prior to the test. No active protection devices were present for the
test. For temperature distribution measurement, 10 thermocouples (denoted TC1-TC10) were
mounted on the outer surface of the battery. The exact thermocouples locations are described in
Table 6.3 and shown in Figure 6.5. All thermocouples, except for TC6, were fixed using square-
shaped gypsum pads with adhesive to isolate the measuring tip from environmental influences and
to measure solely the surface temperature as per EN 1363-1 guidelines [345]. Type K (NiCr-Ni)
thermocouples were used in the test with class 1 accuracy according to DIN EN 60584-2, which
corresponds to an error of £3.6 °C at 900 °C. A DataTaker logger with checked deviation error
of the measuring path was used as a data acquisition centre for thermocouples with a sampling
interval of 3 s. Expanded uncertainty for the whole temperature measurement was established
as £4.2 °C (based guidelines in [346]).

The test rig was composed of a fuel pan, brick screen, and a cart with a grating table and
specimen on top. The fire source, in the form of a steel pan filled with petrol, was fixed as a
stationary element with the cart and brick screen being freely movable. The RESS was placed on
the grating table constructed with steel rods with an 8 mm outer diameter with 40 mm spacing
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Figure 6.5: Thermocouple positioning scheme and description.

Table 6.3: Thermocouples locations on the RESS.

Thermocouple Location
TC1, TC6 The top and bottom surface of the RESS case in the centre
TC2, TC4, TCS8 The plugs
TC3, TCh5, TCT, TC9 The sides of the RESS case
TC10 60 mm below the specimen in the center (in a line with TC1 and 6)

in between, additionally supported with flat steel bars. The test rig was protected from wind
with panels to keep wind velocity at the pan level below 2.5 km /h.

The fuel pan exceeded the horizontal projection of the tested device by 40 cm in length and
30 cm in width (requirement is between 20 and 50 ¢cm). One ensured that during the exposure,
the RESS was positioned centrally to the pan to ensure even flame distribution. The sidewalls
of the pan projected between 0 and 5 mm above the fuel level at the beginning of the test. The
bottom surface of the test specimen was set at a height of 50 cm from the petrol surface.

RON 95 petrol was used in the test as a fire source. The amount of fuel for the duration of
the procedure was 25 1/m?.

Ambient conditions temperature 18.3 °C and humidity 68.1%. Average wind velocity mea-
sured at the pan level was 0.97 km/h and for the whole duration of the test, it did not exceed
2.5 km/h (TESTO thermal anemometer, calibrated, error of 0.05 m/s at 1 m/s wind speed).
Fuel average temperature was 18.9 °C.

6.3.2 Experimental Results

The test lasted in total 1 h 34 min 39 s starting from the ignition of fuel up to reaching ambient
temperature at thermocouples TC1-TC10 (see arrangement in Figure 6.5). Analysis presented
in this section is presented for the first 10 min of the test. The results past the 10 min mark show
a constant decrease in temperature until levelling with ambient conditions. The thermocouple
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arrangement allowed the determination of the temperature Tr¢ distribution in space for a chosen
time. A photograph from the test is shown in Figure 6.6 - the DUT is inside the flames (Phase B);
the right photograph shows from bottom angle (partly showing the concrete foundation of the
screen protectors).

Figure 6.6: Photograph with sample and test rig during the UNECE R100.03 test (Phase B).
For each thermocouple, the maximum recorded temperature was determined using:

TE . (z,y, 2) = max(Thy, (z,y,x)) for i = 1,...,10 (6.14)

where subscript T'C is related to he thermocouple, and index 1-10 denotes its location; super-
script P indicates the phase of the test according to Table 6.2. Table 6.4 shows the maximum
recorded temperature at every thermocouple in each phase. Analogously, the average tempera-
ture and standard deviation during each phase was determined using the following equations:

ZTM t)fori=1,..,10 (6.15)
(TR, —T"
ok = \/Zﬂ ! nT_Czl T i 1,...,10 (6.16)

During phase A, temperatures slowly increased during the first 60 s (see Phases description for
reference in Table 6.2). Next, immediate temperature spike was observed in phase B, where
the specimen was directly subjected to the flame. In the course of indirect exposure to flame
(phase C), the temperatures on the surface of the battery case reached their maximal values.
In phase D, the test specimen was removed from the fire source and the temperatures generally
dropped steadily until equalizing with the ambient temperature.

During phase A, TC9 recorded highest value. The side of the battery with TC9 faced toward
the flame; thus, one assumed wind might have directed some hot air toward the battery. The
highest temperatures in phase B were recorded for TC7, TC6, and TC5. The flame centre line
was observed to lean toward the side with TC7; therefore, TC6 was expected to record lower
temperature, despite being closer to the fire source. Next, in phase C, the highest recorded
temperatures were at TCT7, TC5, and TC10. Additionally, the remaining TC temperatures
increased in comparison to the previous phase, suggesting that conditions started levelling around
the battery, and the brick screen may notably reduce exposure. Phase D highest temperatures
coincided with the transition from phase C, except for TC9, where ignition of the paint of noted.

The average temperature values show that the testing conditions peaked in phase C with
452.0 °C despite screen-reduced flame. The standard deviations of phase B and C were 218.3 °C
and 239.3 °C, respectively, which supports the premise that the temperature distribution around
the battery was highly irregular. With average temperature being higher later in the test and
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with considerable statistical dispersion, the results indicate that a steady burning rate may have
not been reached by the end of the test.

Table 6.4: Maximal recorded temperature (°C) of thermocouples TC1-TC10 and the average
temperature in a given phase. Phases A, B, C, and D according to Table 6.2 and Figure 5.2.

Thermocouple | Phase A | Phase B | Phase C | Phase D
TC1 20.6 270.7 430.5 428.8
TC2 24.1 354.9 456.6 335.4
TC3 18.7 205.6 299.3 382.2
TC4 25.4 252.9 255.9 223.1
TCh 18.6 711.2 880.6 788.1
TC6 39.6 799.8 693.5 685.0
TCT 18.2 929.6 929.9 849.0
TCS8 22.7 163.7 219.3 171.9
TC9 42.2 200.3 219.2 433.6
TC10 16.0 717.5 714.6 712.6

T 19.1 254.7 452.0 44.5
or 3.7 218.3 239.3 54.9

In addition, for all thermocouples, the rates of temperature change (RTC) vpc and their
maximum values were respectively determined using the following formulas:

aTTC’i (l‘, Y, z, t)
ot

vrei(x,y, z,t) = fori =1,...,10 (6.17)
vhei(x,y, 2) = max([vhe, (2, y, x)|) fori = 1,..., 10 (6.18)

where subscript T'C' is related to the thermocouple, and index 1-10 denotes its location. The
superscript P indicates the phase of the test according to Table 6.2. Analogously, the average
RTC and standard deviation during each phase were determined using the following equations:

n

1
—p Z .
= — i fo =1,...,10 6.19
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n—1
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\/Zﬂ 1 (Ve = 7) fori=1,...,10 (6.20)

Table 6.5 shows the maximum RTC for every thermocouple in each phase, and the average and
standard deviation of the RTC in a given phase.

The highest RT'C was recorded during phase B for TC6 measuring fire temperature; since the
measuring tip was uncovered, the temperature spiked immediately. In phase C, TC) registered
the highest temperature of 94.0 °C, which might be attributed to the flame leaning toward TC)
and TC7, both being directly exposed to flame (protecting gypsum pad detached). This also
corresponds with the highest RTCs in phase D of TC5 and TC7, as they were cooled by air
immediately after the battery was removed from the flame source. Notably, a sudden rise was
recorded at TC9, corresponding to the ignition of the paint in the thermocouple area.

In phase B, the highest average RTC was 17.5 °C/s, which was expected due to the rapid
accretion in temperature caused by exposure to flame. However, in the following phase C, the
average RT'C was only 0.7 °C/s, suggesting the testing conditions started then equalized around
the battery. The standard deviation was highest in phases B and C at 38.6 °C/s and 23.2 °C/s,
respectively, confirming the flame was prone to momentary changes in local conditions (i.e., wind
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speed and puffing). Hence, the unsteady transitory period of burning was not eliminated by the
initial phase A pre-heating. The absence of a steady burning rate may result in unreliable tests
performed according to the same procedure.

Table 6.5: Maximal and average RTC vpo (°C/s) for thermocouples. Phases A, B, C, and D

according to Table 6.2 and Figure 5.2.

Thermocouple | Phase A | Phase B | Phase C | Phase D
TC1 0.2 18.4 15.6 —-7.3
TC2 0.8 30.3 —22.1 —25.0
TC3 0.9 20.6 9.9 19.8
TC4 5.1 38.5 7.8 9.2
TCh 0.4 167.5 94.0 —132.2
TC6 9.3 298.9 92.8 —163.9
TC7 0.3 152.8 —93.7 —147.1
TCS8 14 14.9 11.3 —-2.5
TCY 8.3 17.3 2.7 54.7
TC10 0.5 103.7 17.6 =777

v 0.4 17.5 0.7 —0.2
Oy 1.0 38.6 23.2 3.2

For a more in-depth analysis, the thermocouples were divided into sets: top, bottom, and
side surfaces, and plugs.

The temperature comparison between the top and bottom surfaces of the case is presented
in Figure 6.7. The maximal temperature at the bottom surface of the RESS case (TC10) was
717.5 °C (phase B) at 120 s of the test. Afterward, it fluctuated around 700 °C until 198 s (at the
beginning of phase D), after which it began to decrease. This showed that the bottom surface
received a steady influx of heat and the temperature of the flame at this height was set around
700 °C. The temperature peaked only at the end of phase B, which may imply the exposure
conditions stabilized then (i.e., at the end of the transitory period).

Air velocity was maintained below 2.5 km/h. However, pool fire was observed to deviate
from the centreline of the pan. The maximal temperature at the top surface (TC1) was only
430.5 °C (phase C). The top surface was isolated from the direct influences of the pool fire and
heat transfer. Since the temperature increase at TC1 was mainly caused by conduction through
the steel case, the temperature rise was less steep, but more stable.

When the specimen was removed to its initial position at the start of phase D, the bottom
surface of the battery started to dissipate the heat rapidly, as reflected in the sudden RT'C drop.
In comparison to TC10, the TC1 RTC was much more consistent for phases B to D. Due to the
battery’s geometry, the measuring point of TC1 was hidden from the source flame and as stated
above, the temperature rise was assumed to be mainly caused by conductive heat transfer of the
steel case.

Figure 6.8 shows the temperature and RTC results on the plugs of the RESS subsystem. TC4
and TC8 were positioned in the nook of the battery; therefore, lower temperatures compared
to the other points were expected at these particular locations. TC2 was placed on the plug,
substantially closer to the edge; thus, it was more likely to record higher temperatures. However,
the highest temperature was achieved in phase C, while fire source was reduced by the brick
screen. This phenomenon may have been caused by difference in flame temperature distribution
while changing from phase B to C [325]. As the height of the pool fire varies within above-
mentioned phases, it influences fire temperature zones in the continuous flame region [347].

Additionally, parts of the electrical plugs ignited during the test, contributing to the incon-
sistency in the temperature curves and RTC changes. In Figure 6.8, a sudden rise at 108 s of
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Figure 6.7: Temperature (7') and RTC (v) over time (¢) of thermocouples TC1 and TC10 in the
first 600 s of the test. Phases A, B, C, and D according to Table 6.3 and Figure 6.5.

the test, which corresponds with the flames curving around the nook (confirmed by the visual
observations), can be noticed. This confirms the highly stochastic nature of the pool fire even

under controlled environmental conditions [348].
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Figure 6.8: Temperature (7') and RTC (v) over time (¢) of thermocouples TC2, TC4, and TC8
during the first 600 s of the test. Phases A, B, C, and D according to Table 6.2 and Figure 5.2.

The temperature measurements and RTC from the sides of the battery are presented in
Figure 6.9. Firstly, a large temperature difference distribution around the battery was observed.
During phase C, the highest temperatures of 929.9 °C and 880.6 °C were recorded at TC7 and
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Figure 6.9: Temperature (T') and RTC (v) over time (t) of TC3, TC5, TC7, and TC9 in the first
600 s of the test. Phases A, B, C, and D according to Table 6.2 and Figure 5.2.

TCbh, respectively; at TC3 and TC9, the temperature remained at max. 299.3 °C and 219.2 °C,
respectively. At TC3 and TC9, the highest temperatures were registered at the moment of
reverting the test specimen to the initial position during phase D. This phenomenon may be
attributed to the pool fire and its unpredictable behaviour, as well as lack of a sufficiently sized
fire source. The temperature readouts also indicated that the flame stabilized during phase C,
similar to TC10.

It was noticed that at TC5 and TC7, a substantial fluctuation in the rate of temperature
change occurred, especially during phase C. Since temperatures reached over 800 °C, the gypsum
pad protecting the measuring tip detached and the thermocouples were directly subjected to the
flame and its fluctuations. This event allowed to evaluate the scale of temperature changes in
the battery’s surroundings. In 162 s of the test, the flame stopped leaning toward the TC5 side,
which can be noticed in the temperature curve, showing a rapid decline and local minimum
value of 586.8 °C at 180 s. Following this, there was a temperature rise to 788.1 °C at the
end of phase C, which is a difference of 201.4 °C between the values within 18 s of the test,
showing that a slight change in the pool fire free-burning conditions may substantially alter the
testing temperature. In contrast, the TC3 and TC9 RTCs were characterized by notably less
zig-zagged curve during phases B and C, since the flame was directed to other sides. However,
at the beginning of phase D and just before 300 s of the test, two spikes occurred in TC9. By
visual observation, they may be attributed to the sudden ignition of the case painting, which
dissipated quickly after they were noted.

Additional illustrations from the test has been shown in Appendix C.

6.3.3 Theoretical Estimation of Temperature Inside the RESS System

The temperature distribution inside the RESS system was determined theoretically. Calculations
were performed using the temperature values determined experimentally during the test (see
above Section 6.3.2).

The following assumptions were used to allow interior temperature calculations (specific de-
sign and simplification was chosen due to confidentiality agreement with manufacturer of the
battery):
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Figure 6.10: Model of the internal battery temperature calculation. See Section 6.3.3.

Heat transfer is one-dimensional.

R values of lagging, i.e., battery case and insulation, are taken as constant, irrespective of
the temperature.

The dominant form of heat flux generated by the fire source is presumed to be convective.

The battery case remains airtight for the duration of the test or losses generated by the air
circulating outside the battery are negligible.

A simplified one-dimensional model, see Figure 6.10, of heat transfer inside the RESS was
constructed to estimate the temperature of the battery’s interior and then to evaluate if the
cells might have reached the critical point (75 in HTR loop; see Section 2.2) in comparison with
known data during the fire test. For this purpose, one assumed that heat was transferred only
by the bottom division and the battery was airtight with a specific amount of internal air. Heat
flux was moderated with a 5 mm thick steel casing Leqse and 20 mm thick insulation material
Liso. In reality, the exact material used for the RESS lagging is a trade secret of the RESS
manufacturer, however, this assumptions reflect thermodynamic material properties of the used
material. Parameters used for calculation are summarised below:

e Thermal insulance (R): inside R;, = 0.2 m?K/W, insulation R, = 0.5 m?K/W, case
Rease = 3 - 1074 m?K /W, outside Rout(Trice)-

e Thickness of the barrier (R): insulation L;s, = 20 mm, case Legse = 5 mm.

Pool burning heat generation consists of many variables and is dependent on the size of
the pool (non-circular shapes are approximated to circular shape). Generally, according to the
conservation of energy of the liquid, fire source heat flux can be expressed as [332, 326]:

Q = Qr + Qc - QT’I‘ - Qmisc (6.21)
where Q, is radiant flux, Q. is the heat absorbed by convective means, Q. is the re-radiant heat
loss as the surface of the pool is at high temperatures, and @Q;sc defines any other losses (i.e.,
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conduction of the walls and stochastic terms). In this particular R100.03 pool fire, one assumed
that the dominant heat transfer was convective.

As mentioned above, flux is estimated to be largely dependent on the convective heat trans-
ferred by the pool fire. Convective heat flux was determined using the following equation [324]:

A(Tres(t) — Tin(t))
R(Trce(t) — Treio(t))

where A is area of the bottom surface of the RESS, T;, is the internal temperature, and R is
total thermal insulance.

Qr(t) =

(6.22)

R=) " (6.23)
i=k

where r is the thermal insulance of each division. Thermal insulance varies depending on the
temperature of the medium; yet in this approximation, the R value of the case, insulation, and air
inside (denoted as Regse, Riso, and Ry, respectively) is taken as a constant value, since the overall
results will not differ by more than 5%. The variables here were the convective heat coefficient
of air outside and its thermal insulance, which were contingent upon the test temperature data
of TC6 and TC10.

At the beginning of phase B, the temperature inside the battery (7;,(0)) was equal to ambient
(18 °C) and it served as a starting point for iteration.
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Figure 6.11: Calculated temperature inside the battery in comparison to TC1, TC6, and TC10.

Therefore, the momentary energy transferred to the inside of the battery and then the tem-
perature increase due to such energy could be calculated as follows:

1 0Qr
AT (t) = . 6.24
in(t) m(Trce(t)) - Cp(Trees(t)) 6t (6.24)
where m is the mass of air inside the battery and C), is the specific heat at atmospheric pressure
as a function of TC6 temperature. The calculation results are presented in Figure 6.11. The
internal temperature was estimated to rise up to 148.1 °C at 381 s. This indicates that even
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with flame source removed, the temperature is likely to rise for some additional time. Crucial
to battery failure is the breaching critical point, where the TR of the battery starts, as noted in
Section 2.2 T5, ranging from about 120 to 200 °C, depending on the cell chemistry. The above
results show that the reaction is more probable to happen past the flame exposure phases, where
the temperatures of each insulating division, the surroundings, and the interior of the battery
begin to equalise.

Considering TR phenomena stages, thermal degradation process starts between 80-150 °C
with breakdown of the SEI layer and with self-sustained exothermic reactions starting at 90 °C,
with the eventual melting of the separator ranging from about 120 to 200 °C, which causes an
internal short circuit and rapid TR [114]. It was concluded the cell temperature was actually
lower than the calculated 148.1 °C and the separator did not fail during the test (probably due
to own thermal inertia). There were no signs of self-ignition or flaming from the battery, nor
rupture was found on its case.

The limitations of the presented model are listed below:

Due to the upward heat transfer direction, the above-mentioned calculations are valid only
for the testing set-up with fire source below the tested device.

e The fire source dimensions may not substantially exceed the battery’s horizontal projection,
as the heat transfer on the sides of the battery is also expected to have a significantly higher
impact on the interior temperature (the maximum range is 500 mm in each direction).

e With increasing size of the pool fire (> 10 m?), the contribution of the radiant flux is
expected to rise; therefore, the total heat flux should be either a sum of convective or radiant
flux. The latter, however, is dependent on many variables due to the changing emissivity
coeflicient of the surface of the battery, which is attributable to random phenomena such
as burning of the paint and soothing of the flame.

e The model assumes a two-layer passive heat insulation system, which is comparable to
an actual system. In reality, the battery interior has more complex design and multiple
barriers, and nooks that may vary the results.

6.3.4 Summary

Temperature data obtained during the fire resistance test of a RESS showed that even with the
precautions required by the reference document, the flame source is highly stochastic in nature.
The pool fire produced vastly diversified temperature around the casing, which was influenced
by different factors such as the size of the fire pool, wind speed, and the length of the testing
phases.

The variance in the temperature distribution showed that a steady burning rate may have
not been reached by the end of the exposure. Lack of this state may have adverse impacts on the
reliability of the procedure and therefore on failure prevention detection, which this procedure
should provide.

The current restrictions and rules in the R100.03 fire testing procedure may be considered
as insufficient to provide reliable conditions for a homologous testing procedure. The procedure
should be revised in terms of the method of exposure.

TR of the battery is more likely to occur after fire exposure, when the temperatures begin
to equalize inside and around the battery.
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6.4 Statistical analysis of Open Flame Fire Resistance Testing
Procedure

This study presents a statistical investigation into the repeatability of the R100.03 procedures,
analysing them in terms of exposure conditions, temperature, wind effects, and the sizes of both
the DUT and the pool fire. It also offers an evaluation of the reliability of these test methods
as safety standards in Europe and China. The purpose of this investigation is to determine the
level of repeatability in large-scale pool fire tests involving test objects engulfed in flames and to
assess the provisions established in the R100 procedures.

6.4.1 Experimental Setup and Instrumentation

The experimental site consisted of stationary rectangular pans (tray) with dimensions provided
in Table 6.6. The pans were filled with 20 dm?®/m? of 95-octane gasoline (E5, as specified in EN
16942 [349]) and 40 dm3/m? of tap water. The other elements included a movable cart with the
specimen, which allowed for transferring the DUT over the pool fire for Phase B, and a cart with a
perforated brick screen that could also be moved above the pool fire during Phase C. The exposed
surface dimensions of the DUT that were subjected to the tests are listed in Table 6.6; all samples
were of rectangular horizontal projection.

The testing rig was shielded from wind by a 2.5 m-high corrugated steel fence positioned
within 30 c¢m of the tray. At no point did the wind speed exceed the required value of 2.5 km /h.
The experimental site was located outdoors, and the ambient conditions—including temperature,
humidity, and average wind speed - are listed in Table 6.6.

The DUT surface areas in the study ranged from 0.23 m? to 1.22 m? while the pool fire sizes
varied between 0.58 m? and 2.10 m?.

During the tests, a series of type-K thermocouples were positioned around the DUT to record
its surface temperatures. The schematic of the thermocouple placement is shown in Figure 6.12.
The thermocouple measuring tips were mechanically fixed at specified locations on the DUT’s ex-
terior. Type K thermocouples were used, supplemented by additional thermocouples for ambient
and fuel temperature measurements. Each thermocouple was connected to a data logger (Pumpa
0056/2011 with ADAM 4118 RS485 thermocouple modules) with sampling rate of 0.5 Hz. Wind
velocity was measured using a Testo 480 hot-wire anemometer. The anemometer probe was po-
sitioned at the level of the pan, distanced, and shielded from the fire source to avoid interference
from convective heat flows. All measuring equipment was externally calibrated in laboratories
compliant with EN ISO/IEC 17025:2018 prerequisites.

The testing rig consisted of rails, two steel carts (one for DUT transport and another for the
brick screen), a stationary steel rectangular tray, wind shields made of a 2.5 m high fence, and a
standardised 20-feet freight container for DUT storage after the test. The movement of the carts
was carried out using a pulley system, operating at a linear speed of 0.4-0.5 m/s. Additionally,
a dousing system was enabled to extinguish the burning fire fool immediately after the DUT was
removed from fire exposure.

6.4.2 Statistical Data Analysis

To quantify the errors and random effects during testing, each test was evaluated using statis-
tical data analysis concepts based on the guidelines and instructions outlined in the ISO 5725
series [350, 351, 352|. This approach provides numerical insights into the repeatability and
precision of the testing procedure and heat source while also contextualizing non-regulated pa-
rameters such as ambient temperature, humidity, and flame temperature. Additionally, it allows
for comparisons of defined parameters within the testing procedure.

The design of the testing rig is aimed to minimize systematic errors and ensure consistent
execution of each test. Random parameters influencing the test results included flame instability,
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i (5] Ijescription Location
3 100mm from the bottom edge,
Front side N
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F 100mm from the bottom edge,
Left side mid-length
RS Right side 100mm Tmm. the bottom edge,
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B Back side 100mm '-’ruln. !he.hrltlom edge,
mid-width
T Centre top In the geometrical centre of the top
surface.
g b In the geometrical centre of the
2 Kentne bottom bottom surface, 150mm below.

Figure 6.12: Thermocouple positioning scheme for the dataset.

wind gusts, ambient temperature (within allowable limits), humidity, initial petrol temperature,
and phase-transition times. These parameters were analysed for correlations with heating con-
ditions, including temperature and its distribution.

The devices used in the tests were calibrated, and systematic error changes were assumed to
have no impact on the system. Measured quantities were treated as random variables following
a normal distribution, adhering to the simple acceptance rule [353].

For each thermocouple and test number, the time-dependent mean exposure temperature T
and standard deviation o were calculated using the following equations:

nP.

_ 1 <
Tfj(t):ﬁ TY(t) (6.25)

1] k=1

n‘Fj

1 - =p

o0 = | 2 (T~ T)? (6.26)

v k=1

where i denotes the thermocouples placement (CT, CB, LS, RS, FS or BS; see Figure 6.12), j is
test number (1-16), 7 is the selected phase of the test, p represents the population and ¢ represents
time. The following data are used in the time-temperature graphs shown in Figure 6.13a.

Subsequently, the general mean and repeatability standard deviation were estimated for each
thermocouple using the following equations:

Zt np*P
7P j=1"%5+" ij

T, = =2 (6.27)
ijlnfj
t p p
- ot (nt.—1
P Z]_l i ( ©j ) (628)

ORi ¢
' Zj:l (”Z -1)
Currently, there is no available data on the repeatability standard deviation specifically for the
R100.03 test. Thus, the calculated o, based on ISO 5275-4 is considered the best estimate [352].
Further checks of precision can only be performed when the repeatability standard deviation of
the standard measurement method, O'gi, is determined in accordance with ISO 5275-2.

For comparison purposes, the reference standard deviation from the time-temperature curve
in ISO 834-1 |354| and the International Code for Application of Fire Test Procedures [355] is
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Figure 6.13: Test results charts. Temperature readings from the thermocouples located at the
bottom centre of the DUT during Phase B (a) and C (b). Wind velocity in relation to average
temperature (c¢) and average standard deviation (d) from each test (represented as points).
Subsequent figures show pan coverage in relation to the average temperature (e) and average
standard deviation (f).

used. This standard deviation is based on the maximum allowed tolerance in the standards of
+100°C, where of,; equals 81.6°C. This value is then used to compute the test statistic C' and
the critical value Cg.;, calculated as follows:

P = (011)21;)2/(‘7&)2
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Cp

crit —

(6.30)

where x2_, (v) represents the 1 — a quantile of the x? distribution with v = j — 1 degrees of
freedom. For this scenario, ISO recommends o = 0.05.

If value CP is larger than C? . the test method or procedure should be investigated for
discrepancies. If C? . is larger or equal to CP, no further investigations are necessary, and the

obtained data can be used in subsequent analyses. Hence, the ratio was defined as x factor.

cr

crit

K (6.31)
k factor is used in a summary of the test results is provided in Table 6.7 to determine the
potential discrepancies.

Table 6.7: Summary of the exposure temperatures for Phases B and C - average temperature
(T?), repeatability standard deviation (o0B) and k factor for thermocouples CT, CB, RS, LS,

)

FS, BS.

CT CB RS LS FS BS X

., °C | 325.5 | 667.0 | 463.2 | 476.0 | 342.1 | 506.9 | 463.4
0B, °C [ 1235 | 138.7 | 1275 | 1585 | 84.0 | 164.1 | 132.7

;, °C | 360.6 | 740.2 | 536.2 | 574.1 | 442.5 | 586.5 | 540.0
01%-7 °C' | 45.7 | 284 | 43.7 | 49.9 | 33.1 | 47.0 | 413

6.4.3 Conclusions

In the following chapter, it is presented and discussed the results of a series of fire-resistance tests.
The aim of this analysis is to highlight the crucial aspects of the tests in terms of repeatability
and accuracy. Based on the initial study made by doctoral candidate [356], fluctuations and
variances were anticipated; however, multiple factors were found to influence the final results.

The analysis focused on Phase B (direct exposure of the DUT to fire) and Phase C (indirect
exposure of the DUT to fire), with Phase A included only as a reference for fire stability (see
Section 5.4.3 for reference on phases description). Phase D, the observation phase, was inten-
tionally omitted as its outcomes were dependent on the DUT design, which varied significantly
between samples and was confidential to the manufacturer. Each of Phases A, B, and C lasted
the minimum required durations of 60, 70, and 60 s, respectively (refer to Table 6.2). Variations
in the total phase lengths were attributed to the movement of the DUT and the screen.

Exposure Conditions

Fire exposure occurs during Phases B and C, where the DUT was positioned directly above the
fuel tray. Due to wind variations during the test and eddy currents creating vortices around the
flame, it was determined that the thermocouples along the centreline (denoted as "CB") could
reliably evaluate the exposure temperature, as their measuring tips remained within the flame
for the entire duration. Figure 6.13 illustrates the mean (Tfj(t)), maximum, and the minimum
temperature, along with the standard deviation (Ufj(t)) during Phase B (Figure 6.13a) and C
(Figure 6.13b).

At the beginning Phase B, a significant variation temperature was observed, ranging from
10.0 °C to 958.3 °C. The mean temperature increased until the 30-th second of the phase, where
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it stabilized at approximately 700 °C. The maximum of standard deviation at 270.0 °C and
averaged 138.7 °C throughout the phase.

Phase C exhibited relatively stable conditions, with a mean temperature of 740.2 °C and an
average standard deviation reduced to 28.4 °C. The observed temperature range during Phase C
was between 498.2 °C and 875.7 °C.

For thermocouples located below the DUT (denoted as "CB"), the average temperatures
during Phases B and C were relatively constant, indicating that the perforated brick screen
did not influence the exposure temperature along the centreline. However, temperature sensors
positioned around the DUT (denoted as FS, BS, LS, and RS) showed an increase in values
from Phase B to Phase C, though this change was inconsistent. Depending on the location,
temperature sensors recorded increases ranging from 73.0 °C to 100.4 °C. The rising temper-
atures from Phase B to Phase C can be explained that the steady-state burning of the pool
fire was not achieved, and the regulatory 60 s preheating period may be insufficient to establish
stable temperatures. This observation aligns with findings from the results shown in previous
section 6.3.

One of the reasons for the significant standard deviation observed during Phase B is that the
pool fire had not yet stabilized. The R100 procedure requires a preheating period of 60 s, while
it is indicated that the stabilization time may be as long as 150 s to reach the optimum burning
rate under given ambient conditions [337]. To address this, either a longer preheating period
should be implemented, or the heating medium should be reconsidered. Pool fires have been
shown to be prone to puffing and geometry changes due to the entrainment process [330, 357].
Vortex formation and the creation of lower-temperature regions at the flame edges may explain
the fluctuations observed in thermocouple readings around the tested specimen (see Table 6.7,
denoted as RS, LS, RF, and BS). For both phases, the temperatures around the specimen varied,
with notable standard deviations recorded. Based on the studies a recommendation can be that a
proper engulfment of the sample in fire requires a substantially larger pool (above a 1:5 sample-
to-pool area ratio) (340, 358|. However, this size of a pool with batteries sizing even above
2.1 m? is particularly unpractical. During Phase C, the temperature is almost constant along
the centreline, while fluctuations of temperature were still recorded on perimeter thermocouples.
The use of a perforated brick screen for pool fires between 0.58 m? and 2.10 m? did not affect
the temperature readings along the flame centreline compared to Phase B. The pool sizes of
0.58-2.10 m? were determined by the restriction on the pool size being at minimum 200 mm and
at maximum 500 mm larger than the specimen (exposed surface), see Section 6.2.1 for further
reference. The range of the specimen sizes and connected pool fire sized shows Figure 6.3b.

The substantial variation in temperature at the start of Phase B can be attributed to two
factors: the linear cart speed with the DUT and the DUT size. The testing method does not
specify a required linear speed for the carts, which can lead to prolonged exposure of the tested
device, as the Phase B timer starts only when the DUT is aligned with the tray’s centreline.
Without regulation of cart speed, the exposure period during Phase B can be extended by as
much as 28% at an average cart speed of 0.1 m/s (see Table 6.6 and pool length). Another
influencing factor is the length of the DUT, specifically the dimension parallel to the movement
path. Longer specimens remain in the fire significantly longer throughout the test before reaching
the centreline.

Influence of the Wind Speed and Pan-Coverage Ratio

The average wind velocities recorded during the tests ranged from 0.2 km /h to 1.1 km/h, with in-
termediate values remaining below the regulatory threshold of 2.5 km/h (see Section 6.2.1). Cor-
relation graphs were generated to analyse the potential influence of wind on the flame temper-
ature around the battery. Average temperature and standard deviation values, calculated from
the thermocouples denoted as FS, BS, LS, and RS, were compared with mean wind velocity for
Phases B and C, as presented in Figure 6.13.
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Wind velocity was found not to influence the average temperature values on the sides of
the tested specimen, as shown in Figure 6.13c. However, a correlation was observed between
temperature standard deviation and wind velocity, though with a low coefficient of determination
(approx. ~ R? = 0.10 and 0.03 for respectively Phase B and C). The distribution, shown
in Figure 6.13d, exhibited significant homogeneity. Consequently, the dataset was deemed too
sparse to produce a reliable regression model, or there is no relationship between two parameters.
The average standard deviation was found lower during Phase C than Phase B.

The test results align finds from previous Section, indicating that hydrocarbon pool fires are
prone to fluctuations caused by self-induced air vortices. At wind velocities below 1.1 km /h,
temperature results showed no directional bias towards any side, even though the flame tilted
periodically during the tests.

The pan size was determined according to the rules specified in R100.03 [254], with dimensions
exceeding the specimen size by 200 mm to 500 mm. The pan-coverage ratio ranged between 38%
and 65% for the samples taken for this study, as shown in Figure 6.3b. Additionally, the exact
sizing of the pool fire is defined on the basis of firebrick fixed dimensions (see Figure 6.14), which
due to technological issues are not cut to size.

Annex 9E - Appendix 1

Dimension and technical data of firebricks
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Figure 6.14: Firebrick specification taken from UNECE R100.03 [254].

As with wind speed, correlation graphs were created to investigate the influence of the pan-
coverage ratio on exposure conditions, represented by the average temperature during the test
phases and the average temperature deviation. The calculations included thermocouples denoted
as FS, BS, LS, and RS, which were located on all four sides of the DUT. The graphs are shown
in Figure 6.13.

No correlation was found between the pan-coverage ratio and average temperature during
Phases B and C, as shown in Figure 6.13e. The results demonstrate that an increase in pan-
coverage ratio does not influence the temperatures around the DUT. Similarly, the average
standard deviation of the temperature (Figure 6.13f) was not dependent on pan-coverage values.
Phase C values for average standard deviation were consistently lower than those for Phase B,
mirroring the results observed for wind speed.
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Ambient Conditions and Fuel Temperature

Tests were conducted in a range of ambient temperatures above the minimum required 0 °C,
with an average of 14.9 °C. Ambient temperature was measured before and during the test in the
vicinity (approx. 0.5 m) from the test rig, shielded from the flame influence. Ambient humidity
levels were recorded during each test, ranging from 14.3% to 94.5%. Initial fuel temperature
ranged between 3.2 and 27.1 °C. These data were included in the statistical analysis to assess
any correlations between humidity and the variability in temperature exposure around the device
under test. However, no statistically significant correlations to exposure temperature and its
distribution were found either for the initial temperature of the fuel or for ambient temperature
or humidity.

To investigate correlation Pearson coefficients were determined according to following equa-
tion:

_ 2 (@i —T)(yi —¥)
Vi (@i = 2)2 /2 (i — §)?

where x; and y; are data points, Z and gy are the means and n is number of pairs. The |p|
values ~0 mean no correlation, 0.0-0.2 very weak correlation, 0.2-0.4 weak correlation, 0.4-
0.6 moderately stron correlation, 0.6-0.8 strong correlation, 0.8-0.9 very strong correlation, ~1
perfect correlation [359].

The Pearson correlation coefficients in Phase B for ambient temperature, humidity, and initial
fuel temperature are, respectively, —0.29 (p-value of 0.273), 0.43 (p-value of 0.093), and —0.17
(p-value of 0.532), while in Phase C are —0.17 (p-value of 0.569), 0.13 (p-value of 0.668), —0.08
(p-value of 0.793). None of the p-values indicate that the correlations are statistically significant.

P (6.32)

6.5 Discussion on the Open Flame Fire Resistance Testing Pro-
cedure

Since the R100 fire-resistance testing procedure is used in the European Union’s homologation
process and sets standards for LIBs in EVs, the prescribed method should produce repeatable
conditions, provided all provisions are met [360|. This testing procedure has also been adopted
in other standards, such as ISO 6469-1:2019 [68], ISO 18243:2019 [264], and GB 38031-2020 [73],
method is also replicated in UL 2580 and UL 1973, although with significantly longer (9 times
longer) exposure time [283, 285]. Consequently, similar issues with repeatability may arise glob-
ally. Studies conducted in the course of PhD thesis have already highlighted the stochastic nature
of hydrocarbon pool fires [67, 356, 361]. Although a new testing method based on LPG burn-
ers was proposed in 2020 [362], the hydrocarbon curve-based method remains in use for official
homologation of battery storage systems [254, 363].

According to Table 6.7 and ISO 5275-4 [352], the Phase B k factor exceeds 1 for all thermo-
couple locations except the front side, indicating that the procedure should be reviewed for incon-
sistencies. All provisions and requirements specified in the standard method (see Section 6.2.1)
were met, and additional measures were implemented to further limit exposure condition vari-
ances. Despite these efforts, large temperature standard deviations were observed throughout
Phase B (averaging 132.7 °C). Deviations resulting in the performed test may be unavoidable due
to thermal characteristics of hydrocarbon pool fire and from the standardisation perspective, it is
highly not recommended to use this phenomenon. Furthermore, temperature differences between
the centreline and the sides (from 160.1 °C to 324.9 °C), attributable to the burning dynamics
of hydrocarbon pool fires [332, 326.

Phase C exposure conditions showed positive x value (see Section 6.4.2) in terms of repeata-
bility assessment, as presented in Table 6.7. The influence of the perforated brick screen, which
creates a nozzle effect leading to a more stable hydrocarbon pool fire, or the longer burning
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time, indicate that hydrocarbon pool fires between 0.58 and 2.10 m? require more than 60 s to
stabilize. Nevertheless, a similarity in average temperature along the centreline was observed,
while the sides exhibited substantial differences, with temperatures ranging between 153.7 °C
and 297.7 °C. Since the fire-resistance test for a given DUT is performed only once, a strong
bias may develop toward one side. Standardized testing procedures should ensure relatively uni-
form testing conditions with minimal bias, as real-life pool fires can occur at random locations.
The R100 fire-resistance testing procedure thus produces specific conditions that apply to only
a narrow range of accident scenarios.

Wind velocity was found not to influence average temperature during Phases B or C. However,
an increasing trend in standard deviation with rising wind velocity was observed, as shown in
Figure 6.13d, particularly during Phase B. This indicates the vulnerability of hydrocarbon pool
fires to low wind velocity changes, which aligns with observations made during the tests. No tilt
bias toward any specific side was detected. Since the mean wind velocity values were relatively
low (below 1.1 km/h) compared to other studied conditions [364], it can be assumed that wind
velocity does not significantly contribute to the high variance observed during the tests.

For Phase C, the mean standard deviation of temperature was significantly lower than in
Phase B and remained non-dependent on the pool fire extra surface. As the range of pool fire
extra surface is strictly prescribed in the testing method (refer to Section 6.2.1), no data are
available for DUTs significantly smaller than the pool fire. While increasing the pool fire area
may reduce temperature variance around the DUT to some extent, practical challenges arise in
designing a reliable testing rig with larger hydrocarbon pool fires, especially when moving parts
are involved.

The insights gained from this study have valuable implications for computational modelling
and simulation of fire-resistance scenarios. The variability observed in the experimental results
could serve as critical input parameters for probabilistic models, such as Monte Carlo simulations,
to evaluate the range of potential outcomes under similar testing conditions [365]. By incorpo-
rating the stochastic elements of hydrocarbon pool fires, such as temperature deviations and
flame behaviour, these models can better predict real-world performance and inform the design
of battery energy storage systems.

6.6 Alternative Fire Resistance Testing Procedure for Lithium-
ion Batteries

Open-flame fire testing has become a cornerstone of safety evaluations for LIB systems, especially
in EVs and ESS. Regulatory standards like the UNECE R100.03 (for EV batteries) and various
national and industry standards prescribe exposing a battery pack (or ESS) to an engulfing
fuel fire for a short duration to assess its resistance to fire and to ensure it does not violently
rupture or explode during the exposure. This approach aims to simulate a post-crash fuel fire
impinging on a battery, ensuring occupants have time to escape and that first responders are not
faced with immediate battery explosions. Chapters 5 and 6 of this thesis presented such pool
fire tests and highlighted significant challenges in repeatability and safety assurance. In light of
those findings, this chapter explores an alternative fire-resistance testing procedure developed
by PhD candidate for LIBs based on controlled furnace exposures (in line with railway fire-
testing practices), and proposes a complementary pressure testing regimen to address the known
shortcomings of open-flame tests.

6.6.1 Alternative EN and ISO Fire Resistance Testing Procedure for Lithium-
ion Batteries

In railway applications, the fire safety paradigm differs from automotive practice: the emphasis is
on fire containment and fire barrier performance within rail vehicles. EN 45545-3:2024 (recently
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updated in 2024 [366]) is the European standard that specifies fire resistance requirements for
fire barriers on railway vehicles. A “fire barrier” in this context could be a wall, door, partition,
or enclosure that separates compartments and must resist fire and hot gases for a specified
time to allow safe evacuation of passengers and crew. Notably, if LIBs are used on trains (for
example, in auxiliary power units or hybrid propulsion), their housings might be treated as fire
barriers between the batteries and occupied areas. The testing method mandated in EN 45545-3
is fundamentally different from the automotive open-flame test: it relies on standard furnace
tests analogous to those used in building construction. Specifically, EN 45545-3 calls for fire
resistance testing according to EN 1363-1:2020 (general requirements for fire resistance tests)
and the appropriate part of EN 1364 (for non-loadbearing elements, e.g., walls or ceilings).

EN 45545-3 mandates that fire barrier components be tested according to EN 1363-1, which is
the general standard for fire resistance tests of building elements. In practical terms, this means
the battery enclosure (or a representative section of it) is mounted in a large fire furnace and
exposed to a standard time-temperature fire curve while observing specific performance criteria.
The standard fire curve - often called the “cellulosic” curve or ISO 834-1 curve - is defined such
that furnace temperature T rises according to a logarithmic formula:

T(°C) = 20 + 345 - log, (8t + 1) (6.33)

where ¢ is time in minutes (starting from 20 °C ambient) - see Figure 6.15 for time-temperature
profile. This controlled heating profile is meant to represent a realistic building fire growth -
starting off moderate and becoming fully severe after some time.
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Figure 6.15: ISO 834-1 Standard Time-Temperature Fire Curve.

During the test, the battery enclosure specimen is typically installed in the furnace such
that one face is exposed to the burner flames inside the furnace, while the other face is oriented
to a cooler outside and can be observed. Depending on the intended scenario, the “fire side”
could correspond to inside the battery enclosure (simulating an internal battery fire impinging
on the walls from within) or the outside (simulating an external fire heating the battery case).
In railway standards, usually the fire side is the more likely ignition side. For a battery housing,
a plausible assumption is that cells inside could catch fire, so the fire side is interior and the
test evaluates whether flames would breach to the exterior (passenger side). However, if a fire
external to the battery (like a luggage fire) is a concern, they might test the opposite orientation.
EN 45545-3 and EN 1363-1 provide flexibility in mounting, but they require that any openings
or penetrations in the barrier (for cables, vents, etc.) be present or represented in the test item.
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This is critical: penetrations must not reduce the fire resistance of the barrier. In practice, that
means if the battery box has ventilation grills or safety vents, those are included in the sample -
allowing heat and flame to enter as they naturally would - and the enclosure must still perform its
duty (letter "E", "T" or "W" denotes the performance parameter). The performance parameters
stand as follow:

e E — Integrity: The barrier must prevent the passage of flames or hot gases through to
the unexposed side for the duration of the rating. Essentially, no cracks or openings should
develop that let flames through, and no sustained flaming on the outside.

e I — Insulation: The barrier also limits the temperature rise (defined as a temperature
difference between ambient temperature at the start of the test and final temperature
recorded with the thermocouple) on the unexposed side to below specified levels (maximum
of 140 °C average rise, 180 °C at any point, above ambient). This ensures the barrier not
only stops flames but also does not get so hot on the outside that it ignites adjacent
materials or harms people by radiant heat. Insulation shall not function without integrity
i.e., there may not be stand-alone I10 classification, but can only be EI10 or EI10/E20 and
SO on.

e W — Radiation: The barrier limits the radiative heat flux from its unexposed surface to
adjacent objects. This is a stricter criterion related to insulation — essentially controlling
how much heat can be transmitted through or from the barrier. Radiation shall not function
without integrity as well.

Only integrity (E) is required for barriers, especially if the other side of the barrier does not
directly expose passengers. For instance, an underfloor battery box might need to maintain K15
(15 minutes of integrity) to ensure no flames penetrate into the passenger cabin above (typically
such structures require between 5 to 30 minutes of integrity depending on their location). If that
battery is directly below the floor, an insulation criterion (EI15) might also be needed to keep the
floor temperature safe for 15 minutes (so people have time to evacuate without suffering burns
or the floor catching fire). The standard provides guidance: typically ratings are expressed as
combinations like E15, E30, E60 (minutes of integrity), sometimes with an I or W of the same
duration, if needed. It is also important to note, the integrity performance parameter shall be
fulfilled to accept results for the insulation or radiation. A stand-alone insulation or radiation
performance is not accepted i.e. the battery pack cannot be classified as 115 or W15, but EI15
or EW15.

Unlike the pass/fail nature of R100 or UL, the furnace test yields a time rating for the
battery enclosure. For example, a battery box might be rated E20 (integrity for 20 minutes)
if it withstood 20 minutes in the furnace before flames penetrated through a gap or a glowing
hole. If it also limited temperature rise appropriately, it could be EI20. Compared to R100.03
where pass/fail criteria are qualitative (if explosion is observed or not), the tested rating after
EN test tells you the exact time the performance criterion is maintained. Notably, EN 45545-3
explicitly states that these measures are not aimed at saving the train or battery itself, but at
aiding evacuation and preventing fire spread.

One benefit of the EN 1363-1 furnace approach is that it allows a calculation of thermal
exposure (dose) in a reproducible way. In one study of railway fire tests, the incident heat flux
on the specimen in an EN 1363-1 furnace was estimated to reach about 50 kW /m? radiative by
10 minutes, and about 67 kW /m? by 20 minutes (as the furnace got hotter), with a significant
convective component as well [367]. For comparison, as calculated earlier, an open hydrocarbon
pool fire can have ~60 kW/m? incident flux on surfaces, but this value can fluctuate and is
not uniform. The furnace gives a more even and steadily increasing heat load. The integrated
heat absorbed by the enclosure in a 30 minute furnace test far exceeds that of the 2 minute
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R100 flame test. This means a furnace-tested enclosure is being exposed to almost constant high
temperature, while pool fire reaches similar temperature only momentarily.
While the heat flux calculations can be simplified to following equations:

Q” = Q;",ad + Q,clonv (634)

"

cony and convective heat flux. This can be approximated

where Q7 . is radiative heat flux and Q
with following two calculations:

Qg =€-0- (T}~ T (6.35)

e =h-(Tf =T (6.36)

conv

where € is effective emissivity (typically 0.7-0.95 for burner flames), o is Stefan-Boltzmann
constant, h is convective heat transfer coefficient (typically 30 W/m2?K in fire testing as per
SFPE recommendations) and T is flame temperature (ambient) and T is a surface temperature.

The heat flux calculations are highly dependent on multiple physical and experimental fac-
tors that significantly affect the final values of @Q”. One of the most critical parameters is the
surface temperature of the heated specimen—when the surface temperature is low compared to
the furnace or flame environment, the resulting heat flux (from both convection and radiation)
becomes significantly higher. Variations in surface emissivity (€) can change the radiative heat
flux substantially, as this component is proportional to the fourth power of temperature. Simi-
larly, the convective heat transfer coefficient (h) depends on the setup’s geometry, the orientation
of the specimen, the gas flow regime, and turbulence levels. In simplified calculations, assuming
a constant h provides a useful estimate, but real conditions often vary dynamically during the
test due to thermodynamic characteristic of the flame.

The design and configuration of the experimental apparatus also exert considerable influ-
ence. In actual fire test furnaces, spatial variations in radiative intensity, flame impingement,
and gas flow irregularities may result in non-uniform heating of the test object. These effects are
not captured in the simplified analytical model presented in the thesis. Additionally, thermal
properties of the tested material—such as thermal conductivity, specific heat capacity, and den-
sity—strongly govern the rate at which the material absorbs and distributes heat. Importantly,
heating can trigger phase transitions or chemical processes in certain materials. For example,
intumescent coatings may expand upon heating, altering the surface geometry and thermal re-
sistance. These material-dependent effects can both buffer and delay heat transfer, and must
be accounted for when interpreting or applying theoretical heat flux results in real-world fire
scenarios.

A Figure 6.16 shows heat flux scenarios, which reflect two most common design strategies.
First approach assumes the use of non-insulating materials (e.g., steel), therefore the specimen
surface reaches 70% of the furnace temperature. The relationship was assumed based on empirical
temperature characteristic of non-protected steel under heating conditions [368]. Second example
shows a specimen with cooling and insulating elements, which may have their surface maintained
below the level of 180 °C (e.g., ceramic wool, gypsum boards). Calculations account for radiative
and convective heat transfer with emissivity set to 0.8 and convective heat transfer coefficient
to 30 W/m?K. From the heat flux curve shown in Figure 6.16, it can be assumed the heat flux
is much more severe for elements of lower surface temperature (see "Heat Flux Test 2" curve).
Simultaneously, for the elements that rapidly rise in temperature (e.g., steel; see "Heat Flux Test
1" curve in Figure 6.16), arises a matter of mechanical integrity due to material expansion or
degradation in case of lower melting point metals, such as aluminium.

Despite the variable above, which are mainly connected to the specimen properties - not
the apparatus - a furnace test, by adhering to EN 1363-1, ensures the sample is exposed to
the same thermal exposure profile each time with satisfactory repeatability. This is crucial for
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Figure 6.16: ISO 834 furnace temperature (logarithmic profile) and corresponding heat flux
variants.

standardisation and certification purposes; it gives authorities and manufacturers confidence that
meeting the criteria in one test will be representative to real performance conditions. In building
construction and railway standards, fire resistance tests are designed with strict protocols to
maximize repeatability. The regulations includes such details as thermocouple placement, furnace
pressure, etc., which are all standardized. By leveraging those protocols for batteries, it may
import decades of fire-testing good practices and experience into the battery field.

Another aspect of control is that the severity of the test can be tuned or varied in an appropri-
ate way to replicate real life need (each variant shall be explicitly described in the standard). For
example, if a particular application does not require a full 30-minute barrier, one could test to a
shorter duration. Regardless, any deviation is documented and repeatable, due to standardised
curve and tolerances. This kind of flexibility is not possible with pool fire without introducing
enormous uncertainty.

From a safety and environmental standpoint, furnace tests are cleaner and easier to manage.
Burning a battery generates toxic gases (see Appendix D for further review) and often requires
scrubbers or special environmental permits. A furnace, being an enclosed system (often with
afterburners or heat exchangers for the exhaust), can combust with cleaner products. If no actual
battery electrolytes are involved (testing empty enclosures), the only emissions are from the gas
burners heating the furnace, which are equivalent to a normal industrial heater, which aligns
with sustainable testing practices and avoids releasing potentially harmful gases from burning
Li-ion cells into the atmosphere.

Laboratory personnel are also exposed to far lower risk - the worst case in a furnace test
is typically that the specimen fails by igniting on the outside or by developing cracks, but not
an unpredictable explosion - then the test can be immediately stopped and preventive measures
are used. By contrast, in live battery fire tests there is always a risk of a cell violently ejecting
shrapnel or a flammable electrolyte eruption that can endanger people and equipment. Many
laboratories do not allow tests with live LIBs, unless extensive precautions are taken; a furnace
test of the enclosure circumvents this by focusing on the enclosure’s capability to protect against
fire rather than initiating a battery fire.

Finally, data acquisition is generally easier in a furnace scenario. Thermocouples can be
placed on the specimen (unexposed side temperatures, etc.) without fear of being destroyed
by open flames or severed by explosions. Continuous temperature data at dozens of points can
be performed during the duration of the test. This approach is invaluable for understanding
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heat distribution around the enclosure and determine the weakest areas of the object. In pool
fire tests, multiple thermocouples were used and temperature data was obtained on the battery
surface. However, many were damaged during the process by the flame environment and the
data scatter was high. In a furnace test, data quality is high because the heating is uniform
and sensor placement is standardized (for instance, EN 1363-1 prescribes plate thermometers for
furnace temperature and insulated pad thermocouples for unexposed face). This wealth of data
can help refine thermal models and improve designs in a way that binary outcome pool-fire tests
cannot.

6.6.2 Limitations of Furnace-Only Testing: Venting and Pressure Effects

While controlled furnace tests can simulate the thermal aspect of a fire, they inherently do not
capture the electrochemical and mechanical responses of a battery undergoing TR. In a real
battery fire or abuse scenario, as cells overheat they will eventually vent gases and possibly
ignite, leading to internal pressure spikes and even explosions if the battery enclosure is sealed.
This aspect is absent in a furnace test where typically the battery enclosure is empty (or contains
only passive temperature sensors). Thus, a furnace test alone may prove a battery box can keep
out an external fire, but it does not reflect all the internal processes occurring inside the battery

One specific limitation is the inability of a static furnace test to reproduce high-pressure
venting and pulsating pressure loads that occur during cell failures. Lithium-ion cells, when
driven into TR, generate hot flammable gases. If these gases ignite, either immediately or after
mixing with air, they can create a deflagration - essentially a rapid burning that raises pressure.
Even without ignition, the sudden release of ~100-200 kPa of vapour in milliseconds can produce
shock-like pressure waves inside a battery enclosure [96].

EN 45545-3 and EN 1363-1 do not involve internal pressure - they only impose a slight external
pressure on the fire side (~20 Pa) to simulate fire-driven pressure, which is negligible compared
to battery vent pressures. Therefore, if one only relies on a furnace test, it might certify a battery
enclosure that holds back fire but would either burst or catastrophically vent if the cells inside
went into runaway. This is unacceptable from a safety standpoint. Some standards for stationary
battery systems are already recognizing this: NFPA 855 (Standard for Installation of Stationary
Energy Storage Systems) [198] requires either explosion prevention measures (inerting, etc., per
NFPA 69 [288]) or deflagration venting per NFPA 68 for battery enclosures [287]. The principle
in NFPA 68 is that any enclosure with flammable gas accumulation must have vent panels or
other means to relieve pressure before it builds to a destructive level. For EV battery packs, such
venting strategies are not yet standardized. The pack’s casing should either be strong enough to
contain the worst-case internal pressure or have intentional weak points (vents) that will open
in a controlled manner to release pressure.

During TR, cell venting can generate pressures on the order of a few bar in an enclosed space
if not vented in controlled. Tests conducted in closed vessels have shown that even a single Li-ion
cell can raise the pressure by ~100-200 kPa or more upon failure (depending on volume). In
modules with many cells, if they go into runaway nearly simultaneously (worst-case scenario, it
may be triggered by an external fire heating all cells), the pressure could rise very rapidly. If the
battery enclosure is rigid and sealed, it may rupture at welded seams or weak points, potentially
turning pieces of the battery enclosure into projectiles. Alternatively, if the battery enclosure
has a vent aperture, hot gases and flames will jet out of that vent - which is preferable to an
explosion, but then one must ensure the vent directs the gases safely (e.g. upward, away from
passengers). None of these dynamics are addressed by just testing the box in a furnace with no
internal pressure source. A second phenomenon is the mechanical shock from cells or module
fragments. In real failures, cells have been known to burst open or even eject like small jet flames
when the internal pressure blows the casing. This could impact the battery enclosure from inside.
A furnace test does not account for projectiles or impact loads on the battery enclosure walls.
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At the same time, one might argue a robust battery enclosure that survives a fire is likely strong,
but it is not guaranteed to handle an exploding cell internally. Finally, TR is often accompanied
by fast flame jets (if the gases ignite) which can locally heat parts of the battery enclosure much
more severely than an external diffuse fire.

6.6.3 Empirical Evaluation of the Fire Resistance Testing according to
EN 45545-3 and ISO 834-1

This section presents a detailed statistical analysis of six full-scale fire resistance tests conducted
on real-life battery casing samples. The analysis is based exclusively on the prepared dataset, fo-
cusing on the experimental results and the statistical repeatability of the obtained measurements.
Following dataset information (especially on the DUT) is strictly confided due to confidentiality
agreements.

Themmacouples
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3 |Tag cover and adapter of the fumace
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Figure 6.17: ISO 834-1 / EN 1363-1 fire resistance test set-up (fire from inside the battery).

The test involved fire resistance furnace built to fulfil EN 1363-1 and ISO 834-1 requirements.
The apparatus contains large test chamber (usually 4x3x4 m3), which allows to simulate either
fire for vertical samples (e.g., walls) or horizontal (e.g., ceilings), as shown in Figure 6.17. The
scheme shows furnace and adapters needed to test "fire inside" scenario. For the battery casing,
usual mode of testing is horizontal set-up to simulate the lithium-ion cells TR, which produces
heat upwards. Often times due to to the scale of the furnace, apart from the DUT, an adapter
is required to cover rest of opening to the furnace. Test set-up is presented in Figure 6.17, where
No 1 is test furnace, No 2 is front cover (the furnace can be used for vertical and horizontal
samples), No 3 is partial cover (the horizontal opening has 12 m? of area and the samples are
usually below 2 m?), No 4 is steel adapter with DUT fixing and No 5is DUT. DUT is also prepared
in a way, that it is opened from bottom (on average at least 80% of the total bottom surface area;
this is pretest assumption) to allow hot gases to come inside the enclosure. Following opening
ratio of at least 80% shall be maintained for all of the compartments within the enclosure of the
battery pack, simultaneously not damaging the mechanical integrity of the DUT. This requires
individual approach due to the fact the battery packs are vastly different. All other elements,
i.e. connectors and cables shall be placed within the enclosure walls as intended and also tested
against fire (protruding each side at least 200 mm). Additional, thermocouples (Tx, Ty, Tz) may
be added from the unexposed side to confirm the uniform heating, these however may not be at
the same time evaluated for the insulation criteria.
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Figure 6.18: ISO 834-1 / EN 1363-1 fire resistance test set-up (fire from inside the battery) -
exploded view.

Figure 6.18 shows exploded view of the testing set-up, as well as photographies from the tests
in Figure 6.19 and 6.20.

Test were conducted on 6 samples of battery enclosures, used for real life applications. Battery
enclosures were prepared to be fixed to steel adapter (No 4 in Figure 6.17 and Figure 6.18) and
openings at the bottom were made to allow hot air to flow inside.

For each test, time-resolved recordings of the average temperature (7hye) and the recalcu-
lated deviation parameter (Degyy) were obtained. Deviation parameter is calculated based upon
EN 1363-1 formulate i.e.:
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Figure 6.19: ISO 834-1 / EN 1363-1 fire resistance test - example photo from unexposed side.

A-— A,
Degy = = - 100% (6.37)

where Dg,, is deviation, A is the area under the actual furnace temperature/time curve and A
is the area under the standard temperature/time curve.

Cross-Test Repeatability of Tyyg

The cross-test standard deviation of Ty, - calculated at each minute across the six tests-averaged
approximately 5.1 °C, with a median of 4.8 °C and a 95th percentile of 9.8 °C. Minimum and
maximum instantaneous deviations in this window were 2.6 °C and 12.3 °C respectively. This
low spread confirms a high degree of repeatability in the applied thermal load.

Pairwise correlation is used to evaluate statistical measure and to quantify the strength and
direction of the linear relationship between two Ty, curves. For two variables X and Y, the
most widely used measure is the Pearson correlation coefficient, defined as

PXY = ———— (6.38)

where cov(X,Y) denotes the covariance between X and Y, while ox and oy represent the
standard deviations of X and Y, respectively. The coefficient px y takes values in the interval
[—1,1], where +1 corresponds to a perfect positive linear relationship, —1 indicates a perfect
negative linear relationship, and 0 implies the absence of a linear association.

In empirical research, the sample version of the pairwise correlation is used to estimate px y.
Given n paired observations (z;,y;), the sample correlation coefficient is defined as:

Y@ D) 9)
Vo @ 0P e (i 0

140

rxy (6.39)




Chapter 6

o i : s
Figure 6.20: ISO 834-1 / EN 1363-1 fire resistance test - example photo from exposed side.

where T and gy denote the sample means of X and Y. This coefficient provides an interpretable
and normalized measure of the degree of linear dependence between the two variables.

Pairwise correlation coefficients for Ty, profiles in the 10-30 min window ranged from 0.83
to above 0.93, indicating strong similarity not only in temperature levels but also in heating
characteristics and transient behaviour across tests.

The ISO 834-1 model curve is strictly followed by the real time temperature Tj,,. When
compared with standard deviation over time, it has minimal variance at all, as shown on Fig-
ure 6.21.
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Figure 6.21: ISO 834-1 Standard Time-Temperature Fire Curve - average (blue line) from the
dataset with tolerances and standard deviation.

Stability of De,., and k factor

Deg,r remained extremely stable across all tests:

e All six tests had 100% of data points within +0.25 and +0.5 tolerance bands.
e Mean Dy values ranged from —0.00 to +0.20.

e Standard deviations were between 0.002 and 0.036.

Despite the initial deviation caused by heating inertia of the furnace, the deviation over time
remained within tolerance with very small deviations as shown in Figure 6.22.

The C to Cgit ratio consistently remained below the acceptance threshold. Miniscule stan-
dard deviation from the tests has shown the precision of the test equipment is retained, especially
starting from the 10-th minute of the test.

As per ISO 5725-4 guidelines, when C' < Cq,y, the values may be accepted for further research
over trueness and bias. As shown on Figure 6.23, C values in time are significantly lower. Cipt

is changing over time due to the fact, the fire resistance tests concluded at different times (due
to DUT failures).

Test Analysis

When considering the entire test duration, the within-test standard deviation of Tje is also
small (~ 3-57 °C), which reflects the natural increase in temperature over time. Global Dey
statistics show relatively repeating heat distribution, particularly in the initial ramp-up phase.
For example, one test recorded only ~ 47% of points within £+0.25 of mean over the full duration,
that may be considered high. However, this discrepancy is reduced entirely when restricting to
the 10-30 min window.

The analysis demonstrates that:

1. Cross-test Thyg variability in steady-state is low (mean ~ 5 °C), meeting stringent repeata-
bility requirements.
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Figure 6.22: ISO 834-1 Standard Deviation of Fire Curve (from Figure 6.21) - Thyg, Tavg with
standard deviation and Tiyian standard curve.

2. Temperature profile correlations are high (0.83-0.93), supporting consistency in both ther-
mal load and transient response.

3. The C to Cgis ratio remains tightly clustered around zero with minimal scatter (mean
standard deviation 0.036), showing excellent precision.

4. Initial heating phase differences are the main source of whole-test variability and can be
mitigated by protocol alignment.
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Figure 6.23: x factor (C to Cgit ratio; Y-axis) over time (X-axis) during the fire resistance test.
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6.7 Discussion on the EN and ISO Fire Resistance Testing Pro-
cedures for Lithium-ion Batteries

Based on the analysis and experimental data above, an integrated methodology for assessing
LIB enclosure fire safety is proposed that comprises both thermal resistance testing and pres-
sure/venting testing. This methodology is intended to provide a comprehensive evaluation of a
battery enclosure’s performance in fire scenarios, covering the spectrum of conditions from an
external fire exposure to an internal cell failure explosion. It combines the strengths of existing
standards (from building/railway and battery domains) and could serve as the basis for future
regulatory procedures. The methodology can be divided into theoretical criteria: Fire Resistance
(Thermal), Pressure/Venting and practical test setup as follows. This division integrates crucial
hazards appearing in operation of LIBs.

6.7.1 Theoretical Foundations and Performance Criteria

Fire resistance (thermal) criteria can be adopted from the classical criteria E (Integrity) and I
(Insulation) of EN 1363-1 for a specified time period relevant to vehicle safety goals. A require-
ment shall be set that the battery enclosure maintain either E5, E10, E15 or E30 and additionally
EI10 to 30 when exposed to an external fire (insulation or radiation shall not function without
integrity fulfilled, see Section 6.6.1 for detailed explanation). The exact durations can be debated
- they should align with evacuation needs (e.g., passengers out of a car within 5 minutes, or first
responder arrival by 10 minutes). Given that current R100.03 is ~2 minutes and has minimal
insulation requirement, aiming higher (e.g., EI10 or more) builds extra safety.

The insulation criterion (I) specifically could be related to preventing internal cell TR. This
is to ensure the interior (battery side) of the enclosure does not exceed e.g., 120 °C or predefined
temperature of T, of HTR (see Section 2.2) for at least 5 minutes (EV specific; for stationary
ESS and trains the evacuation times shall be regarded as per route design). This is a functional
way to combine safety: essentially require that an external fire cannot drive the battery into TR
for a certain time. If that is met, likely the integrity is also maintained.

For internal fire scenarios (battery burning inside-out), the same criteria E and I can be
applied in reverse: the enclosure should contain the flames for given amount of minutes (E from
inside; 5 min for EV) and not overheat the outside beyond safe limits, so that if people are
nearby or if the battery is under a vehicle, it does not ignite adjacent materials quickly.

For pressure/venting criteria, Pressure Relief (P) criterion was introduced. For example:

"P criterion: The enclosure shall not rupture when subjected to an internal defla-
gration pressure up to P, and if equipped with a vent, it shall successfully relieve
pressure at or below Pge; without fragmenting or dislocating itself and elements of
the sample."

Prae could be defined as the worst-case expected pressure from a full battery failure. As-
suming that the maximum pressure value in a sealed EV pack during TR determined during
experimental or numerical tests is 1.5 bar, the value of P4, should be 2 bar (to include safety
margin). It was determined under estimation that the packs vary largely in design. Alterna-
tively, it is required to perform a static test at double the normal vent opening pressure Pges. The
success criteria in a test would be: no panels detachment, no dangerous fragmentation, and the
vent area successfully opens. A fragment impact criterion may also be considered - for instance,
if cells explode inside, pieces should not penetrate the enclosure walls (this is analogous to a
ballistic integrity test).

Lastly, a thermal flux criterion could be indirectly included. Radiation "W" shall be measured
when the battery box is right below passenger cabin. Even without direct flame, the radiated
heat should not ignite upholstery above. For a battery pack under a passenger car, radiation
requirement may be disregarded.
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6.7.2 Experimental Setup and Instrumentation

Testing approach for battery systems shall include two-way verification, depending on where fire
originates:

e Fire from inside to outside (i — o): this is when the fire starts inside the enclosure,
propagating from the lithium-ion cells throughout whole enclosure. It is expected the
enclosure maintain fire resistance (integrity - E) for given duration. Additional parameters
such as insulation and radiation are optional. Test set-ups were presented in Figures 6.17
and 6.18.

e Fire from outside to inside (0 — i): occurring during the fire from outside source
affects the battery pack heating it from outside. Testing set-up is presented in Figure 6.24.

Figure 6.24: Fire inside test model representation.

With fire from inside, the battery enclosure (or its representative section) is mounted in a
furnace opening or frame. If the full pack is too large for available furnaces, one strategy is to
test the most vulnerable part (for instance, a wall section with a vent or a window, or a corner
with a joint). Due to individual design, representative sample shall be selected by the laboratory
and /or certification body. The enclosure should be in its normal orientation (if the fire exposure is
assumed to come from below, then test with fire on bottom side, etc.). Thermocouples (Type K,
mineral insulated as per EN 1363-1 for unexposed surface) would be attached to the face opposite
the fire to record temperature rise. The furnace is run according to the time-temperature curve
for the duration of interest or until failure. During the test, observers (or cameras) note any
through-openings or flaming. Cotton pads can be applied if needed to check for hot gas escape
igniting them (standard integrity test). The test is documented in terms of time to integrity
loss (if it occurs) and temperature rise. An example of successful E20 / EI15 (i — o) test is as
follows: No integrity failure up to 20 minutes; at 20 minutes average unexposed side temperature
rise of 140 °C, peak 180 °C (passes insulation criteria for 15 minutes).

Fire from outside is a set-up where a battery enclosure would be put inside the furnace
on the grating stand, at least 500 mm above the floor (mimicking the R100.03 requirement)
and engulfed by fire. Battery shall be subjected to EN 1363-1 [345| standard time-temperature
fire curve or optionally, when regarding the exposure from petrol fire hydrocarbon curve from
EN 1363-2 [369]. Dummy fill may be used inside the enclosure instead of LIBs to minimise the
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Figure 6.25: Fire resistance test - fire from outside - example of a test set-up.

environmental impact of the test as well as economic threshold. Dummy fill should have similar
heat capacity of the cells to be used (as per manufacturer declaration).

This poses significant challenge, due to the fact the geometry of the cell as well as chemistry
impact significantly the heat capacity [370], as summarised in Figure 6.26. It is suggested to use
low-cost, moldable and reusable materials, such as steel reinforced concrete or ceramic bricks with
steel or other metal profiles inside. This is to replicate differences in thermal conductivity of the
various geometry cells, that are substantial due to layers wrapping. Through cell conductivity is
largely impaired.

Axial
15- 160 W/mK
Through - Plane
0.2 -8W/mK
A
In - Plane
15- 160 W/mK
Radial
0.2 -8 W/mK (a) (b)

Figure 6.26: Thermal conductivity of cells depending on geometry - (a) cylindrical and (b)
prismatic/pouch cell.

Temperature inside the battery shall be monitored by the type K thermocouples located
on the dummy fill (outside and inside, on both material types - ceramic elements and metallic
parts). It is important to set threshold temperature (with safety margin e.g., 80% of TR initiating
temperature) of cell previously tested against TR in tests such as IEC 62619 or SAE J2464 [304,
279|. These temperature are usually within 80-120 °C (see Chapter 2 for in-depth analysis).
When set threshold temperature is surpassed after given time of exposure, the test is deemed as
failed.

For the pressure test, an identical enclosure shall be mounted it in a safe area (blast cage or
open field). If the enclosure has a designated vent area, instrument that with high-speed video
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or sensors to detect when it opens. Place pressure transducers inside the enclosure and outside
for reference. A pressure test would involve a small propane burner inside the closed enclosure to
fill it with a propane/air mix (or even battery off-gas collected from prior tests), then ignite via
an electric match. Modern explosion test standards (like NFPA 68) often do something similar
to certify vent panels. Alternatively, a compressed air blast could be used. The pressure trace is
recorded. The outcome should be that the maximal pressure is below the rupture strength of the
container and that if a vent is present, it opens and limits the pressure to a safe level (usually
vents are designed so that Preq - the reduced pressure after venting - is under a certain value the
structure can withstand). Additionally, after the test, the enclosure should remain in one piece,
and the vent opening ideally is the only major opening created.

6.8 Recommendations for Regulatory Revisions and Standards
Development

Given the insights from the methodology described in previous chapter, the following recommen-
dations are put forth to update and improve battery fire safety regulations. The recommendations
are created based on the PhD candidate and fire testing expert knowledge gained in process of
performing tests in Laboratorium Badani Ogniowych in Centrum Techniki Okretowej S.A., as
well as making research in doctoral project.

Furnace-based fire resistance testing shall be introduced as an option or requirement. Regula-
tory bodies (such as the UNECE WP.29 working group for EV safety, or national bodies writing
EV standards) should consider incorporating a fire resistance test based on EN 1363-1 standard
heating conditions. This could initially be an alternative compliance path to the existing pool
fire test. Created compliance path is a state-of-art document, aiming to provide appropriate
safety level to battery systems across the industries, which is currently lacking in legislature and
standardisation. For example, for a fire outside, a regulation could state:

"The RESS shall be subject to either (a) the fuel fire test as per current procedure
or (b) a fire resistance furnace test of X minutes following time-temperature curve as
per EN 1363-1 and EN 1363-2 (standard or hydrocarbon curve), with no explosion
occurring during the test or surpassing temperature rise inside the DUT over cell TR
threshold temperature."

For the fire inside:

"The RESS shall be subject to a fire resistance furnace test of X minutes following
standard temperature curve as per EN 1363-1, with passing integrity criteria for given
amount of minutes."

Providing this option would encourage manufacturers to design for and demonstrate perfor-
mance in the more controlled test. Over time, if proven superior, the furnace test might replace
the pool fire test. The data in this thesis supports that a furnace test of even 10 minutes at high
temperature is more demanding and reliable than a 2-minute pool fire. The regulators can be
assured that passing the former implies at least equal (if not better) safety than the latter.

Pressure relief or containment capabilities shall be required as well. Regulations should
explicitly address the internal explosion/pressure aspect. It is recommended adding a clause
such as:

"The RESS enclosure shall incorporate pressure relief provisions or sufficient me-

chanical strength to withstand the maximum pressure from gas venting during TR
or provide evidence the pressure relief systems mitigate pressure rises."
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As a starting point, regulators could adapt from stationary ESS standards: NFPA 855 already
essentially mandates that large battery enclosures either prevent ignitable concentrations or be
equipped with deflagration venting sized per NFPA 68. Two solutions of an EV battery design
could be be taken into consideration. In the first, the battery cells will not all fail at once
(prevention of worst-case). In the second, the battery casing construction will contain venting
elements that remove gases safely. A concrete regulation might say:

"If the RESS is not open to atmosphere, it shall include a venting device that
operates before the internal pressure exceeds 20 kPa (for example) above atmospheric,
or the enclosure shall withstand at least 150 kPa without rupture."

The numbers can be debated, but the concept forces manufacturers to think about gas
management.

No external flame emissions (integrity E), external surface temperature must remain below
Y °C (to protect occupants or to avoid igniting adjacent materials), and no rupture of enclosure
(containment). These would make the outcomes less ambiguous. In a furnace test, these are
naturally checked (appearance of the flames, temperature rise). Regulators can specify acceptable
temperature rise on surfaces - for inside-out test a standard 180 °C shall be accepted, however,
outside-in test should be specific to TR temperature i.e., when it starts depending on the cell
chemistry. Due to measurements being taken and obtaining time-temperature graph of the
temperature inside is possible, an enclosure can be approved for the use of specific cell chemistry.
Pass/Fail Criteria with fire protection principles shall be aligned. Rather than the current binary
criteria (no explosion), criteria should incorporate quantitative limits.

Dedicated test standard for battery enclosures may be developed. A likely path is that
organizations like ISO or IEC will develop a specific standard that covers both the thermal and
pressure aspects, which can be titled "Fire Resistance and Containment Test for EV Battery
Enclosures". It is recommended that standard bodies draw from EN 1363-1 together with existing
BESS testing standards (e.g., UNECE R100.03, NFPA 855, UL 9540) to cover both domains.
The standard can be divided into parts for the appropriate characteristic i.e.,: Part 1: fire test
(EN 1364 adapted to battery box size and including internal temperature measurement) and
Part 2: pressure vent test. It was noted that researchers in Korea (KATRI) [362] have already
prototyped apparatus with gas burners to replace pool fires. This is a step in control, but still
indicated allowable tolerance 800-1100 °C which is quite wide and the testing rig is case specific.
A industry grounded EN 1363-1 and ISO 834-1 approved furnace would be far tighter controlled
(usually +100 °C tolerance in fire tests) and the infrastructure is already in place.

In the next step, if evidence continues to show the furnace method is superior, regulators
could phase out the pool fire test except perhaps for cases where validating a specific scenario
is needed. The pool fire test could be reserved for confirming that, the vent of a battery opens
appropriately in a real fire (since a furnace test might not cause the vent to open if internal does
not heat enough). Future EV regulations requiring:

"Battery system must have a fire resistance rating of at least Exx/Elyy (i «— o)
per ISO xyz (battery enclosure fire test), and must demonstrate no explosion when
cells are induced into TR (thermal propagation test or fire outside test)."

where "xx" is integrity time and "yy" is insulation time, and "xyz" is the standard reference
number.

Additionally, as the industry progresses, the direct application section (i.e. describing for
what test results can be applied to, meaning approving multiple cell chemistry based on single
test, changes in materials used for enclosure etc.) can be developed. Shared knowledge and test-
ing would accelerate industry forward, while keeping the competitiveness between manufactures.

Before enshrining these changes, research should be done to correlate the results of furnace
tests with real-world outcomes. One could run side-by-side tests: one vehicle with a fire-rated
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enclosure vs one with a standard enclosure in a burn to see the difference. If dramatically better
(which it is expected - likely the fire-rated one prevents any TR in the given time), that data
would convincingly support regulation change. Academia and industry should work on such
demonstration projects. This thesis contributes by outlining the concept and initial justification.
Further validation will make the case ironclad.

In conclusion, by adopting an alternative fire resistance testing procedure that uses controlled
furnace exposures for thermal evaluation and supplemental pressure/venting tests for internal
explosion evaluation, the safety assessment of LIB systems can be significantly improved. This
approach provides repeatable, rigorous metrics (like fire resistance ratings and pressure toler-
ances) rather than the variable and qualitative outcomes of current open flame tests. It supports
regulatory innovation by bringing battery testing in line with well-established fire safety engi-
neering practices. It is recommended the standards organizations and regulatory bodies take up
this methodology, refine it, and incorporate it into the next generation of EV safety standards.
The result will be a higher level of confidence in battery fire safety, safer products for the public,
and a more scientifically grounded framework for engineers to design against one of the most
challenging failure modes of modern electrified transportation.
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Development of Thermal Runaway
Emissions Aftertreatment System of
Lithium-ion Batteries

The Thermal Runaway Emissions Aftertreatment System (TREAS) project was conceived as a
response to emerging environmental and safety regulations that increasingly restrict the uncon-
trolled release of gaseous emissions generated during TR events in LIBs. These events, known for
their highly exothermic and toxic character, often result in the release of substantial quantities
of flammable gases, metal particulates, and volatile organic compounds. In typical laboratory
environments, TR testing is conducted in open or semi-ventilated conditions, where emissions are
not adequately captured or treated. This regulatory and ecological gap necessitated the develop-
ment of a specialized laboratory-grade after-treatment system-TREAS-capable of mitigating the
impact of emissions released during TR testing procedures on LIB cells and modules. TREAS
project outcomes have been implemented into Centrum Techniki Okretowej S.A. laboratory test-
ing rig systems to provide cleaner air, while performing LIB testing.

TREAS was developed during the course of the "Doktorat Wdrozeniowy" as an interdisci-
plinary extension of the core research on degradation and safety of RESS. It serves two com-
plementary functions. First, it enables the controlled capture and treatment of gas-phase and
particulate emissions under laboratory conditions. Second function is to enhance the accuracy
and reproducibility of TR experiments by minimizing the influence of external environmental
variability (e.g., airflow, pressure gradients, and contamination). The system incorporates a
modular set of filtration, scrubbing, and neutralization units designed to handle a range of emis-
sion profiles associated with different cathode chemistries and states of charge. In doing so,
TREAS contributes not only to improving laboratory safety and environmental compliance, but
also provides a standardized platform for emissions quantification - critical for informing risk
assessment, regulatory policy, and future design of thermal mitigation technologies in electric
vehicles and stationary storage systems.

Background on the TR emissions of LIBs and cleaning methods of the gas emissions relevant
to this method was presented in Appendix D.

7.1 Development and test results of TREAS

TREAS was developed in stages with the optimisation of the air flow with the use of 3D mod-
elling (Siemens NX), CFD computations (SOLIDWORKS Flow Simulation) and measurements
on prototype and testing of TR NCM cells in various configurations. The overall size of the
installation was 4 m high and 0.3 mm wide bag filter chamber with supplementary accessories
(silo with hopper and hood with pipes). Next sections present subsequent steps in TREAS
development process.
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Figure 7.1: TREAS prototype testing site. P1, P2 and P3 probing points of the air flow. T1,
T2, T3 temperature measurement points.
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The prototype is shown in Figure 7.1. The photograph shows the bag filter chamber in the
middle, exhaust fan to the left and the hood with connecting pipes to the right. The air flow
probing points were located at hood outlet - P1, bag filter inlet - P2, exhaust fan outlet - P3.
Temperature measurement points were positioned on top of the burned cell - T1, bag filter inlet
- T2, bag filter outlet - T3. P1 serves as a referral how much fumes are drawn from the burning
cell, P2 shows the flow before the bag filtration and P3 after bag. While T1 shows the cell
burning temperature (fumes), T2 indicated the temperature of air before the bag filtration and
T3 after. This set of probing location delivers information about the losses of the system and
capability of processing cell fumes, as well as overall temperature gradient in the system, mainly
due to filtration bags being incapable of withstanding high temperatures (~60 °C).

7.1.1 Air Flow Simulations and Measurements of the TREAS

The air flow in TREAS was simulated with SOLIDWORKS Flow Simulation CFD software.
TREAS 3D models were tested with various connectors (at 90° and 45° inlet and outlet angles)
at 50°C and 300°C. Two products of the bag filters were tested with one being able to withstand
80 °C and other 350 °C, safety margins were added. The fan performance was 1500 m3/h.
which corresponded to the real fan output. The model presumed the bottom outlet for the
sorbent waste was closed for the sake of simulation simplicity. The overall pressure drops were
respectively 300.9 Pa and 171.4 Pa (from model) for 50 and 300°C. The final model was shown
in Figure 7.2. The analysis has shown the air flow before the filter bag were at about 13 m/s,
which were deemed optimal for the filtration purposes.
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Figure 7.2: TREAS final model simulation at 50°C and 1500 m?/h.
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The measurement of the air flow was made on the TREAS prototype with the use of
TESTO 480 anemometer and 0635 hot-wire probe. The probing was made in three locations
shown in Figure 7.1. Two fan presets were tested at 80% and 90% for 30 min each:

The results of the flow measurement are shown in Figure 7.3. The wind speed at the extraction
hood inlet (P3) and before the filter (P2) is respectively 5 and 2-times lower than the simulated.
It was found this is caused attributable to air leakages of the dosing system and waste removal.
Simultaneously, the air flow was deemed sufficient to provide the transport and mixing of the
dry sorbent, allow for periodical waste removal (jet-pulse), as well as limit the temperature of
the TR gases, which may cause the filter to disintegrate. The wind speed at the fan exhaust was
found similar to the simulated results.
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Figure 7.3: Flow measurements of the TREAS prototype at an ambient temperature and two
fan performances. P1, P2 and P3 probing points of the air flow, see Figure 7.1.

7.1.2 Thermal Runaway Tests

A series of tests were prepared to test the prototype performance in terms of gaseous composition
(carbon dioxide, hydrogen and hydrogen fluoride) and temperature distribution inside TREAS.
For the gas analysis a IR carbon dioxide sensor (resolution 0-100% v/v) and electrochemical
sensors for hydrogen (resolution 0-40000 ppm v/v) and hydrogen fluoride (resolution 0-10 ppm
v/v) were used. Configurations are shown in Table 7.1. Each of the test set-ups were tested two
times using NCM pouch battery cell (3.7 V, 60Ah, 220 Wh, 300x180x12 mm, 1120 g).

The mean emission values were collected in Table 7.2. For the first and last set-up with one
pouch battery cell, the carbon dioxide values are consistent, together with hydrogen. In second
set-up, the amount of carbon dioxide is doubled corresponding to the two pouch cells being
burned. Hydrogen concentrations were at the level of 1.0-1.2% v/v, thus not exceeding lower
flammability limit (4% v/v for Hy). Carbon dioxide peak value was 4.5% and for the hydrogen
was approximately 1.1% ppm.

No hydrogen fluoride was recorded for all of the processes. This may be caused due to
dilution with high air volume flow (160 [/s). The sole efficiency of dry sorbent injection (without
dilution) could not be measured due to excessive temperature of the TR gases exceeding sensor
limits (50°C'). Based on theoretical production of the HF of 193.6 mg/Wh [34] and and for
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Table 7.1: Testing configurations of number of cells, fan and jet pulse preset and dosage.

Test No | Cell No };fm Preset, %(fszegr;t " E;lsst jet
S L ith 155 brek
S LS it 43 Lyeak
L 80 0 Off
Table 7.2: Mean values of the emitted gases.
COz,g | Hy, g | HF, g
Set-up 1 -G B0 00 |
Set-up 2 ﬁﬂfi 5940%'98 ?:3 0l
sevup s | Joe PR 21 0]

the COz of 36.6% [371], the calculated performance of dry sorbent injection and dilution is
respectively 99% and 89%.

Table 7.3: Maximum temperature rises recorded in testing set-up 1-3 for thermocouple T1-3.

T1, °C | T2, °C | T3, °C
Set-up 1 - Tmax | 545.3 158.3 100.4
Set-up 2 - Tmax | 765.3 186.2 111.3
Set-up 8 - Tmazx 756.4 220.7 135.1

Temperature measurement points were positioned above the cell (T1), before the filter (T2)
and behind the filter (T3), see Figure 7.1. The maximum values recorded in each testing set-up
were shown in Table 7.3. The temperature recorded before the filter (158.3-220.7°C') exceeded
the maximum temperature allowable for the bag filter (120°C'). Due to high temperature, bag
filter after each testing series was replaced. Despite high volume flow (approx. 1600 m3/h) and
supply of the ambient air, the TR gas temperature was still relatively high after the filtration
(T3).

During TR, a plethora of toxic gases is produced, posing significant danger in confined space
fire scenarios. LIB fire requires to be doused through cooling means, due to its self-sustaining
burning processes. The risk of such fire is minimised with the mandatory testing, that often
include causing TR on purpose. This, however, again is bound to produce vast amounts of toxic
substances, which should be filtered or purified.

Based on the foregoing results, the following conclusions were drawn.

1. Dry sorbent injection based on calcium hydroxide dosage of 1.8 g/s and volume flow of
approx. 1600 m?/h may be used for filtration of the TR gas emissions with estimated
performance of 99% for hydrogen fluoride and 89% for carbon dioxide.

2. Wind speeds of 5-7.5 m/s are sufficient to provide dry sorbent transfer and filtration of the
emitted gases. Large leakage losses are caused due to sorbent hopper and waste funnel.

3. The average production per Wh for COz and Hy were 1060.3 mg and 11.8 mg respectively.
The peak recorded values were 4.5% (COz) and 11000 ppm (Ha).
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4. Pouch NMC cell of 220 Wh production of hydrogen did not exceed a lower flammability
limit of 40000 ppm v/v.

5. Temperature of the TR gases with the flow level of approx. 1600 m?3/h were at minimum
100.4°C'. The temperature of the gas above the burning cells were at maximum 765.3°C.
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Summary and Conclusions of the Thesis

8.1 Summary of Findings and Contributions

This research set out to tackle a pressing challenge in battery engineering: how to more reliably
test and ensure the fire safety of LIB systems used in alternative energy sources. A compre-
hensive investigation was conducted, spanning fundamental analyses, experimental trials, and
methodological innovations.

The key findings and contributions of this work can be summarised as follows:

e Current fire testing procedures are presented and critically analysed to be imprecise and in-
consgistent. Through a critical review and experimental replication of the UNECE R100.03
external fire test, the thesis conclusively demonstrated that the existing regulatory ap-
proach suffers from poor precision and limited repeatability. Multiple open-flame fire tests
(simulating the R100.03 pool fire scenario) were performed on battery enclosures. The
results revealed significant variability in thermal exposure and outcome, even under nomi-
nally identical conditions. Factors such as slight changes in wind or short preheating phase
led to large fluctuations in measured temperatures and burn characteristics. It was found
that the R100.03 test produces a stochastic environment with outcomes that are difficult
to reproduce quantitatively. The repeatability standard deviation for critical temperature
metrics in the pool-fire tests was high, and between-test variability was unacceptably large.
It was confirmed that the current method lacks the metrological reliability. This is a sci-
entifically significant result, as previously, no published data existed on the repeatability
of the R100.03 fire test. In short, one major contribution of this work is identifying and
quantifying the limitations of the prevalent battery fire test.

e It was developed and validated a new fire-resistance testing methodology for EV battery
enclosures, based on controlled furnace exposure (ISO 834-1, EN 1363-1 and EN 1363-2),
which proved to improve repeatability and data quality. The innovation of the research
was to transplant the concept of a standard time-temperature furnace test into the field of
batteries. The work addressed the core hypothesis that such an approach would yield more
reliable and informative results than the traditional pool-fire test. The repeatability and
precision of the furnace method were quantitatively confirmed. The analysis showed ex-
tremely low standard deviation among tests, meeting stringent criteria per ISO 5725 series
for repeatability. It was demonstrated, by controlling the fire exposure through a furnace,
one can obtain stable and reproducible conditions suitable for comparative analysis and
material evaluation. In practical terms, this means that safety performance of different
battery enclosure designs can be fairly compared using this method, and subtle improve-
ments (e.g., use of better insulation or intumescent coatings) can be reliably detected in
the temperature data - which was not feasible with the coarse pass/fail nature of R100.03
tests.
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It was noted that conducting the furnace tests was logistically easier and posed lower risk.
There were no uncontrolled flames outside the furnace, and all combustion by-products were
contained and treated, aligning with cleaner lab practices. The success of the ISO 834-1
and EN 1363-1 based method as documented in this thesis lays the groundwork for it to
be taken up in future standards or research.

e Comparison of the two approaches (pool-fire vs. furnace) yielded critical insights into fire
physics and battery safety. By studying both methods side by side, the research uncovered
why the pool-fire test is so variable and how the furnace overcomes those issues. It was
found that in the open pool-fire, even with measures like a specified pan size and an allowed
wind speed range, the flame behaviour around the DUT remains highly unpredictable.
Turbulence and the heterogeneous nature of a large gasoline fire lead to uneven heating
- some areas of the battery may be shielded by their own smoke or by flame lean, while
others get direct flame contact, resulting in temperature non-uniformity. On the other
hand, the furnace method created a controlled environment where the only significant
variability observed was during the initial ramp (due to furnace thermal inertia), and even
that was systematic and could be calibrated out. The thesis therefore contributes not
just a method, but also an evolved framework for battery fire testing grounded in rigorous
engineering principles.

Overall, the scientific and practical significance of the work can be distilled into a clear mes-
sage: The work presented in the thesis has advanced the field of battery safety by demonstrating
that batteries can be tested in a far more rigorous and meaningful way than we currently do. It
challenges the status quo of regulatory testing (identifying its flaws through data) and offers a
concrete, validated alternative approach. This approach yields a wealth of information (helping
scientists understand battery failure better) and has direct practical benefits (helping engineers
design safer batteries and enclosures, and regulators set more evidence-based standards). The
work bridges a gap between fire science and safety, bringing techniques from one domain (fire
resistance testing) to bear on another (battery engineering) in an innovative manner.

It provides an evidence-based testing methodology for regulatory bodies to acknowledge this
issue and seek improvements. The experimental evidence and the following analysis strongly
supports formal thesis that it is possible to develop a quantitatively-grounded methodology to test
lithium-ion battery fire safety and mechanical integrity with greater precision, repeatability, and
diagnostic value than current regulatory procedures. Thesis of the work was proven and the aim
reached.

8.2 Unique Contributions to Knowledge in Thesis

The unique contributions of Daniel Darnikowski’s PhD dissertation made in the course of "Dok-
torat Wdrozeniowy" are delineated in this section. These contributions are identified in the
context of current LIB safety knowledge, recent research, and standard practices.

¢ Quantitative evidence of limitations in existing fire tests: The thesis provides the
first public and rigorous statistical demonstration, through series of tests on real life ESS
that the prevailing battery fire safety test (UNECE Regulation No. 100 Revision 3, external
gasoline pool-fire) suffers from poor repeatability and precision. Through repeated full-scale
trials under nominally identical R100.03 conditions, it was shown that small uncontrolled
factors (wind, fuel distribution, etc.) cause large variability in heat exposure and outcomes.
By bridging this knowledge gap, the work compels regulators to acknowledge that current
fire-testing protocols for batteries lack the metrological reliability expected in safety-critical
standards.
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e Furnace-based fire resistance testing adapted to LIBs: A central achievement of
this dissertation is the adaptation of the time-temperature furnace test to battery testing.
The thesis adapted the ISO 834-1, EN 1363-1 standard fire curve as well as EN 1363-2
hydrocarbon curve into the battery safety testing. This methodological innovation replaces
the uncontrolled open flame of UNECE R100.03 with a controlled furnace exposure, yielding
dramatically improved repeatability and data quality.

¢ Improved instrumentation and metrology in fire testing: The research also made
significant enhancements to how battery fire experiments are instrumented and analysed,
exceeding current standard practices. In PhD dissertation, a comprehensive sensor and
data acquisition setup for fire tests was developed, including thermocouple arrays on and
inside the battery enclosure, airflow anemometers, and hygrometers to monitor ambient
conditions.

e Augmenting and proposing standards revisions: The dissertation proposes concrete
modifications to improve standards, essentially extending existing frameworks. Notably,
it recommends a two-pronged testing regime to replace the singular R100.03 fire test. In
this proposed framework, regulators would require a furnace-based external fire resistance
test (as developed in the thesis) and a complementary internal hazard test such as an
overpressure venting or internal ignition trial. This dual approach ensures that a battery
enclosure is evaluated both for external fire exposure and for its ability to contain or safely
relieve an internal thermal runaway - an aspect not addressed by R100.03.

e Integration with industry practice and standardization networks: the work exem-
plifies application-oriented research by actively involving industry stakeholders and stan-
dardization bodies in the development of its contributions. The experimental program was
conducted in an accredited fire-testing institute (Centrum Techniki Okretowej S.A.), where
a custom test stand was built to implement the new procedures.

¢ Development of a Thermal Runaway Emissions Aftertreatment System (TREAS):
The thesis introduces a custom-engineered system designed to capture and neutralize toxic
gases and particulates released during LIB fires and/or thermal runaway tests. This is a
novel technical solution addressing the emerging requirement that destructive battery tests
be safe for personnel and the environment.

¢ Bridging fire science and battery engineering: A noteworthy original element of this
thesis is its truly interdisciplinary approach - it bridges the gap between fire safety engi-
neering and battery technology. The research creates a synergistic framework. It allows
fire dynamics (flame spread, heat transfer) to be studied in the context of battery layouts
and materials, and conversely uses battery failure data to inform fire barrier design. By
explicitly "bridging fire science, battery engineering, and standardisation practice", the
dissertation provides a model for integrative safety research. This systemic contribution
ensures that developments in one field (e.g. improved fire test methods) are directly trans-
lated into the language of the other field (battery safety requirements), fostering a more
unified approach to LIB safety challenges.

The presented doctoral research is distinguished by its strong practical orientation, conducted
not only within the academic framework of the Institute of Fluid Flow Machinery of the Polish
Academy of Sciences, but also in the works of the accredited Laboratorium Badan Ogniowych of
Centrum Techniki Okretowej S.A. This dual setting ensured that the work was firmly grounded
in both scientific rigour and industrial relevance. Importantly, all experiments were performed
on real-life battery modules and systems supplied by multiple manufacturers, which allowed the

158



Chapter 8

methodology to be validated under conditions directly reflecting market applications in elec-
tromobility and stationary energy storage. As a result, the thesis not only contributes to fun-
damental understanding of LIB fire safety, but also delivers implementable testing procedures
and technological solutions that can be directly translated into improved safety standards and
certification practices worldwide.

8.3 Recommendations and Future Work

While this thesis has made substantial progress in improving LIB fire testing methodology, it
also recognizes the limitations of the proposed approach and the need for further research to fully
implement and generalize the findings. Several important considerations and future directions
emerged from this work:

e Bridging the gap between controlled tests and real-world scenarios: A controlled furnace
test, as developed here, focuses mostly on the thermal aspect of an external fire threat. By
design, it does not replicate the electrochemical and mechanical abuse that occurs during an
actual battery thermal runaway. In a real EV accident, for example, cells may be damaged,
leading to internal short circuits, gas venting, and possibly internal ignition - phenomena
which a furnace (with an empty or non-energized enclosure) does not reproduce. This is a
known limitation: a furnace test can demonstrate that an enclosure resists an external fire
(preventing flames from entering), but it does not prove the enclosure can contain an inter-
nal fire or explosion. Therefore, one recommendation is that any future standard testing
regime should be two-pronged - exactly as proposed in this thesis’s integrated methodology.
Firstly, include a furnace-based thermal resistance test (outside-in fire exposure) to ensure
robust fire barrier performance. Secondly, include a pressure/venting test (or an internal
ignition test) to ensure that if a battery does go into runaway, the enclosure can either
safely vent the pressure or withstand it without rupturing. Thus, regulatory bodies (UN-
ECE, ISO, etc.) are advised to consider adding a venting or explosion containment test.
Some nascent steps are already seen (e.g., UNECE’s draft GTR on thermal propagation),
and this research bolsters the case for formalizing such tests.

e Generality and scalability of the furnace method: The furnace-based approach was tested
on a specific set of battery enclosure samples (six full-scale specimens, each presumably
of a certain design/size). While results were excellent in terms of repeatability, additional
studies are needed to ensure the method’s robustness across different laboratories and
battery designs. One limitation noted is that all furnace tests in the study were done in
the same facility, under carefully controlled settings. To fully prove that this method is
universally repeatable, a round-robin test campaign should be conducted where multiple
laboratories perform the same furnace test on identical specimens and compare results.
According to ISO 5725 principles, one must assess not only repeatability (same laboratory,
same operator) but also reproducibility (different laboratories). The methodology may
need minor adaptations (e.g., use of multiple furnace burners for very large samples to
maintain uniform heating) - these details should be explored by future researchers.

e Correlation with actual battery behaviour: An important future step is to correlate the
results of the furnace test with real battery fire outcomes. In this thesis, the furnace tests
often used either empty enclosures or involved heating a pack without inducing internal TR
(for safety and repeatability reasons). While this isolated the thermal barrier performance,
it does not directly show how a given enclosure would fare with live cells inside. It is recom-
mended that further experiments be conducted where a battery pack with cells is subjected
to a controlled external fire (perhaps in a furnace or with well-controlled burners) to see if
passing the furnace criteria truly ensures prevention of thermal runaway for the specified
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duration. These studies would essentially tie together the thermal test performance and
actual safety outcome, providing a complete picture.

e Integration into standards and industry practice: The thesis makes several recommenda-
tions for updating standards. It proposes that future regulations could incorporate the
furnace-based methodology, possibly inspired by the precedent in railway standards. A
short-term recommendation is for standard committees (such as the UNECE working group
on electric vehicle safety, or ISO T'C22/SC37 on electrified powertrain safety) to initiate
technical evaluations of this method. This could start as an informative annex or alter-
native test in standards - for example, allowing manufacturers to perform a furnace fire
test in lieu of the pool-fire test to demonstrate compliance, while data is gathered. Over
time, if proven effective, it could become the primary requirement. There may be some
industry resistance initially (due to the perceived difficulty or cost of furnace tests), but
the thesis argues convincingly that costs could actually be lower - because furnace tests
are more controlled, they may reduce the number of repeat tests and they eliminate the
need for large quantities of flammable fuel and hazardous site preparations. Outreach and
communication of these benefits will be important future work to ensure the research has
real impact.

In conclusion, the work presented in this dissertation significantly advances public capability
to test and understand LIB fire safety. It delivers a method that enhances precision, repeata-
bility, and insight, addressing a crucial gap in current safety engineering. However, it also
highlights that a single method is not a panacea - a combination of tests (thermal and pressure)
is needed for holistic safety, and ongoing refinement and validation are required to integrate the
method into the fabric of standards globally. The limitations identified (lack of internal pressure
simulation in furnace tests, need for inter-lab studies, etc.) are not setbacks but rather clear di-
rectives for the next steps the research community and industry should take. By following these
recommendations - adopting integrated test criteria, conducting further validation studies, and
updating standards - stakeholders can ensure that the rapid growth of battery technologies will
be matched by equally advanced safety verification techniques. The ultimate measure of success
will be a future where battery fire incidents are rarer and far less severe, thanks in part to the
improved testing and design practices informed by research such as this. This thesis has laid
the groundwork by showing what is possible, proving the original thesis and aim of the works.
As LIBs continue to power our world, ensuring their safety is both a technical and a public
trust imperative. The comparative and quantitative approach championed in this dissertation
represents a significant stride toward that goal, merging scientific rigour with practical solutions
for one of the foremost engineering challenges of our time.
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Overview of the Materials used in
Lithium-ion Batteries

A.1 Cathode Materials

A.1.1 Lithium Cobalt Oxide (LCO)

Lithium cobalt oxide (LiC0O2, LCO) cathodes constitute one of the most mature and histori-
cally dominant chemistries in lithium-ion battery (LIB) technology. At their peak, LCO-based
cells accounted for more than 50% of the global LIB cathode market, driven primarily by the
proliferation of portable electronic devices such as mobile phones, laptops, and cameras [372].
Although their market share has declined in recent years due to the rise of cobalt-scarce or
cobalt-free chemistries like NMC (LiNi,MnyCo0,02) and LFP (LiFePO,) in electric vehicles
and stationary storage, LCO remains a key material in niche sectors where high volumetric en-
ergy density is paramount. The cathode material is typically synthesized via solid-state reaction
between lithium carbonate and cobalt oxide at elevated temperatures (800-1000 °C), producing
a highly ordered layered structure that facilitates reversible lithium intercalation. Continued
advancements in coating strategies and dopant incorporation aim to suppress surface reactivity
and enhance cycling stability [373, 374].

It has the chemical formula LiCoOs3, consisting of layers of C'oOy octahedra with lithium
ions occupying the interlayer sites in a layered a-NaFeO; type structure [375]. LCO was first
identified as a high-energy-density cathode by Goodenough and co-workers in 1980 [376], and it
became the basis for the first commercial Li-ion cells in the early 1990s. Manufacturing of LCO
cathodes typically involves high-temperature solid-state synthesis: for example, mixing lithium
carbonate (LioCO3) with cobalt oxides (e.g., Co304) and calcining in air or oxygen at about 600
800 °C, followed by annealing near 900 °C to obtain the well-crystallized layered phase [375, 377].
This produces LCO powder with the desired R3m crystal symmetry. Alternative fabrication
methods such as sol.gel processing and co-precipitation are also employed to improve homogeneity
and control particle size [377|. In a typical cathode roll manufacturing process, LCO powder
(often blended with a carbon conductive additive and binder) is coated onto aluminium foil
to serve as the cathode electrode [378]. The result is a reliable cathode material with high
volumetric energy density and good compatibility with common liquid electrolytes and graphitic
anodes [379].

Compositionally, LCO is cobalt-rich, with cobalt comprising approximately 60% of the cath-
ode’s mass. This results in high production costs and significant exposure to geopolitical and
ethical concerns, particularly due to cobalt’s concentrated supply chain in politically unstable
regions [380]. The environmental burden associated with cobalt extraction is substantial, includ-
ing toxic effluents, habitat degradation, and C'Os emissions. Although recycling of LCO-based
batteries has historically been limited by inefficient separation techniques, recent developments
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in hydro-metallurgical recovery processes have increased cobalt and lithium yields while reduc-
ing environmental impact [381, 382]. These advances contribute to modest improvements in
the sustainability profile of LCO, albeit insufficient to counterbalance its ecological liabilities in
large-scale applications. Nonetheless, LCO cells exhibit excellent calendar life under moderate
cycling regimes, maintaining structural integrity and performance in low-drain environments.
The market price of Lithium Cobalt Oxide (LCO) cathode active material currently stands at
approximately $16.70 per kilogram [383] (as of 05.07.2025).

Electrochemically, LCO features a theoretical specific capacity of 274 mAh - g=1 [376], though
practical capacities are capped at approximately 140-160 mAh - g~! due to structural degrada-
tion risks at deep states of charge [384]. The voltage window of 3.0-4.2 V versus Li/Li provides
high energy density but simultaneously accelerates electrolyte decomposition and transition metal
dissolution at elevated potentials. Delithiation beyond 4.2 V induces irreversible changes in the
layered lattice, promoting oxygen evolution and phase collapse. Thermal stability is another
limiting factor: LCO begins to exhibit exothermic reactions and oxygen release above approxi-
mately 180 °C, initiating self-heating and raising the risk of TR in abusive conditions. Therefore,
tight thermal and electrochemical control strategies are imperative for LCO-containing systems,
particularly when employed in multi-cell configurations [385].

From a safety perspective, LCO is inherently less stable than other cathode chemistries such
as lithium iron phosphate (LFP) or lithium manganese oxide (LMO). Its relatively low onset tem-
perature for thermal decomposition, combined with high oxygen release potential, increases the
likelihood of exothermic reactions with flammable organic electrolytes [386]. Safety incidents in-
volving LCO-based batteries have underscored the need for robust protective mechanisms, includ-
ing pressure-relief valves, thermal fuses, and advanced BMS. Experimental studies have shown
that TR can be initiated at temperatures as low as 180-200 °C, necessitating stringent controls
to prevent overcharging and overheating [387]. Consequently, while LCO remains competitive in
markets where volumetric energy density is critical, its declining market share in broader sectors
reflects both economic and safety-driven transitions toward alternative chemistries. Compared
to other cathode chemistries, such as LiFePQO,, which is thermally stable up to 250 °C, LCO is
more prone to fire and explosive reactions [388]. Abuse conditions such as overcharging, crushing,
or external fire can lead to internal short-circuiting, venting of flammable gases, and ignition.
Nail penetration and impact tests on LCO cells often result in gas release and ignition if cells
are at high state-of-charge. The vented gases are hazardous and include Co-containing particu-
lates [389]. Safety mitigation measures include thermal shutdown separators, current interrupt
devices, venting mechanisms, and battery management systems that limit charging and tem-
perature. Material-level safety improvements include particle coatings (e.g., AIPOy, ZrO2) and
doping to suppress oxygen release [390]. While no battery is immune to failure under extreme
abuse, modern LCO batteries incorporate multilayer safety strategies that have proven effective
in consumer electronics, where billions of units operate with few incidents [388].

A.1.2 Lithium Nickel Oxide (LNO)

Lithium nickel oxide (LiNiO2, LNO) cathodes are of notable interest due to their high theoret-
ical specific capacity of approximately 274 mAh - g~!, attributed to the full oxidation of Niz, to
Niyy during delithiation processes [391]. LNO cathodes are typically synthesized via solid-state
reaction or co-precipitation methods, followed by high-temperature calcination to ensure phase
purity and cation ordering [392]. Their composition primarily includes lithium and nickel, often
doped or surface-modified with other metals (e.g., Co, Al, M g) to enhance electrochemical stabil-
ity [393]. Although nickel is more abundant than cobalt, its use in high-energy battery cathodes
contributes to moderate material costs and limited scalability due to purification demands. In
terms of recyclability, LNO materials can be recovered via hydrometallurgical and pyrometallur-
gical processes, though nickel recovery remains less economically viable than lithium [394]. The
current market price for high.purity LiNiOy (LNO) cathode active material is approximately $16

162



Appendix A

per kilogram [395]. Environmental implications are significant: nickel extraction and processing
are energy-intensive and generate notable CO, emissions and aqueous effluents [396]. LNO’s
market penetration remains limited compared to NMC (LiNizMn,Co0,03) chemistries due to
inferior cycle life and instability under commercial conditions, yet its high capacity renders it
attractive for niche applications. Thermally, LNO exhibits moderate stability but undergoes
oxygen release above 200-250 °C, which contributes to TR risks [397].

Safety concerns are paramount when assessing lithium nickel oxide as a cathode material.
LNO demonstrates a high degree of reactivity, particularly under overcharge or thermal abuse
conditions, where oxygen evolution from lattice degradation acts as an oxidizer, accelerating
exothermic reactions with the electrolyte. This results in increased propensity for TR—a critical
limitation in transport and stationary energy storage applications. Structural instability during
deep delithiation exacerbates the formation of resistive surface layers and crack propagation
within the cathode, further impairing safety [398]. Studies have shown that LNO-based cells
exhibit higher heat generation rates and lower onset temperatures for exothermic decomposition
compared to other layered oxide cathodes such as NMC and LCO [397, 399]. Moreover, LNO
cathodes lack inherent self-healing mechanisms or phase transitions that would mitigate thermal
degradation. Consequently, the commercial adoption of LNO is restricted by stringent safety
requirements, particularly in contexts involving elevated temperatures or potential mechanical
abuse.

A.1.3 Vanadium-based cathodes (VO and LVO)

Vanadium-based cathodes, particularly vanadium oxide (VO) and lithium vanadium oxide (LVO),
have been explored extensively for their high theoretical specific capacities and structural ver-
satility. VO cathodes, typically in the form of V5Os, offer a theoretical capacity of up to
294 mAh - g~! due to their multi-valent vanadium redox states, while LVO can achieve approx-
imately 275 mAh - g=! depending on composition and crystallinity. These materials are often
synthesized via sol-gel, hydrothermal, or solid-state routes, allowing for tunable morphologies and
particle sizes that impact electrochemical performance [400]. Despite their promising capacities,
the commercial adoption of VO and LVO cathodes remains limited due to challenges in cycling
stability and rate capability, often linked to structural degradation during lithiation/delithiation
cycles [401]. From a cost perspective, vanadium compounds are more expensive than conven-
tional lithium iron phosphate (LFP), but they are less costly than cobalt-based materials and
exhibit lower geopolitical supply risks [402|. This reflects the recent transaction price of V205
(more than 99.5% purity) at about $13.85 per kilogram [403]. Vanadium is moderately toxic, and
occupational exposure is regulated, though its overall environmental footprint during extraction
and processing is less severe than cobalt [404]. Recyclability is an advantage; vanadium oxides
can be recovered from spent cathodes through hydrometallurgical processes, supporting a more
sustainable battery lifecycle [400]. However, the global market share of vanadium-based cath-
odes remains marginal compared to dominant technologies like NMC (nickel-manganese-cobalt)
or LFP systems.

In terms of safety, VO and LVO cathodes exhibit moderate thermal stability, generally lower
than LFP but higher than NMC materials. Vanadium oxides can release oxygen at elevated
temperatures, posing risks of TR under abusive conditions [405]. However, their lower energy
densities compared to NMC reduce the overall severity of potential safety incidents. Moreover,
recent advancements in electrode architecture and electrolyte formulations have improved the
thermal response of LVO-based systems, pushing the onset temperature for exothermic reactions
to safer thresholds. Toxicological assessments indicate that vanadium exposure primarily affects
the respiratory system and kidneys, which necessitates careful handling during manufacturing
and end-of-life processing. Nonetheless, with proper engineering controls, the safety risks associ-
ated with vanadium-based cathodes are manageable. Emerging research is also exploring surface
coatings and dopants to suppress structural collapse and thermal degradation, further enhancing
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the safety profile of these materials [87].

A.1.4 Nickel cobalt manganese oxide (NCM)

Nickel cobalt manganese oxide (NCM) cathodes, also called NMC, are a family of layered LiM O,
materials (M = Ni, Co, Mn) that dominate many high-performance lithium-ion batteries. They
crystallize in the same layered structure as LiCoOy (LCO) but with Co partially substituted
by Ni and Mn in various ratios. Common compositions include NCM111 (Ni:Co:Mn = 1:1:1),
NCM523, NCM622, and Ni-rich NCM811 (80% Ni, 10% Co, 10% Mn) [406, 165]. Increasing
the Ni fraction increases capacity and energy density while reducing costly Co content, so newer
cathodes have trended from NCMI111 toward Ni-rich NCMS811 to boost EV range and lower
material cost. These oxides are typically manufactured via co-precipitation: mixed Ni—-Co—Mn
hydroxide or carbonate precursor particles are first precipitated from solution, then calcined
with lithium compounds at high temperature to form the lithiated oxide. Careful control of pH,
temperature, and agitation yields spherical precursor particles with optimal size, density, and
purity, which in turn lead to superior electrochemical performance in the final cathode [407].

NCM cathodes offer high voltages (3.7-3.8 V average) and high capacities, translating to
excellent energy density. The theoretical specific capacity of layered LiNi,CoyMni_,_,O2 is
on the order of 270-280 mAh - g~! [408], though practical cells utilize only about half of this
to avoid structural collapse. Still, Ni-rich compositions outperform older LiC0O,: for exam-
ple, NCMS811 can deliver over 20 mAh - g, significantly above LCO’s 150 mAh - g~! practical
limit [399]. Higher Ni content increases initial capacity but tends to degrade faster over time.
Ni-rich cathodes suffer from cation disorder, electrolyte oxidation, and particle cracking. These
lead to gradual capacity fade and impedance growth. Research has shown that increasing Ni
content reduces long-term capacity retention [409]. Mitigation strategies include dopants (e.g.,
Al, Mg), nanoscale coatings, and single-crystal particle designs [410]. With such measures, mod-
ern NCM batteries can achieve hundreds to thousands of cycles with moderate capacity loss,
though generally still below the longevity of lithium iron phosphate (LFP) cells.

Cost and resource considerations are key factors in selecting NCM cathodes over alternatives
like LCO, LFP, and NCA. Cobalt is the most expensive component in conventional layered ox-
ides, so reducing Co content has been a priority. Moving from NCM111 to NCM811 dramatically
lowers cathode cost per kWh [165]. Ni-rich NCM variants and NCA (e.g., LiNigsC0¢.15Alp.0502)
were developed to maximize energy density with minimal cobalt. As of 2022, NCM-type chemistries
(including NCA) accounted for about 60% of global EV battery capacity, while LFP held under
30% [177]. By 2023, LFP’s share rose above 40%, reflecting cost advantages despite NCM’s
superior energy density [411]. The market price of Lithium Nickel Manganese Cobalt Oxide
(NMCB811) cathode active material currently stands at approximately $22.00 per kilogram [412].
Cobalt sourcing raises ethical and environmental issues, as 60-70% is mined in the Democratic
Republic of Congo with notable human rights concerns [380]. Extraction of cobalt and nickel is
energy-intensive and emissions-heavy. Though NCM batteries have high recycling value due to
Ni and Co, global cobalt recovery rates are only ~30% [381]. New hydrometallurgical methods
exceed 95% metal recovery [413], and the EU has mandated 90% recovery of Ni and Co by 2028,
aiming to improve sustainability.

A major drawback of NCM cathodes is limited thermal stability, particularly in Ni-rich vari-
ants. Under high temperatures or overcharge, delithiated NCM can undergo exothermic decom-
position, releasing oxygen that reacts violently with electrolyte [414]. The onset temperature for
TR drops with increasing Ni content—from ~306 °C for NCM111 to ~225 °C for NCM811 [25].
This is due to weaker metal-oxygen bonds in Ni-rich oxides. Cycling-induced microcracks in
Ni-rich particles expose fresh surfaces to electrolyte, triggering additional heat and gas release.
These feedback loops increase fire risk. To address this, manufacturers apply Al/Mg dopants,
protective coatings, and battery management systems to suppress reactions [142]. Despite such
controls, NCM-based batteries have narrower safety margins than LFP cells, highlighting the
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importance of continued innovation to ensure safe, high-energy battery systems.

A.1.5 Aluminum-doped lithium nickel oxide (NCA)

NCA cathodes (typically LiNiggCog.15Alp.0502) are manufactured primarily through co-precipitation
followed by high-temperature calcination, resulting in layered nickel-rich oxides stabilized by alu-
minum doping [415, 416]. The aluminum doping not only enhances structural integrity but also
improves cycling stability. These cathodes have a high theoretical specific capacity of approx-
imately 275-280 mAh - g~! [378], translating practically to about 180-200 mAh-g~! in com-
mercial cells. NCA materials generally operate up to about 4.3 V versus Li/Lit, providing
superior energy densities ideal for electric vehicles. However, their costs remain elevated due to
nickel and cobalt scarcity and extraction challenges [417]. Environmental concerns arise from
the toxicity of nickel and cobalt, necessitating careful management and recycling [418, 32|. For-
tunately, hydrometallurgical recycling approaches effectively recover valuable metals, although
efficiency varies with technology maturity. Long-term cycling performance is robust yet suscep-
tible to capacity fade, driven by microcracking and nickel-induced surface reactions. Globally,
NCA cathodes represented approximately 8% of the EV battery cathode market in 2022, behind
NMC and LFP chemistries [177, 419]. Despite cost and recyclability challenges, their energy
density and Al-induced improvements solidify their market significance. The current market
price for Lithium Nickel Cobalt Aluminum Oxide (NC'A, LiNiC0AlO2) cathode active material
is approximately $17.85 per kilogram [420].

Safety concerns with NCA cathodes centre primarily around thermal stability and suscepti-
bility to mechanical and thermal abuse. The high nickel content contributes to oxygen evolution
at elevated temperatures, notably around 200 °C, resulting in TR risks [421]. While aluminium
doping elevates thermal decomposition onset temperatures compared to undoped LiNiOo, NCA
remains less stable than cobalt- or iron-based cathodes, experiencing exothermic reactions at
relatively low onset temperatures (around 165 °C for NCA compared to approximately 180 °C
for LiC0O3) |25]. In TR scenarios, NCA cells release significant heat and toxic gases, including
hydrogen fluoride and phosphoryl fluoride, posing substantial hazards [34]. Under mechanical
stress, such as crushing or penetration, NCA cathodes exhibit severe internal short circuits,
rapidly escalating to violent thermal events with peak temperatures surpassing 500 °C [25].
Consequently, extensive safety measures, including robust thermal management systems and
protective battery enclosures, are essential for the deployment of NCA-based battery systems
in demanding environments. Ongoing research continually explores novel protective coatings,
electrolyte additives, and structural reinforcements to mitigate these inherent safety risks [416].

A.1.6 Lithium manganese (nickel) oxide (LMO and LMNO)

Lithium manganese oxide (LM O, LiMn2O,) and lithium manganese nickel oxide (LMNO, typ-
ically LiNigs5Mni 50y, also known as high-voltage spinel LNMO) are both spinel-structured
cathode materials with similar crystal frameworks but distinct compositions and properties.
Both are commonly manufactured via solid-state calcination or co-precipitation methods, yield-
ing polycrystalline spinel powders; in the case of LNMO, careful control of synthesis (e.g. tem-
perature and cooling rate) is often required to manage Ni/Mn cation ordering which can affect
performance [422, 423]. Compositionally, LMO is a manganese-only spinel (Mn3*/Mn** redox
couple), whereas LMNO substitutes half the Mn with Ni, introducing a N2t /Ni** redox couple
that raises the operating voltage to about 4.7 V (vs. 4.0 V for LMO) [424]. This higher voltage
of LNMO translates to greater theoretical energy density: both LMO and LMNO have similar
theoretical specific capacities around 146-148 mAh - g=! (one Li per formula unit) [423, 378], but
LMNO’s higher voltage yields more energy per cycle. In terms of cost and raw materials, LMO
is one of the cheapest cathodes due to the abundance of manganese and absence of cobalt, and
LNMO remains relatively low-cost as well, avoiding expensive Co by using moderate amounts
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of nickel [423]. Both materials are considered more environmentally benign and less toxic than
cobalt-rich layered oxides; manganese and nickel pose fewer toxicity and supply-chain concerns
than cobalt-based cathodes [425, 378]. Nickel is still toxic in soluble forms, but its content in
LNMO is lower than the Co in NMC/LCO, and Mn is comparatively benign. The lack of cobalt
also means recycling these chemistries is less lucrative - LMO especially has low economic re-
cycling value since recovered Mn is cheap, whereas LNMO’s Ni content offers somewhat higher
incentive but still far less than Co-based systems [425, 381|. Electrically, both LMO and LMNO
offer high power capability due to their 3D lithium diffusion pathways in the spinel lattice, mak-
ing them suitable for high-discharge applications [378|. Thermal stability of the spinel cathodes
is generally superior to that of layered oxides like LCO or NMC: LMO in particular has been
noted for its stability and safety, with a higher decomposition onset temperature than LCO,
and it has often been blended into NMC/LCO cathodes to improve thermal stability and reduce
safety risks. In commercial use, LMO has been widely deployed since the mid-1990s - in early-
generation lithium-ion batteries for power tools and in electric vehicles (often in combination with
NMC) - owing to its low cost and acceptable performance/safety profile. The current market cost
for spinel-type Lithium Manganese Oxide (LiMny0O4) cathode active material is approximately
starting from $7.52 per kilogram [426]. LMNO, on the other hand, is a newer material still under
active research and not yet widely adopted in the market; its promise of cobalt-free high energy
density has driven extensive investigation, but issues with cycle life and electrolyte compatibility
have so far limited its commercial deployment to pilot projects and experimental cells [423, 427].

Safety under abuse conditions is a critical differentiator for cathode materials, and both
LMO and LMNO (spinels) generally exhibit more benign behavior than the traditional layered
oxides. In thermal abuse scenarios (overheating or fire exposure), LMO-based cells tend to
remain stable to higher temperatures before undergoing exothermic decomposition. Fully charged
LMO cathodes (approx. LigMn204) do not release significant oxygen until reaching roughly
300-375 °C, whereas charged LNMO (LigNigs5Mn 504 with Ni*t present) begins to undergo
oxygen-releasing structural changes at temperatures below 300 °C [428]. This stark difference
is attributed to the Ni*t in LNMO, which is thermodynamically prone to reduce by liberating
Oq, in contrast to the more stable Mn-only redox in LMO [429]. Consequently, LMO cells can
tolerate higher abuse temperatures before triggering TR, whereas LNMO cells - especially at high
state-of-charge - may enter TR more readily once the 250-300 °C threshold is crossed, as the
released oxygen violently reacts with flammable electrolyte [428]. That said, both spinel cathodes
are still considered safer than Co- or Ni-rich layered cathodes (e.g. LCO, NCA or high-Ni NMC),
which can release oxygen at even lower temperatures and with greater heat output [430]. Under
mechanical abuse (impact or crushing leading to internal short-circuit), cells with LMO or LMNO
cathodes still face the risk of TR, but the severity of the event is often lower than with high-Ni or
Co chemistries. Studies have shown that LMO-based cells exhibit a slower TR propagation and
lower peak temperatures/pressures compared to NMC-based cells during nail penetration tests,
reflecting the spinel’s inherently lower exothermic oxygen release [25]. LMNO, while offering
high voltage, shares some safety advantages of the spinel structure (e.g. robust framework and
no cobalt) but will still release oxygen if overheated, so its safety lies between that of LMO
and traditional NMC - improved over NMC due to lack of cobalt, but not as thermally inert
as LFP or pure LMO. Overall, both LMO and LMNO are considered relatively safe cathodes:
they have high thermal thresholds and do not undergo the rapid oxygen-driven combustion that
makes LCO and high-Ni NMC chemistries so hazardous [430]. Nonetheless, LMNO’s higher
energy content and lower decomposition onset mean that stringent safety measures (thermal
management, shutdown separators, etc.) are still required. In summary, LMO’s long track
record in industry demonstrates its benign failure behavior and tolerance to abuse (it was chosen
in part for its safety in early EV batteries), whereas LMNO, though promising, must be carefully
engineered (e.g. with stable electrolytes and protective coatings) to achieve a comparable level
of safety under thermal or mechanical stress [423, 428].
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A.1.7 Lithium iron phosphate (LFP) and other phosphate-based cathodes

Lithium iron phosphate (LiFePOy, LFP) is an olivine-structured cathode material in the
polyanion family of lithium-ion battery electrodes. Its crystal lattice consists of FePO,4 units
with strong P—O bonds, which distinguishes it from layered transition-metal oxides [431]. LFP
was first reported in 1997 as a rechargeable cathode delivering about 100-120 mAh - g~!, with a
theoretical one-electron capacity of ~170 mAh - g~!. It operates at a moderate voltage around
3.4 Vs Li/Lit, using the Fe?* /Fe3T redox couple [160]. Other phosphate-based cathodes have
been explored by substituting the transition metal: for example, LiMnPQO, offers a higher op-
erating voltage of ~4.1 V (Mn?*/Mn3*") and similar theoretical capacity (~170 mAh - g=1) but
suffers from sluggish kinetics [432]. Likewise, LiCoPOy (with Co?t/Co3t at ~4.8 V) can deliver
about 167 mAh - g~! theoretically, yet in practice it exhibits rapid capacity fading due to low con-
ductivity and electrolyte decomposition at high voltage [433]. Among the phosphate cathodes,
LFP stands out for its exceptional structural stability and has become the most widely adopted,
thanks to advances that overcame its early drawbacks in electronic and ionic transport [160, 434].
Nanostructuring, carbon coating, and cation doping are now routinely employed in LFP manu-
facturing to improve its rate capability and utilization of active material. Industrial production
of LFP powders can be achieved via solid-state reactions, hydrothermal syntheses, or sol-gel pro-
cesses, often followed by a carbothermal treatment to obtain carbon-coated LiFePO,4 composite
particles with enhanced conductivity. These manufacturing innovations (notably the conduc-
tive network formation) enabled LFP to attain near-theoretical capacity and power output in
commercial cells [435, 160]. The olivine phosphate framework thus provides a high-performance,
cobalt-free cathode option that has matured significantly since its inception [434].

A key advantage of LFP and related phosphate cathodes is the use of inexpensive, earth-
abundant elements (iron, phosphorus, oxygen) instead of scarce metals like cobalt or nickel.
This composition makes LFP comparatively low-cost and less susceptible to supply risks or price
volatility in raw materials. In addition, the LFP chemistry is environmentally and biologically
benign: it contains no heavy metals that pose toxicity or contamination concerns. Studies have
highlighted LFP’s "green" credentials, noting its low toxicity and minimal environmental impact
relative to layered oxide cathodes. The elimination of cobalt in particular not only removes
ethical and ecological issues associated with cobalt mining, but also improves the safety and
environmental profile of the battery lifecycle [436, 434, 160]. From a lifecycle perspective, LFP
cells can last so long that fewer replacements are needed, potentially offsetting the slightly higher
material usage per kWh due to LFP’s lower energy density. One challenge, however, is that the
very factors making LFP inexpensive (its use of iron and phosphorus with no high-value metals)
reduce the economic incentive for recycling these batteries [381]. Traditional hydrometallurgical
or pyrometallurgical recycling relies on recovering valuable metals like Co, Ni, or Cu; in LFP the
recoverable value is mainly lithium and some iron compounds, which on their own may not justify
the cost of recycling operations [413]. Nonetheless, researchers stress the importance of recycling
LFP cells at scale to reclaim lithium and prevent landfill disposal of the phosphate materials,
since improper disposal of spent LFP batteries could still cause environmental degradation and
resource waste. Recent work on direct cathode regeneration and alternative recycling methods
shows promise in making LFP recycling more feasible despite the low inherent scrap value.
Overall, the benign chemistry of phosphate cathodes affords advantages in cost and sustainability,
even as it prompts new strategies to ensure end-of-life materials are efficiently recovered [394].

Phosphate-based cathodes are widely prized for their long-term durability and stable electro-
chemical performance. LFP in particular is known for its outstanding cycle life: cells can sustain
thousands of charge-discharge cycles with minimal capacity loss, far exceeding the longevity of
most layered oxide (e.g. NMC) cells under similar conditions. The robust olivine framework un-
dergoes only minor volume changes (~=6-7%) between the charged and discharged states, which
mitigates mechanical strain and structural degradation over repeated cycling [437]. This intrinsic
stability underlies the ability of LFP batteries to retain capacity over many years of use. In terms
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of electrochemical parameters, LFP provides a specific capacity around 150-160 mAh-g~! in

practical cells (close to its 170 mAh - g=! theoretical limit) and a nominal voltage plateau near
3.3 V [438|. This yields a moderately high gravimetric energy density (typically on the order
of 90-150 Wh -kg~! at the cell level, depending on cell design) - lower than Ni-rich layered
oxides, but sufficient for many stationary and automotive applications where LFP’s other ben-
efits dominate. Furthermore, LFP can sustain high charge/discharge rates when engineered
with nanoscopic particles or conductive coatings, enabling excellent power capability without
rapid capacity fade [160]. The combination of long life, decent energy content, and high reli-
ability has driven a dramatic rise in LFP’s popularity across the battery industry. In recent
years, LFP cathodes have captured a substantial share of the lithium-ion battery market, es-
pecially for applications prioritizing safety, longevity, and cost over maximum energy density.
For example, lithium-iron-phosphate now accounts for roughly one-third of global EV and stor-
age battery capacity, a share that has grown rapidly as manufacturers embrace its low-cost
and stable performance profile [166]. Analysts note that LFP is often the preferred choice for
battery systems where extended cycle life and tolerance to full charge are required, whereas
NMC/NCA chemistries may be selected when higher energy density is paramount. Overall, the
resurgence of phosphate cathodes in the 2020s underscores their well-rounded characteristics -
ample performance for general-purpose use, coupled with superior lifespan, affordability, and raw
material security - which make LFP an attractive cathode for large-scale deployment in diverse
contexts [439].

Perhaps the most compelling advantage of LFP and related phosphate-based cathodes is
their exceptional safety. The polyanionic phosphate structure is intrinsically more resistant to
TR than the layered oxides, owing to the indelible strength of the P—O covalent bonds [96]. In
LFP, the Fe-O bonds are stabilized by the phosphate groups, so the cathode does not release
oxygen even when severely overcharged or overheated. This contrasts with LiCoOs and Ni-
based oxides, which start to liberate Og from the lattice at elevated temperatures (typically
above 180 °C for LiCoOy when overcharged), feeding combustible reactions in the cell [25].
LFP cells can tolerate substantially higher temperatures before entering TR; experimental abuse
tests show onset temperatures on the order of 180-200 °C for LFP, compared to around 130-
150 °C for typical NMC chemistries under the same conditions [414]. Moreover, even if an
LFP battery is forced into TR, the reactions are less violent and release less heat overall than
those in oxide-based cells. In inert atmosphere nail penetration and overheat tests, LFP cells
exhibit a slower temperature rise, lower peak heat release, and significantly less flammable gas
evolution than NMC counterpart. These results confirm that the phosphate cathode acts as
a stabilizing influence during abuse, making it considerably harder to ignite a cell or cause an
explosion. Additionally, the absence of cobalt in LFP removes a catalyst for toxic or exothermic
reactions, further improving its safety profile. In practical terms, LFP batteries are regarded as
among the safest lithium-ion chemistries - they are less prone to TR, show superior tolerance to
overcharging, and are more stable under mechanical stress or high temperature operation. This
inherent safety has been a major factor in the broad adoption of phosphate cathodes for large-
scale applications: from home energy storage units to electric vehicles and even air transport
of batteries, LFP’s robust thermal behaviour and non-toxic constituents provide critical risk
mitigation. In summary, the phosphate-based cathode family offers a level of safety and stability
that is unmatched by most other high-energy battery materials, making it a chemistry of choice
when safety is the paramount concern [141]. A summary of comparison of selected cathode types
is shown in Figure A.1.

A.2 Anode Materials

Graphite and silicon are prominent lithium-ion battery anodes, and their degradation under
extreme conditions such as fire and mechanical overloads remains critically important. Lithi-
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Figure A.1: Comparison of the cathode types.

ated graphite anodes exhibit exothermic decomposition of the solid-electrolyte interphase and
electrolyte interactions starting at moderate temperatures (approximately 60-90 °C), generating
gases like COgq, Hy, and CyH, and initiating self-heating processes [440, 136]. Recent studies
employing in-situ techniques have demonstrated SEI breakdown and gas release from graphite at
elevated temperatures [441]. The initial SEI decomposition destabilizes the interface, potentially
leading to TR at higher temperatures (>200 °C), as lithiated graphite further reacts with elec-
trolyte components and cathode-released oxygen [441, 129]|. Mechanical abuse, including crush
and penetration, similarly induces internal short-circuits, triggering rapid heat generation and
decomposition [442].

Silicon-based anodes, despite their higher capacity, introduce additional thermal stability
challenges due to substantial volume expansion during lithiation. This expansion causes con-
tinuous cracking and reformation of the SEI layer, making it vulnerable to rapid decomposition
under thermal stress [443]. Silicon-graphite composite anodes exhibit earlier onset and more
severe TR behaviour compared to pure graphite anodes, particularly at high charge states [443].
Strategies such as electrolyte additives (e.g., vinylene carbonate) have been shown to enhance
SEI stability and delay TR by modifying decomposition pathways [444].

For comparative assessment, LisTi5012 and meso carbon microbeads are also evaluated. LTO
features exceptional thermal stability due to its "zero-strain" structural characteristics, minimal
SEI formation, and negligible lithium plating, significantly delaying TR even under severe abuse
conditions [167]. Conversely, MCMB, while structurally stable at high temperatures, experiences
accelerated SEI growth and increased impedance similar to graphite under thermal stress [445].

Overall, the developed methodology incorporates thermal and mechanical abuse tests com-
bined with advanced characterization techniques to elucidate degradation mechanisms. This
comprehensive approach enhances understanding of SEI dynamics and material decomposition
under thermal stress, supporting the design of safer anode materials and thermal management
strategies [446, 441].
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A.3 Electrolyte Materials

The electrolyte plays a pivotal role in lithium-ion batteries, governing ion transport, interfacial
chemistry, and ultimately performance and safety [447, 448, 449|. Since Sony’s first commercial
cell in 1991, most LIBs have relied on a liquid solution of LiPFg in organic carbonates, which
provides room-temperature ionic conductivities on the order of 1072S - m~! and enables high
power capability [450]. However, rising demand for greater energy density, longer service life, and
improved environmental stewardship has spurred intense research into solid and gel electrolytes
that promise superior safety and sustainability [451].

State-of-the-art liquid formulations typically dissolve 1 mol L' LiPFgin a 1:1 (v/v) ethylene
carbonate / dimethyl carbonate mixture, sometimes blended with low-viscosity linear carbonates
or flame-retardant co-solvents [452, 32]. Manufacturing is straightforward - high-purity salt and
solvents are mixed in a dry room and injected into cells, so liquids remain the lowest-cost option
and still command 95% of the LIB market [453]. Yet these electrolytes are volatile (flash point
< 40°C), flammable, and prone to hydrolysis that releases HF, posing toxicity and recycling
challenges [454|. Long-term durability also suffers because continuous solvent decomposition
consumes lithium and thickens the solid-electrolyte interphase, reducing capacity retention over
thousands of cycles.

Inorganic ceramics such as garnet type LizLaszZreO12 (LLZO) or sulfide glasses like
Li10GePyS1o can reach 1073 —1072S - m~! at room temperature, are non-volatile up to ~800 °C,
and tolerate anodic limits above 5 V [451, 455]. Solid electrolytes double as the separator, simpli-
fying cell architecture, and, crucially, allow pairing with lithium-metal anodes whose theoretical
specific capacity is 3860 mAh - g~! [456]. Moisture sensitivity (especially for sulfides that emit
toxic H2S) and high sintering costs remain barriers, but recent alloying and surface-coating
strategies have markedly improved air stability and interfacial resistance. Several automotive
prototypes have already demonstrated solid-state pouch cells exceeding 400 Wh - kg=! with sta-
ble 1000 cycle lifetimes [457].

Gel systems immobilise a conventional liquid inside a porous polymer matrix (e.g. PVDEF-
HFP, PAN or PEO), delivering conductivities near 1073 - m~! at ambient temperature while
markedly reducing leakage and flame propagation [458]. Fabrication involves casting or elec-
trospinning the polymer film, followed by solvent uptake, and is already mature for "Li-po"
batteries in consumer electronics. Incorporating ceramic nanofillers such as BN nanotubes im-
proves thermal stability to ~250 °C and suppresses dendritic lithium growth, extending cycle life
with lithium-metal anodes [459, 460]. Although polymers can oxidise at 4.5 V and add complex-
ity to recycling streams, the lower free-solvent content eases hazardous-waste handling relative
to pure liquids [458].

Most field failures trace back to exothermic SEI breakdown at ~90-120 °C, followed by cath-
ode oxygen release above 150 °C and combustion of the liquid electrolyte, triggering TR, [448].
Gel matrices slow solvent vaporisation, delaying ignition, whereas all-solid cells largely eliminate
flammable constituents and tend to fail benignly (electrolyte fracture or shorted Li dendrites
without sustained fire) [461]. Nonetheless, sulfide ceramics require hermetic sealing against
moisture to avoid HoS evolution, and brittle oxides can crack under stack pressure, so com-
prehensive safety still demands balanced materials, cell design, and robust battery-management
systems [449].

Flame-retardant additives (e.g. organophosphates), high-flash-point solvents, and "localized
high-concentration" electrolytes dramatically raise ignition thresholds while preserving electro-
chemical performance (452, 453]. In parallel, up-scaled solid-state pilot lines have reported 100
mm-wide tapes of composite LLZO at costs approaching 100 Wh - kg~!, hinting at future parity
with liquid systems [462]. Recycling innovations such as supercritical COy extraction recover
90% of spent solvents, mitigating environmental burdens [32]. Continued progress across chem-
istry, processing, and policy will therefore determine which electrolyte architecture - liquid, gel,
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or solid - dominates next-generation energy-storage markets.

A.4 Separator Materials

Commercial lithium-ion battery separators are thin, microporous polyolefin films - chiefly polyethy-
lene (PE) and polypropylene (PP). Dry (melt-extrusion-stretching) and wet (solvent-extraction)
processes create an interconnected pore network that balances ionic conductivity with mechan-
ical strength [463, 464]. Popular monolayer PP or PE membranes, and especially multilayer
PP/PE/PP designs, exploit the lower melting point of PE for thermal shutdown while retaining
PP’s higher mechanical integrity [465, 466]. Typical commercial separators are ~20 pm thick
with 30-50% porosity, delivering low ionic resistance yet preventing electronic contact between
electrodes [464]. Thanks to these attributes, PE and PP account for the overwhelming majority
of separator volume in today’s Li-ion market [465].

Separator properties directly influence cell performance and lifetime. High porosity and
thin thickness minimize ohmic loss, allowing electrodes to approach their theoretical capacities
(e.g., 372 mAh - g=! for graphite) without significant polarization [447|. Polyolefins are chemi-
cally inert and non-toxic inside the cell, but their hydrophobicity can hamper initial electrolyte
wetting [465]. Environmentally, their persistence is problematic; recent work shows that spent
PE/PP separators can be cleaned and redeployed in "second-life" batteries, reducing waste and
cost [467]. At scale, polyolefin separators remain the most economical option, costing only a few
US cents per square meter, while advanced alternatives remain an order of magnitude higher
[466].

Safety considerations dominate separator engineering. PE shuts down ionic transport by pore
collapse near ~130 °C, whereas PP retains mechanical integrity up to ~165 °C, providing a staged
defence against TR [465, 466]. If heat flux outpaces shutdown, however, further shrinkage or
melting can trigger internal short circuits; therefore minimal area shrinkage and high puncture
resistance are critical [468]. Modern separators exceed 150 MPa tensile strength and < 5%
shrinkage at 150 °C, metrics that correlate with a markedly lower short-circuit rate in abuse
testing |466].

Laboratory innovations aim to push safety margins further. Ceramic-coated polyolefin sepa-
rators (Al2Os3, Si02) boost thermal stability beyond 200 °C and improve electrolyte wettability,
while adding only ~2% to cost [469]. Electrospun non-woven mats of polyimide or cellulose in-
troduce sub-micron fibres that raise porosity and flame retardance [470]. Flame-retardant grafts
or fillers suppress ignition and can self-extinguish during nail-penetration tests [468|. Although
these approaches remain pre-commercial, they outline a clear path toward separators that will
enable next-generation high-energy cells without sacrificing safety [471].
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Review of the Prevention Systems and
Solutions to Battery Fires

Preventing fires in LIBs has become a critical focus as energy storage systems proliferate across
portable electronics, electric vehicles, and stationary storage applications due to the high energy
density and flammable nature of organic electrolytes and electrode materials [96, 25|. Effective
fire prevention demands a multi-layered approach encompassing real-time electrochemical state
monitoring, precise thermal regulation, robust structural containment, and rapid suppression
mechanisms [472, 126]. Battery management systems (BMS) serve as the first line of defence by
continuously supervising cell voltages, currents, and temperatures to detect and correct abnor-
mal conditions before they escalate into TR [96, 228]. Meanwhile, battery thermal management
systems (BTMS), including air, liquid, and phase-change material - based cooling, actively reg-
ulate cell temperatures to mitigate localized heating and maintain uniform temperature profiles
under varied operating conditions [473, 472].

Early detection technologies, such as off-gas sensing and acoustic monitoring, provide critical
warnings by identifying precursor signs of cell decomposition and electrolyte breakdown, enabling
timely intervention before ignition occurs [126, 228|. Structural solutions incorporate thermal
barriers, insulating materials, and engineered venting pathways to confine failures within indi-
vidual cells and prevent propagation to adjacent cells or modules [473, 144]. In parallel, fire sup-
pression systems deploy tailored agents - including aqueous vermiculite dispersions, aerosolized
extinguishing powders, and clean agents to swiftly quench incipient flames and absorb exother-
mic reaction heat within battery enclosures [228, 144|. Recent advancements focus on integrated
safety platforms that synergize BMS algorithms, BTMS control, and suppression activation into
unified architectures capable of automated, rapid response to emergent thermal events [126, 144].

B.1 Battery Management Systems as Primary Prevention Layer

BMS represent the cornerstone of LIB safety, integrating a suite of monitoring, diagnostic, and
protective functions that collectively mitigate the risk of fire and catastrophic failure. At the most
fundamental level, BMS continuously monitors the voltage and current of each cell and the overall
pack, ensuring that all cells operate within their manufacturer-specified safe limits. By detecting
overvoltage, undervoltage, and overcurrent events in real time, the BMS can quickly intervene
to curtail current flow, disconnect faulty modules, or shut down the system, thereby preventing
dangerous conditions that could lead to TR [96, 474, 475]. Advanced voltage monitoring employs
predictive filtering and hysteresis algorithms to distinguish between genuine faults and transient
fluctuations, reducing false alarms and maintaining operational stability [96, 474, 475].

Beyond electrical supervision, cell balancing is a core BMS function that addresses the inher-
ent variability in cell capacity and ageing rates within series-connected packs. Through either
passive shunting of excess energy or active redistribution using capacitive or inductive convert-
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ers, the BMS equalizes the SOC among cells, maximizing usable capacity and extending battery
life [96, 476]. This balancing process is essential for preventing individual cells from exceed-
ing critical voltage thresholds during charging or discharging, which could otherwise result in
localized degradation or safety hazards [96, 476].

Thermal management is equally vital, as lithium-ion cells are highly sensitive to temperature
excursions and gradients. The BMS orchestrates a network of thermistors, resistance temperature
detectors (RTDs), or infrared sensors distributed throughout the pack to monitor temperature
in real time [96, 477]. When hotspots or abnormal temperature rises are detected, the BMS
can activate cooling systems, adjust power output, or initiate emergency shutdowns to maintain
all cells within the optimal thermal window, typically 20-45 °C [96, 477|. In severe cases, the
system may deploy thermal barriers or isolate overheating cells to prevent the propagation of
TR (96, 477].

Modern BMS platforms increasingly incorporate early fault detection through off-gas and
hydrogen sensing. As cells degrade or experience internal faults, they can emit trace gases such
as COy, CO, HF, or Hy before any significant voltage or temperature anomaly is apparent. By
integrating MEMS-based gas sensors and electrochemical detectors, the BMS can identify these
early warning signs and take pre-emptive action, such as isolating affected cells or modules, long
before ignition or venting occurs [25, 96]. This gas monitoring capability significantly enhances
the time window for intervention and is particularly valuable in large-scale or high-energy battery
systems [25, 96].

Another advanced diagnostic function is the application of electrochemical impedance spec-
troscopy within the BMS. Electrochemical impedance spectroscopy provides a frequency-domain
analysis of each cell’s internal impedance, revealing subtle changes in charge transfer resistance,
electrode degradation, or SEI growth that may precede more obvious electrical or thermal anoma-
lies [478]. By periodically comparing measured impedance spectra to baseline models, the BMS
can assess state of health in real time, schedule predictive maintenance, and avoid unexpected
failures [478]. This proactive diagnostic approach extends the BMS’s role from simple protection
to active life-cycle management.

Finally, the BMS is responsible for implementing safety interlocks and emergency protocols.
When abnormal conditions are detected, whether electrical, thermal, or chemical, the BMS
triggers hardware interlocks to disconnect affected cells or modules, halt charging and discharging,
and engage passive or active cooling systems [475, 474, 96]. These interlocks are typically designed
to meet stringent functional safety standards (such as IEC 61508/61511), ensuring that fault
containment is automatic and does not rely on operator intervention [474, 475, 96|. By isolating
faults and preventing their propagation, the BMS minimizes collateral damage and facilitates
safe system recovery.

In summary, the BMS provides a comprehensive, multi-layered defense against battery fire
hazards by integrating voltage and current protection, cell balancing, thermal management, gas
and impedance sensing, and robust interlocks. Fach of these functions contributes unique insights
and control mechanisms, ensuring that LIB systems operate reliably and safely across a wide
range of applications [96, 25, 472, 475, 474, 478].

B.2 Air-Cooled Thermal Management Systems

Air-cooled thermal management systems remove heat from LIB cells by directing ambient or
forced airflow over their surfaces, offering a lightweight and cost-effective solution for low to
moderate power applications. In passive configurations, natural convection driven by vehicle
motion or buoyancy can suffice, while active systems use fans or blowers to enhance heat transfer
under high load or low speed conditions [479, 480, 476, 481].

The convective heat transfer coefficient, h, critically determines cooling performance, with
forced convection increasing h by up to 50% compared to natural convection, thereby reducing
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Figure B.1: Air cooled battery assembly representation.

peak cell temperatures. Computational fluid dynamics (CFD) studies demonstrate that fan
placement at pack ends or top panels yields more uniform airflow through serpentine or parallel
channels, keeping the maximum temperature difference across cells within 5 °C under typical
duty cycles [479, 480, 482, 481].

Inlet and outlet manifold design strongly influences airflow distribution: vertical inlet-top /
outlet-bottom configurations outperform side-inlet setups by lowering flow resistance and creating
balanced velocity profiles. Multi-path duct networks with Z- or U-shaped channels mitigate hot
spots by guiding air through high-heat zones, although they incur higher pressure drops and
parasitic fan power [479, 480, 482].

Hybrid strategies that combine air cooling with PCMs or heat pipes enhance transient per-
formance: PCMs absorb peak discharge heat spikes, while airflow removes stored energy between
duty cycles, reducing cycle-to-cycle temperature rise and improving lifecycle cost efficiency. Em-
bedding porous metal-foam spreaders between cells increases conduction to air channels, boosting
effective h by 30% and lowering maximum cell temperature by approximately 4 °C [482, 480)].

The choice of duct-lining and flow plate materials also affects thermal performance: high
conductivity metals (aluminium or copper) paired with low friction coatings reduce pressure drop
and facilitate heat transfer from cell walls to airflow. Composite plates with integrated baffles
allow targeted cooling of high-heat generation cells without excessive fan power, while closed
loop fan speed control based on real-time temperature feedback can save 10-15% of parasitic
energy compared to fixed speed operation [479, 481, 480].

Fan and blower selection is critical: brushless direct current blowers provide rapid response
and fine speed control, enabling precise thermal regulation. Variable speed control synchronized
with instantaneous heat flux can lower peak temperatures by 8% over constant speed schemes,
while packaging constraints and noise requirements guide fan integration within sealed hous-
ings [482, 481].

For small-to-medium format packs where thermal loads rarely exceed 2 kW, air-cooled systems
strike a favourable balance between simplicity and cost: lifecycle cost analyses show up to 30%
lower capital and maintenance expenses compared to liquid systems in these applications [476,
479, 480, 170]. However, high-power or large format packs often require liquid or hybrid cooling
due to air’s lower heat capacity and conductivity.

Recent studies employ machine learning surrogate models to optimize multidimensional de-
sign parameters cell layout, duct geometry, and fan placement under varying duty cycles, enabling
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rapid exploration of novel configurations that meet temperature uniformity targets with mini-
mal prototyping. Experimental validations corroborate simulation results, demonstrating that
advanced air-cooled architectures can support next generation battery packs [482, 170, 480].

B.3 Liquid-Based Thermal Management Systems

Liquid-cooled battery thermal management systems represent the most effective approach for
maintaining optimal operating temperatures in high-energy density LIB packs under demanding
conditions such as fast charging and high discharge rates [481]. The superior thermal conductivity
and specific heat capacity of liquid coolants, compared to air-based systems, enable significantly
enhanced heat transfer coefficients ranging from 1000 to 5000 W/m?K, thereby providing more
efficient thermal regulation [483]. Liquid cooling systems utilize the principle of forced convection
heat transfer, where coolant circulates through dedicated channels or plates in direct thermal
contact with battery cells, facilitating rapid heat removal and maintaining temperature unifor-
mity across the battery pack [481]. The implementation of liquid cooling has become increasingly
critical as battery energy densities continue to rise, with contemporary high-performance electric
vehicles requiring thermal management systems capable of dissipating heat loads exceeding 2 kW
during fast charging operations [483]. Example of such system is shown in Figure B.2.

Advanced computational fluid dynamics modelling has significantly enhanced the understand-
ing of complex thermal-hydraulic phenomena within liquid cooling systems, enabling precise op-
timization of channel geometries, flow distributions, and coolant properties to maximize thermal
performance while minimizing parasitic energy consumption [484]. The fundamental heat trans-
fer mechanisms in liquid-cooled systems involve conduction through cell materials and thermal
interface layers, followed by convective heat transfer to the circulating coolant, which together
enable effective temperature control even under extreme operating conditions [477|. These prin-
ciples form the basis for increasingly efficient and compact liquid cooling solutions suitable for
electric vehicles, grid storage, and other high-power applications [484].

The selection of appropriate coolant fluid is critical for optimal system performance, with
ethylene glycol-water mixtures being the most widely adopted solution due to their balanced
thermal properties and freeze protection capabilities [483]. Water-glycol mixtures, typically
containing 50% ethylene glycol, provide enhanced thermal conductivity compared to pure gly-
col while maintaining acceptable viscosity and pumping power requirements [483]. Advanced
coolant formulations, including nanofluids enhanced with nanoparticles such as AloO3, CuO, and
graphene oxide, demonstrate superior thermal performance by increasing thermal conductivity
by up to 40% compared to conventional base fluids [484]. Coolant properties must balance ther-
mal conductivity, specific heat capacity, viscosity, electrical conductivity, chemical stability, and
environmental impact to achieve optimal performance across varying temperature ranges [485].

Thermophysical properties exhibit significant temperature dependence, necessitating careful
consideration of operating ranges when designing liquid-cooled systems [483|. For instance, the
viscosity of water-glycol mixtures decreases exponentially with increasing temperature, reduc-
ing pumping power requirements at elevated temperatures but potentially compromising heat
transfer performance at low temperatures [477]. Recent research on phase-change nanofluids
exploits latent heat effects to provide superior thermal regulation during transient high-power
events [483]. Additionally, dielectric coolants such as fluorinated hydrocarbons enable direct im-
mersion cooling configurations that eliminate thermal interface resistances, although at higher
cost and with more complex system requirements [95].

Cooling plate design is a key aspect of liquid-cooled thermal management, where heat trans-
fer efficiency is directly influenced by channel geometry, flow distribution, and interface contact
area [484]. Mini-channel and micro-channel cooling plates with hydraulic diameters ranging from
0.1 to 3 mm provide enhanced performance through increased surface-area-to-volume ratios and
improved convective heat transfer coefficients [484]. Serpentine, parallel, and spiral channel con-

175



Review of the Prevention Systems and Solutions to Battery Fires

Pressure Raliaf fl
" Resarvoir
| liquid-cooled

battery cooling

Heatar Pump

\
‘ Liquid
Battery Celis
Maodule case
taolation

Shisid 3

i

Lithium-ion Battery

-~

Cooling Fluid

. —d

L e, e e, e,

Cold plate  Heat spreader

Figure B.2: Liquid cooling of the battery module representation.

figurations have been studied, with optimized geometries demonstrating temperature reductions
of 3-5 °C compared to conventional rectangular channels [483]. Advances in additive manufac-
turing and precision machining have enabled complex channel geometries that maximize heat
transfer while minimizing pressure drop and material usage [484].

Topology optimization approaches employing computational algorithms have yielded novel
designs such as bionic-inspired structures and fractal-based networks that outperform conven-
tional plates in both thermal performance and pressure drop characteristics [477]. Topology-
optimized plates have demonstrated pressure drop reductions up to 40% while improving temper-
ature uniformity [484]. Integrating multiple inlet-outlet configurations and manifolds enhances
flow distribution, with optimized designs achieving temperature variations below 2°C across large
battery modules under high-power conditions [483].

Heat transfer enhancement in liquid-cooled systems is achieved through passive and active
techniques including surface modifications, flow optimization, and advanced coolants [483]. Two-
phase cooling systems utilizing dielectric fluids such as SF33 exploit latent heat of vaporization
to achieve heat transfer coefficients exceeding 10,000 W/m?K during nucleate boiling [95]. Flow
strategies such as reciprocating and pulsed flows enhance thermal uniformity by reducing stagna-
tion zones and promoting turbulence within channels [484|. These enhancement mechanisms al-
low systems to maintain battery temperatures within optimal ranges under extreme fast-charging
conditions exceeding 6 C [483].

Innovative approaches including micro-pin fins, dimpled surfaces, and vortex generators
within channels promote boundary layer disruption and increase convective heat transfer by 30—
80% compared to smooth channels [477]. Hybrid systems combining nanofluids, microchannels,
and phase-change materials have exhibited synergistic improvements, with one study report-
ing a 3.44 °C reduction in maximum battery temperature for only a 5% increase in pumping
power [484]. These strategies advance the development of efficient thermal management solutions
for next-generation high-power battery systems [483].

Thermal interface materials (TIMs) minimize contact resistance between cells and cooling
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plates, with interface resistance contributing 10-30% of total thermal resistance in liquid-cooled
systems [477]. High-conductivity materials, such as thermally conductive adhesives, gap fillers,
and phase-change TIMs bridge microscopic air gaps and surface irregularities [95]. Advanced
solutions, including direct contact and immersion cooling configurations, eliminate interface re-
sistance by providing direct coolant cell contact [484]. TIM selection must balance thermal
conductivity, compliance, electrical isolation, chemical stability, and long-term reliability [483].

Recent developments include graphene-enhanced TIMs with conductivities exceeding
35 W/mK, a vast improvement over conventional silicone-based formulations limited to 1-
3 W/mK [484]. In-situ polymerization and nanoparticle functionalization have yielded TIMs
with improved wetting characteristics and reduced interfacial resistance [477]. Integration of
conductive structural adhesives enables combined thermal management and mechanical fasten-
ing, reducing assembly complexity and cost while enhancing performance [95].

Design optimization balances thermal performance, pressure drop, and pumping power through
multi-objective methods such as genetic algorithms and entropy weight-TOPSIS [483]. Flow dis-
tribution strategies, including parallel, series, and hybrid configurations significantly influence
temperature uniformity and efficiency, with optimized designs achieving temperature differences
below 5°C across modules [484]. High-fidelity computational models integrated with optimiza-
tion algorithms have led to efficient systems that maximize heat removal while minimizing energy
consumption [477].

Pressure drop analysis is essential, as excessive losses increase pumping power requirements
and reduce overall efficiency [484]|. Channel geometries must balance heat transfer enhancements
with acceptable pressure drop penalties, typically below 10 kPa for automotive applications to
minimize parasitic consumption [483|. Pumping power optimization studies reveal optimal flow
rates where thermal gains outweigh energy costs, with velocities ranging from 0.1 to 0.4 m/s
depending on configuration [484].

Liquid-cooled systems offer superior TR prevention compared to air cooling, containing events
within individual cells and preventing propagation [95]. Dielectric coolants eliminate electrical
short-circuit risks while providing high thermal conductivity for effective heat removal during
emergencies [484]. Standards such as UL 9540A and IEC 62619 establish rigorous testing re-
quirements for liquid-cooled systems, with certified designs demonstrating controlled thermal
behaviour and minimal fire risk under abuse conditions [477].

Innovations such as manifold-based designs, variable cross-section channels, and scanning flow
methods have achieved temperature uniformity improvements of 62.5% and reductions in average
temperature differences by 92% compared to steady-flow approaches [477]|. Synergistic integra-
tion of nano-fluid coolants with microchannels has demonstrated additional temperature reduc-
tions of 3-5 °C in identical geometries [95]. Advances in precision machining, chemical etching,
and additive manufacturing continue to enable complex microchannel geometries that maximize
thermal performance while minimizing energy consumption and system complexity [484].

B.4 PCM-Based Battery Thermal Management Systems

PCM based battery thermal management systems (BTMS) leverage the latent heat of fusion to
absorb and store heat generated by Li-ion cells during operation, thus maintaining cell temper-
atures within optimal limits [155].

Organic paraffin-based PCMs are favoured for their high latent heat density (about 190 kJ/kg)
and chemical stability, whereas inorganic salt hydrates and eutectic mixtures offer tunable melt-
ing points to match battery thermal requirements [155, 486]. Key selection criteria include
melting temperature (20 — 45 °C), minimal sub-cooling, high latent heat, and compatibility with
cell materials [486]. Low PCM thermal conductivity (0.2 W/mK) is typically enhanced by con-
ductive fillers such as expanded graphite or metal foams to improve heat transfer within the
PCM matrix [487].
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PCMs can be integrated at both cell and pack levels. At the cell level, cylindrical cells may be
encapsulated individually in PCM blocks moulded to cell geometry for uniform heat absorption.
At the pack level, PCM occupies interstitial spaces between cells inside a sealed enclosure, forming
a contiguous thermal buffer. Hybrid configurations combine PCM with secondary media (e.g.,
forced air or liquid cooling channels) to extract stored heat post-PCM melting, extending effective
thermal regulation without excessive volume or pump power [155, 486].

Experimental and numerical studies report that pure PCM cooling can reduce peak cell tem-
peratures by 4-10 °C versus uncooled packs under high-rate discharge and achieve temperature
uniformity within 1 — 2 °C [488]. Composite PCMs enhanced with 2% wt. silver nanoparticles
cut surface temperature rise by up to 60% over pure paraffin under constant heat flux [486]. In
PCM-liquid hybrid systems, peak temperatures as low as 31.5 °C and non-uniformity of 1.75 °C
have been demonstrated at moderate C-rates with modest pump power [155].

Pure PCM solutions face finite latent capacity and leakage risks once melted. Micro-encapsulation
and containment enclosures address leakage and maintain long-term stability [488]. Embedding
metallic fins or porous foams can boost effective PCM thermal conductivity by up to fivefold,
reducing thermal resistance and local hot spots [487|. Design guidelines recommend matching
PCM melting point and latent heat to battery geometry and load profiles to balance thermal
regulation and added mass [155].

B.5 Hybrid Battery Thermal Management Systems

The escalating adoption of EVs necessitates advanced BTMS that can effectively maintain opti-
mal operating conditions while addressing the inherent limitations of conventional single-mode
cooling approaches. Hybrid battery thermal management systems represent a paradigm shift in
thermal control strategies, combining multiple cooling methodologies to achieve superior perfor-
mance characteristics. These systems integrate the advantages of different thermal management
approaches, such as air cooling, liquid cooling, PCMs, and heat pipes, to create synergistic solu-
tions that address the complex thermal challenges posed by modern LIB packs. This comprehen-
sive review examines the current state-of-the-art in hybrid BTMS technologies, with particular
emphasis on air-liquid cooling combinations that leverage the complementary benefits of both
cooling mediums.

The fundamental premise underlying hybrid thermal management systems stems from the
recognition that individual cooling methods possess inherent limitations that can be mitigated
through strategic integration [154]. Air cooling systems, while simple and cost-effective, suffer
from limited heat transfer coefficients and inadequate performance under high discharge rates.
Conversely, liquid cooling systems demonstrate superior heat removal capabilities but introduce
complexity, weight penalties, and potential reliability concerns related to coolant leakage. Hybrid
systems seek to optimize the trade-offs between performance, complexity, cost, and reliability
by intelligently combining these approaches to maximize cooling effectiveness while minimizing
system drawbacks [489].

The theoretical foundation of hybrid BTMS design is predicated on the principle of thermal
load distribution, wherein different cooling mechanisms operate synergistically to manage heat
generation across varying operational conditions [490]. During low-power operations, passive or
low-energy cooling methods may provide adequate thermal control, while high-power scenarios
can activate additional cooling mechanisms to maintain battery temperatures within optimal
ranges. This adaptive approach not only enhances thermal performance but also contributes to
overall energy efficiency by reducing unnecessary cooling energy consumption during periods of
reduced thermal demand [491].

Contemporary research in hybrid BTMS has demonstrated significant improvements in key
performance metrics, including maximum temperature reduction, temperature uniformity en-
hancement, and energy consumption optimization [154]. Advanced hybrid configurations have
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achieved temperature reductions of up to 72.5% compared to single-mode cooling systems while
maintaining temperature differences below 5 °C across battery modules [492]. These perfor-
mance improvements are particularly pronounced under extreme operating conditions, where
single-mode systems typically fail to maintain adequate thermal control [493].

The integration of advanced materials and innovative design configurations has further ex-
panded the capabilities of hybrid thermal management systems. The incorporation of PCMs
with enhanced thermal conductivity, micro-channel heat exchangers, and smart control algo-
rithms has enabled the development of compact, efficient, and responsive thermal management
solutions [157]. These technological advancements have positioned hybrid BTMS as the preferred
solution for next-generation electric vehicle applications, where thermal performance require-
ments continue to escalate in response to increasing battery energy densities and fast-charging
capabilities [494].

B.5.1 Air-Liquid Hybrid Cooling Configurations

Air-liquid hybrid cooling represents one of the most promising approaches in contemporary bat-
tery thermal management, offering a sophisticated balance between thermal performance and
system practicality. These configurations strategically combine the simplicity and reliability of
air cooling with the superior heat transfer capabilities of liquid cooling to create versatile thermal
management solutions that can adapt to varying operational demands. The fundamental design
philosophy centers on utilizing air cooling for baseline thermal management while employing lig-
uid cooling for enhanced heat removal during high-power operations or extreme environmental
conditions [495].

The architectural design of air-liquid hybrid systems typically incorporates dual cooling
pathways that can operate independently or synergistically depending on thermal load require-
ments [491]. Primary configurations include series arrangements where air cooling provides initial
heat removal followed by liquid cooling for additional thermal control, parallel configurations
where both cooling methods operate simultaneously, and adaptive systems that dynamically
switch between cooling modes based on real-time thermal conditions [154]. Each configuration
offers distinct advantages in terms of thermal performance, energy efficiency, and system com-
plexity, requiring careful optimization based on specific application requirements and operational
constraints.

Recent experimental investigations have demonstrated the effectiveness of air-liquid hybrid
configurations in maintaining battery temperatures within optimal ranges while minimizing en-
ergy consumption [489]. A novel air-liquid coupled cooling system developed for electric bus
applications achieved comparable heat dissipation performance to pure liquid cooling systems
while consuming only one-third of the energy [491]. This remarkable efficiency improvement
was attributed to the intelligent load distribution between air and liquid cooling components,
where air cooling handled baseline thermal loads while liquid cooling provided supplementary
heat removal during peak demand periods.

The thermal performance characteristics of air-liquid hybrid systems are particularly ad-
vantageous under transient loading conditions commonly encountered in electric vehicle opera-
tions [493]. During acceleration phases or rapid charging scenarios, the liquid cooling component
can rapidly respond to increased thermal loads while the air cooling system provides continu-
ous background thermal management. This dual-mode operation ensures temperature stability
across the entire operational envelope while preventing thermal excursions that could compromise
battery performance or safety [492].

Advanced control strategies have been developed to optimize the operation of air-liquid hy-
brid systems, incorporating predictive algorithms that anticipate thermal loads based on vehicle
operating patterns and environmental conditions [154]. These intelligent control systems can
proactively adjust cooling capacity allocation between air and liquid components, minimizing
energy consumption while maintaining optimal thermal performance. Neural network-based pre-
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diction models have demonstrated the ability to reduce coolant energy consumption by 17.6%
while maintaining temperature differences below 0.75 °C across battery modules [496].

B.5.2 Phase Change Material Integration in Hybrid Systems

PCMs into hybrid battery thermal management systems represents a significant advancement in
passive thermal control technology, offering exceptional heat absorption capabilities during the
phase transition process while providing thermal buffering effects that enhance overall system
stability. PCM-based hybrid systems leverage the latent heat absorption characteristics of PCMs
to manage thermal transients and peak heat generation events, effectively smoothing temperature
fluctuations and reducing the burden on active cooling components [490].

Contemporary PCM formulations for battery thermal management applications have evolved
to incorporate enhanced thermal conductivity additives, including expanded graphite (EG),
metal foams, and nanoparticle dispersions that address the inherent low thermal conductivity
limitations of pure PCMs [156]. Advanced composite PCM materials, such as graphene-coated
nickel foam saturated with paraffin, have achieved thermal conductivity enhancements of up to
23 times compared to pure paraffin while maintaining excellent heat storage capabilities [157].
These material advancements have significantly improved the responsiveness and effectiveness of
PCM-based thermal management systems.

Hybrid configurations combining PCMs with active cooling methods have demonstrated su-
perior thermal performance compared to single-mode systems, particularly under high discharge
rate conditions [493]. A hybrid system integrating expanded graphite-paraffin composite PCM
with liquid cooling achieved maximum temperature reductions of ~3°C compared to conven-
tional liquid cooling while increasing battery cycle life by 6-15% [492]. The PCM component
provided thermal buffering during peak heat generation periods, while the liquid cooling system
ensured continuous heat removal to prevent PCM saturation and maintain long-term thermal
stability.

The design optimization of PCM-hybrid systems requires careful consideration of material
properties, geometric configurations, and thermal management strategies to maximize perfor-
mance benefits [497]. Critical design parameters include PCM melting temperature selection,
thermal conductivity enhancement methods, PCM volume fraction, and integration geometry
with active cooling components [498]. Multi-objective optimization studies have identified opti-
mal combinations of these parameters that minimize maximum temperature while maximizing
temperature uniformity across battery modules.

Advanced PCM-hybrid configurations have incorporated novel architectural designs, includ-
ing multi-layer PCM arrangements with varying melting temperatures, micro-encapsulated PCM
dispersions, and PCM-integrated heat pipes that enhance heat distribution capabilities [464].
These sophisticated designs enable tailored thermal responses that can accommodate diverse
operational scenarios while maintaining compact system geometries suitable for automotive ap-
plications. The thermal storage capacity of these advanced PCM systems has proven particularly
valuable for managing TR propagation, providing critical heat absorption during emergency sce-
narios to prevent cascading failures across battery modules [185].

The optimization of hybrid battery thermal management systems requires a comprehen-
sive approach that considers multiple performance metrics, design constraints, and operational
requirements to achieve optimal thermal performance while maintaining practical feasibility.
Contemporary optimization methodologies employ advanced computational techniques, includ-
ing multi-objective genetic algorithms, response surface methodology, and machine learning ap-
proaches to identify optimal design configurations that balance competing objectives such as
thermal performance, energy efficiency, weight, and cost [195].

The thermal-hydraulic design of hybrid cooling systems involves complex interactions between
heat transfer mechanisms, fluid flow dynamics, and thermal energy storage that require sophis-
ticated modelling approaches for accurate performance prediction [496]. Computational fluid
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dynamics simulations coupled with thermal models provide detailed insights into temperature
distributions, flow patterns, and heat transfer rates that inform design optimization decisions.
These modelling capabilities have enabled the development of advanced cooling plate geometries,
including micro-channel configurations, serpentine flow paths, and novel heat exchanger designs
that maximize heat transfer while minimizing pressure losses.

Energy efficiency optimization has emerged as a critical consideration in hybrid BTMS design,
driven by the need to minimize the impact of thermal management on vehicle range and perfor-
mance [491]. Advanced energy management strategies incorporate predictive control algorithms
that optimize cooling system operation based on anticipated thermal loads and operational pat-
terns [154]. These intelligent control systems have demonstrated significant energy savings while
maintaining thermal performance, with reported reductions in cooling energy consumption of up
to 22% through optimized control strategies.

The development of next-generation PCMs with tailored thermal properties represents an-
other critical research direction, focusing on the creation of composite materials with enhanced
thermal conductivity, optimized melting temperatures, and improved long-term stability [499].
Advanced PCM formulations incorporating shape-stabilized composites, micro-encapsulated ma-
terials, and multi-functional additives promise to overcome current limitations while provid-
ing additional functionalities such as thermal conductivity switching and self-healing capabili-
ties [159]. These material advancements will enable more effective thermal energy storage and
management in hybrid systems.

Emerging cooling technologies, including thermoelectric cooling, magnetocaloric cooling, and
advanced vapour chamber systems, offer new possibilities for hybrid thermal management sys-
tem development. The integration of these technologies with conventional cooling methods could
provide unprecedented thermal control capabilities while addressing specific challenges such as
precise temperature control, rapid thermal response, and operation in extreme environments.
Research into solid-state cooling technologies and their integration with traditional thermal man-
agement approaches represents a particularly promising avenue for future hybrid system devel-
opment, offering the potential for highly efficient, reliable, and compact thermal management
solutions that can meet the evolving demands of next-generation electric vehicle applications.
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Additional datasets

Following chapter contains additional datasets and figures from the experiments and calculations
made in Chapter 6: Battery Fire Resistance Testing Methodology.

C.1 Extra data to Empirical Evaluation of Open Flame Fire Re-
sistance Testing Procedure

See Section 6.3 for further details.
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Figure C.1: UNECE R100.03 fire test set-up.
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Figure C.2: Temperature graph of the UNECE R100.03 fire test.

C.2 Statistical analysis of Open Flame Fire Resistance Testing
Procedure

See Section 6.4 for further details.

Phase B —— BS-Mean BS-Max —— BS-Min BS-Std.Dev.

1000
900 ~
800 A

700 A

Temperature [ * C]

Time [sec]

Figure C.3: Temperature graph of the thermocouple BS in Phase B.
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Figure C.4: Temperature graph of the thermocouple CB in Phase B.
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Figure C.5: Temperature graph of the thermocouple CT in Phase B.
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Figure C.6: Temperature graph of the thermocouple FS in Phase B.
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Figure C.7: Temperature graph of the thermocouple LS in Phase B.
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Figure C.8: Temperature graph of the thermocouple RS in Phase B.
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Figure C.9: Temperature graph of the thermocouple BS in Phase C.
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Figure C.10: Temperature graph of the thermocouple CB in Phase C.
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Figure C.11: Temperature graph of the thermocouple CT in Phase C.
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Figure C.12: Temperature graph of the thermocouple FS in Phase C.
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Figure C.13: Temperature graph of the thermocouple LS in Phase C.
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Figure C.14: Temperature graph of the thermocouple RS in Phase C.
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Appendix D

Background for TREAS development

This appendix contains background works for the TREAS development leading to the con-
struction of the prototype of the filtration system used for lithium-ion batteries under thermal
runaway.

D.1 Thermal runaway emissions of lithium-ion batteries

Thermal runaway is preceded by the increase of temperature of the lithium-ion cell. First step
is a breakdown of SEI layer (solid electrolyte interphase layer), layered on the anode. SEI layer
purpose is to protect the anode from further reacting with the electrolyte [500]. The breakdown
of the thin SEI layer occurs at 90-120 °C', producing primarily C'Oq [501]:

(CHQOCOQLI)Q — LlQCOg -+ CQH4 -+ 002 —+ % 02

Subsequently, due to SEI layer decomposition anode and electrolyte start to interact. Typ-
ical electrolytes found in lithium-ion batteries and their reaction with anode form flammable
hydrocarbons are shown below [502]:

2Li+ C3H4O3 (EC) — LisCO3 + CoHy
2Li+ C4HgO3 (PC) —— LisCO3 + C3Hg
2L1+ 03H603 (DMC) — L12003 + CQH6

Subsequently, polyethylene or polypropylene separator melts at 135 °C' and 166 °C' respec-
tively, and ceramic coated separator is found to maintain integrity even over 200 °C' [503]. As
the temperature increase the separator shrinks until cathode and anode come into contact with
each other to induce ISC. ISC is a precursor for a thermal runaway, electric energy stored in the
cell is further released in the approximately same amount [504].

Further reactions depend on the type of cathode used in the cell. These reaction mainly
produce metallic oxides such as Co3Oy4 for LCO [505], Li,CO,Al, O, forNCA, (Mn, Ni)O and
Liy(Niy/3C01/3Mny /3)Og for NCM [406, 506] and other. Additionally, other by-products include
oxygen and solid state metals.

Together with the cathode decomposition, electrolyte used in battery cell emits particular
amount and type of toxic compounds. It is flammable and usually contains lithium hexafluo-
rophosphate (LiPFg) or other Li-based salts containing fluorine [323]. Promoted by the presence
of water and humidity following reactions constitute to electrolyte decomposition [34]:

LiPFs — LiF + PFg
PFs; +H;O — POF3 + 2HF
LiPFg + HoO — LiF + POF5 + 2HF
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The data has shown the production of HF and POj3 per Wh at 100% SOC can be up to
193.3 mg and 22 mg respectively [34]. The production of other gaseous substances is dependent
on the state of charge as well as type of chemistry used in the cell [507] and Figure D.1. Total
gas generation is largely varying on used cathode material, state of charge of the cell and its
shape. For the LCO/NCM 18650 type cell, it was found to be 265 mmol [508].

SOC 50% SOC 100% 50C 150%

Figure D.1: Composition of gases generated from thermal runaway of commercial LIBs.
Somendepalli et al. [507] results of gas generated from 7.7 Wh LCO cell at different SOC.

D.2 Cleaning methods of the gas emissions

Toxic and acid gases, such as HCI, SO2,CO2,CO and HF can be neutralized by the designed
agents, either supplied by the wet scrubbing equipment in absorbent solutions or by dry injection
systems such as powdered alkaline sorbents [509]. Dry sorbent injection (DSI) systems charac-
terise with low installed capital costs, relatively easy to retrofit to a majority of facilities, the
system ensures good flexibility for various sorbents and low consumable requirements as well as
parasitic power requirements to operate [510]. The two compounds have been predominantly
used in the DSI - sodium or calcium-based [511, 509] - with the latter emerging as more acces-
sible due to general availability of the limestone (calcium hydroxide) [512]. As such, calcium
hydroxide was chosen for the TREAS to primarily clean hydrogen fluoride emissions.

After the calcium hydroxide is injected into gas emissions containing HF and COz the
following reactions can occur:

Ca(OH)2 + 2HF — CaFy + Hs0
Ca(OH)2 + COy — CaCO3 + HyO

Thermodynamic calculations show the CaCO3 and C'aF, can only be formed at the temper-
atures below 600-800 °C [513|. The products of reaction of the dry sorbent injection are then
removed with mechanical filters (bag filters) and transposed to waste. The filter is intermittently
cleaned with the jet pulse of air aimed. The schematics for the Thermal Runaway Emissions
Aftertreatment System using dry sorbent injection are shown in Figure D.2. From right to left:
flue gas is collected by the use of extraction hood, transported through the ventilation pipes
to the baghouse. In midway the calcium hydroxide hopper supplies a dry sorbent in form of
powder; dryer is optional. The bag house consists of mechanical filter (bag filter), air pulse jet (a
nozzle to release compressed air for bag filter cleaning) and waste funnel (cone-shaped to limit
the air leakage), below the baghouse a bin collects used dry sorbent agent. Other devices were
air compressor for the pulse jet and fan for air flow with extraction of gases.
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Figure D.2: TREAS schematics using dry sorbent injection and calcium hydroxide.
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List of Standards and Regulations
Referenced 1in the Thesis

ISO 12405-1:2011 Electrically propelled road vehicles — Test specification for lithium-ion trac-
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Edition: 1

ISO 12405-2:2012 Electrically propelled road vehicles — Test specification for lithium-ion trac-
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Edition: 1
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Edition: 1
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Edition: 3
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Edition: 5
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Edition: 6
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Edition: 14
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