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If you don’t make stuff, there is no stuff.
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Abstract

Recent Li-ion battery technology enables mass production of affordable electric

vehicles. Typical sizes of battery packs for new models of electric cars are 45 kW h to

77 kW h (VW ID.3.). The energy density of the battery pack reached 160 W h kg−1

(Tesla Model 3). The packs have a typical voltage of 400 V. Those packs give a

driving range of 300 km to 500 km making the car practical, but when such a pack

fails, the large amount of stored energy might be released inside the battery, causing

excess heat, gas release and possibly a fire.

The process of unwanted energy release of a Li-ion battery is called thermal runaway.

The aim of this thesis was to quantify the different characteristics of the thermal

runaway and to generate a foundation to derive appropriate safety measures in

battery packs.

At the beginning of the doctoral work a test stand for testing of smaller cells

(<5 A h) was build. It was used to test easily available cylindrical cells at different

state of charge. In the test series the cells were exposed to over temperature and

it was recorded if thermal runaway occurred, at which temperature exothermic

reaction started, the temperature rate, the maximum temperature as well as the

composition and amount of released gas. Three cell types with different cathodes

were compared.

Based on experience with smaller cells a second much bigger test stand was build

to test larger automotive Li-ion cells which are used by European car manufac-

turer. The second test stand can be used with Li-ion cells up to 420 A h, it can

accommodate cell holder for different cell types and allows testing of different

cell-failure cases. It includes a significantly upgraded gas analysis equipment and

more channels for temperature measurement.

Test results from two types of larger cells are included in this work. The first large

test cell (prismatic metal can, 50 A h) was tested with different over temperature

modes. Different failure mechanisms were observed. The second cell type (pouch

cell, 42 A h) was tested extensively at different state of charge and with different

heating modes including localized hot-spots on the cell surface. Critical parameters

to trigger a thermal runaway and the propagation of the exothermic reaction along

the cell were recorded.
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Kurzfassung

Moderne Li-Ionen Technologie ermöglicht die Massenproduktion leistbarer Elektro-

fahrzeuge. Batterien für neue Elektrofahrzeuge speichern 45 kW h bis 77 kW h an

Energie (VW ID.3.). Die Energiedichte der Batteriesysteme erreichte 160 W h kg−1

(Tesla Model 3). Die typische Systemspannung beträgt 400 V. Solchen Batteriesys-

teme ermöglichen eine praktikable Reichweite von 300 km bis 500 km. In einem

Fehlerfall kann sich die gespeicherte Energie aber auch innerhalb des Batteriesys-

tems in Wärme umwandeln. Dabei wird durch die exotherme Reaktion brennbares

Gas freigesetzt, welches einen Fahrzeugbrand verursachen kann.

Diese interne Energiefreisetzung in einer Li-Ionen Batterie wird als thermisches

Durchgehen oder Thermal Runaway bezeichnet. Das Ziel der Doktorarbeit ist die

Quantifizierung der verschiedenen Eigenschaften des Thermal Runaway und der

Aufbau eines Wissensfundaments um Sicherheitsmaßnahmen für Batteriesysteme

abzuleiten.

Zu Beginn der Doktorarbeit wurde ein erster Prüfstand für kleine Zellen (<5 A h)

gebaut. Er wurde benutzt, um kleine einfach erhältliche Rundzellen bei verschiede-

nen Ladezuständen zu testen. Die Zellen wurden in Testserien Übertemperatur

ausgesetzt und es wurde aufgezeichnet, ob die Zelle in den Thermal Runaway

gegangen ist, bei welcher Temperatur die exotherme Reaktion eingesetzt hat, die

Temperaturrate, die Maximaltemperatur, die Zusammensetzung und die Menge

des emittierten Gases. Es wurden drei Zelltypen mit verschiedenen Kathodenmate-

rialien verglichen.

Mit den gewonnenen Erfahrungen an kleinen Zellen wurde ein zweiter vergrößerter

Prüfstand gebaut, um auch große automotive Zellen von europäischen Autoher-

stellern zu testen. Der zweite Prüfstand ist für Li-Ionen Zellen bis 420 A h ausgelegt,

er kann verschiedene Zellhalter für verschiedene Zellformate aufnehmen und erhöht

das Portfolio testbarer Zellfehler. Er beinhaltet eine signifikant erweiterte Gasana-

lytik und 32 Kanäle für Temperaturmessung.

Diese Arbeit enthält Ergebnisse aus Testserien an zwei Typen automotiver Li-Ionen

Zellen. Der erste große Zelltyp (prismatisch, Metallgehäuse, 50 A h) wurde in ver-

schiedenen Arten von Übertemperaturversuchen getestet. Es wurden verschiedene

Fehler und Auswirkungen während des Thermal Runaway beobachtet. Der zweite

Zelltyp (prismatisch, Gehäuse aus Verbundfolie, 42 A h) wurde ausführlich bei
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verschiedenen Ladezuständen und mit verschiedenen Heizmethoden (auch punk-

tuelle Übertemperatur) getestet. Es wurden kritische Parameter für das Auslößen

des Thermal Runaway ermittelt und es wurde die Propagation der exothermen

Reaktion durch die Zelle quantifiziert.
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1 Introduction

1.1 Structure of This Work

The topic of this doctoral thesis is the safety of Li-ion cells during their usage as

the main energy source of EVs.

The thesis is structured into several parts. The first part contains the introduction

of EVs and their battery packs, the safety measures of those battery packs, and the

known safety issues of Li-ion cells in automotive context. To tackle the challenges

of Li-ion battery safety our group carried out several funded research projects. The

first part of the thesis ends with an overview of the safety relevant projects and

test facilities where the author was involved.

The second part consists of four peer reviewed articles from the author. The articles

are chronologically ordered. The first two articles contain results from abuse tests

with smaller cells. The third article introduces the automotive Li-ion technology in

more detail and compares the safety behaviour of large Li-ion cells, Ni-MH cells

and sealed lead-acid batteries. The last article contains results from a first test

series with large automotive cells.

The third part and fourth part consist of two unpublished project reports by the

author. The subject of the first report was to extract safety relevant parameters

from worst case scenarios and use the parameter to derive safety recommendations

for testing laboratories. In the second report the same cell type was subject to a

test series with the goal to measure resilience of the cell towards localized heating

and internal short circuits.

The thesis ends with the fifth and sixth part, a summary of the previous work and

an outlook to future research on yet unresolved safety issues.
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Figure 1.1: Pure EV and plug in hybrid vehicles sales[1].

1.2 Market Share of Electric Vehicles

It is important to understand the safety issues of battery packs of EVs because

they are becoming increasingly common on our streets. Pure electric and plug-in

hybrid light passenger vehicles annual sales rose from 50,000 in 2011 to 2000,000 in

2018 with an average annual sales growth of 73% (fig. 1.1). Forecasts show further

market share increase in the next decades (fig. 1.2). The statistics and forecast show

that EVs will have a significant role in future transport of people and goods.

1.3 Introduction to Li-Ion Battery Packs for EVs

This work focuses on the safety of large battery packs for long range, pure EVs

such as the passenger vehicles from TESLA or the Nissan Leaf fig. 1.3. Their main

energy storage for propulsion is a large battery mounted at the underside of the

car chassis. This battery is sometimes called battery pack, high-voltage battery or

electrochemical storage device. For example, the battery specifications of a typical

2



1 Introduction

Figure 1.2: Forecast of light passenger vehicles sales [2].

Figure 1.3: Battery pack of the Nissan Leaf. ©H. Kashioka / Wikimedia Commons / CC-BY-

SA-3.0

3



1 Introduction

EV - the Nissan Leaf 2018 [3] - are: maximal terminal voltage 420 V, stored energy

42 kWh, dimensions: (1547 x 1188 x 264 mm), weight of 305 kg.

A typical battery pack (fig. 1.4) consists of a case which houses a number of

components. A brief overview of the components includes:

The battery case itself is often made from two parts; the lower casing which takes

all other battery components during the assembly and the upper casing which

is attached to the lower part at the final step of battery assembly. The next

section (section 1.4) goes into detail of this important component.

Li-ion cells are the galvanic cells which store the electrochemical energy in a battery

pack. As of 2019 all modern EVs with significant market share use batteries

based on Li-ion technology[4]. Li-ion cells can have different form-factors and

casing and electrodes as described in section 2.3.

Battery modules are mechanical sub-assemblies of several Li-ion cells which are

electrically interconnected. E.g. a Nissan Leaf module consists of 6 Li-ion

cells.

Thermal conditioning components are needed to keep the battery pack in a

temperature range between 10◦C and 60◦C. The cooling/heating can be

realized with preconditioned liquid coolant and a separate cooling circuit in

the car or with preconditioned air from the passenger cabin, which is reused

to cool or heat the battery pack.

The battery disconnect unit (BDU) is electric interface of the battery and the

vehicle. It consists of the main contactors, the precharge circuit and the fuse

in the main current path.

The battery management unit (BMU) or battery management system (BMS)

is the main electronic control unit of the battery. The BMU monitors the

status of the battery, in controls the BMU and it communicates with the

vehicle [5].
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1.4 Casing of the Battery Pack

The casing is the main structural part of the battery pack. It is one of the essential

components to ensure battery pack safety, therefore it is described in more detail.

In many EVs it consists of the lower part and the upper part which are screwed

together. The lower part is often made in the form of a shell by injection moulding

of aluminium or deep draw of steel sheets. Lower parts of big EV batteries are

sometimes too large to be made from one main component. They can be made from

welded steel sheets or from multiple connected battery trays. The lower part is the

main structural element of the battery pack. It must withstand the mechanical

load during normal operation and needs to have sufficient crash worthiness [6].

Suitable materials for the upper part can be a deep drawn steel or aluminium, or

moulded fibre reinforced plastic. The upper part can be omitted, if the lower part

of the battery is tightly attached to the underside of the passenger cabin which is

usually made from steel or aluminium sheet metal. The casing has to meet safety

related requirements viz.: crash and crush worthiness, water tightness, resistance

to pressure changes, limited thermal protection against fuel fire, resistance to hot

gases from failed cells.

Large battery packs are installed outside of the front and rear crush (crumple) zone

but they are inside intrusion space of side impact and lateral pole crash tests [7].

The casings include crumple zones on the sides of the pack which absorb mechanical

energy and have optimized load paths (e.g. cross members) for force distribution.

Other concepts rely on airbags on the sided of the battery casing to distribute the

side impact force [8]. As the battery pack is located below the passenger cell, a stiff

battery case also improves the occupant safety. The need to protect the battery

led to an excellent safety rating of large EV like the Tesla model S[9].

The case must be watertight to withstand wading through salt water as specified by

the vehicle manufacturer and it must withstand cleaning with high pressure water

jets (Water Exposure Test, IP Code Rating, UL 2271). At the same time the casing

must withstand gas pressure changes during normal operation. Pressure changes

can be caused by temperature change inside and outside of the pack. Temperature

change can be caused by internal heating of the cells during fast charge and by

internal cooling. It can be caused by external effects like entering a place with

different temperature (e.g. tunnel or garage), by the day and night cycle or by

6



1 Introduction

Figure 1.5: Pressure equalization element.

coming into contact with cold water during wading. Pressure change can also be

caused by elevation change or by dynamic effects e.g. entering a rail tunnel during

transportation.

Although the casings are designed to withstand some overpressure, e.g. 200 mbar

they need some pressure equalisation for normal operation and vent-gas valves or

burst plates with high cross sections for failure situations. In normal operation valves

with waterproof membranes (e.g. microporous Polytetrafluoroethylene (PTFE))

with protection against water jets are used for pressure equilibration fig. 1.5.

The membranes are not sufficient for gas exchange in severe failure situations like

thermal runaway. In addition to the membranes, burst-plates or valves are build in

to vent excess overpressure to the outside of the pack. The burst-plates may have

diameters >20 mm and can vent directly to the outside of the pack (in underfloor

mounting of the pack) or through a hose to the outside of the cabin (for packs that

which are mounted in the trunk). In some solutions, both the membrane and the

overpressure valve are combined into one assembly [10].
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Item M (g mol−1) ρ (kilogram/m3) Tb (◦C) Tm (◦C) Tf (◦C)

PC C4H6O3 102.09 1.20 242 -49 132

EC C3H4O3 88.06 1.40 238 37 157

DMC C3H6O3 90.08 1.06 90 3 18

DEC C5H10O3 118.13 0.97 126 -43 33

Table 1.1: Basic data for the usual species of electrolytes. Data taken from Wang et al. [18]. Here

M is the molecular mass, ρ is the density at 25 ◦C, Tb is the boiling temperature, Tm

is the melting temperature and Tf is the flash temperature.

1.5 Failure-Cases in Battery Packs

A charged battery-pack is vulnerable to many failure cases all of which [11, 12]

can not be covered here. Instead, this section focuses on failure cases which are

caused by a TR of one cell. The TR itself is described in detail in the included

articles inside this work sections 2.1, 2.2 and 2.4 and in recent literature [13–17].

The TR causes further secondary risks such as combustion of the cell material and

gas release, risks of intoxication and risks of electric short circuits in the battery

pack.

1.5.1 Electrolyte combustion

The TR of a cell may cause release of combustible electrolyte vapour. Two scenarios

must be considered: the electrolyte vapour can either burn at the point where it is

released from the cell and where it comes into contact with fresh air or the unburnt

electrolyte vapour can escape into the ambient air until some ignition source causes

a deflagration of the flammable vapour-air mixture [19].

Basic data for alkyl carbonate solutions that are used as electrolytes are summarized

in 1.1. Enthalpies of combustion (∆cHj) of some electrolyte components are shown

below: Combustion of ethylene carbonate (EC) (Vogdanis et al. [20])

C3H4O3 + 2.5O2
∆H = -1161.4 kJmol−−−−−−−−−−−→ 3 CO2 + 2 H2O (1.1)
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Combustion of diethyl carbonate (DEC) (Mansson [21])

C5H10O3 + 6 O2
∆H = -2715.2 kJmol−−−−−−−−−−−→ 5 CO2 + 5 H2O (1.2)

and ethyl methyl carbonate (EMC)

C3H8O3 + 4.5O2 −−→ 3 CO2 + 4 H2O (1.3)

As MacNeil and Dahn [22, 23] point out, measured and calculated reaction heat

values may not agree. In their experiments, the measured heat produced during

accelerated rate calorimetry (ARC) tests with Li-ion cells (with C/LixMn2O4) and

C/LixCoO2 based cells) accounted for only 25 % to 50 % of the theoretical value.

1.5.2 Deflagration of vent-gas or electrolyte vapour

In the case of a TR of Li-Ion cell, vent-gas will escape from the cell into the casing

of the battery pack. The vent-gas consists of electrolyte vapour and other highly

combustible gases with high percentages of H2, CO, and CH4 (sections 2.1, 2.2

and 2.4).

There is a high chance of deflagration of the burnable gases with the available oxygen

since an ignition source may easily be available (sparks are visible in recordings of

thermal runaway experiments). A standard for deflagration protection is available

for industry applications and this work proposes to adopt this standard for the

design of the venting system for a battery system casing [24]. The key parameters

from a deflagration experiment are the volume of the vessel V (m3), the maximal

pressure Pmax(bar) and the maximal pressure-rise rate dP/dt(bar s−1). Using these

parameters, the (gas) deflagration index KG(bar m/s) can be calculated

KG =

∣∣∣∣dPdt
∣∣∣∣
max

V 1/3, (1.4)

and the required venting area Av(m) for the battery housing can be estimated

Av =
[
(0.127 log10(KG)− 0.0567)P−0.582

red

]
V 2/3 +

[
0.175P−0.572

red (Pstat − 0.1)
]
V 2/3,

(1.5)

where Pred(bargauge) is the maximal allowed pressure during deflagration in the

battery-pack casing (e.g. the maximal pressure which the casing can withstand
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without rupture), Pstat(bargauge) is the pressure that activates the venting system

and V (m3) is the free volume inside the battery-back. The equation is valid for

KG < 550 bar m s−1, Pstat+0.05 bar < Pred < 2 bar, Pstat < 0.5 bar. As an example,

if KG = 55 bar m s−1 as for Methane, Pred = 0.3 bar, Pstat = 0.1 bar and V = 0.04 m

than Av = 0.038 m and the burst disc diameter is then d = 0.2 m; quite a high

value.

An example calculation of explosion limits and recommendations to reduce defla-

gration risk for a specific Li-ion cell are given in section 3.8.2. Recent literature on

the deflagration risk of vent gas includes work from Said et al.[25], Chen et al. [26]

and Baird et al.[27].

1.5.3 Overpressure by released gas

Even without deflagration, high amount of released gas may cause overpressure

inside the battery pack. To prevent damage, battery-pack casings should be equipped

with an overpressure venting device. The minimal requirements can be derived

from thermal runaway experiments as shown in section 2.4 and in section 3.8.3.

1.5.4 Production of toxic substances

The main contribution to toxicity of the vent-gas is the high share of CO. Further,

sources of toxic gas are HF and fluoro-organics an electrolyte vapour. The toxicity

of those components is described in section 3.8.4.

Hammami et al. [28] report the formation of toxic fluoro-organics from heated

Li-ion electrolytes such as EC and DMC. In the presence of a cathode material

bis-(2-fluoroethyl)-ether was formed at elevated temperature of 240◦C from the

electrolyte by the proposed reaction:

2 EC + LiPF6 −−→ (FCH2CH2)2O + LiF + POF3 ↑ (1.6)

the LD50 for this compound is 4mg/kg as measured by Bergmann et al. [29]. POF3

is a toxic gas with a boiling point of -39.7◦C.

During TR the cells release vent-gas at high rates and the flow of the vent-gas
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Figure 1.6: Cell holder covered with particles which were released by the cell during the venting

and during thermal runaway. Particle samples were taken, where white spots are seen.

tend to carry away high amounts of solid particles from the anode and cathode

material. Cells may release >40 % of their mass as gas and particles as shown in

table 3.3. The particles [30] settle on the surfaces near the cell (fig. 1.6). They were

sampled after the TR and the size distribution and composition of those particles

was analysed in the diploma thesis of Eva Gasser [31]. Her work showed that the

particles may be carcinogenic and small enough to be absorbed through the lung

(section 3.8.6).

1.5.5 Ejection of Electrically conducting parts

During TR Li-ion cells may not only release small particles but also eject larger

pieces of electrically conductive material [32]. Such material may be parts of the

current collector foil of the anode which is made from copper. Pieces of copper foil

may cause electrical short circuits and electric arcing inside the battery pack, when

they accidentally connect electric components with different electric potential such

as busbars or terminals of the cells. Thus, a cell may cause additional secondary

failures inside the pack due to ejection of material.
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Figure 1.7: Reactor that was used for TR testing at Magna Steyr in 2009. (Volume 200 L, design

pressure 40 bar)

1.6 Battery Safety Projects

The author was involved during the work or initiation of the projects and directly

supported the diploma and bachelor thesis that are shown in fig. 1.8.

The work on battery safety started already in the company Magna Steyr Battery

Systems in 2009. The advanced development group at Magna Steyr commissioned

of a heavy duty reactor for TR testing (fig. 1.7). Here the first experiments were

done with larger cells. Ideas for a further testing were born. The need to understand

the TR behaviour of Li-ion batteries resulted in a first funded K2 Project Li-Ion

Battery Safety in Automotive Environment (LISAE). The purpose of this initial

project was to generate first test results by overheating and overcharging smaller

cells with capacities up to 5 Ah (mainly with the geometrical format: cylindrical

18650). For this experiments a small test stand was build in the laboratory for fuel

cells at the CEET. David Fuchs and Sebastian Scheikl finished their masters thesis

at the end of this project [33, 34]. Two articles were published with the results of

LISAE [35, 36]. They are included as part of this dissertation (sections 2.1 and 2.2).
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Figure 1.8: Battery safety related projects at the Virtual Vehicle (ViF) where the author partici-

pated.

LISAE was followed by Intrinsic Safety and Risk of Automotive Li-Ion Batteries

(ISALIB) which focused on aged small format cells. The cells were aged at VVR

and TR tests were done at CEET. In a parallel follow up project Thermal Runaway

Safety (THRUSTY) a much bigger test stand for large automotive Li-Ion batteries

was designed and installed in a new battery test-laboratory at VVR. Bernhard

Rasch was involved in the design of the gas management and gas analysis part of

the stand and Philipp Krohn did a series of TR experiments with large cells with

a capacity of 50 Ah. Both students used the material from THRUSTY to write

their thesis [37, 38]. Two articles were published [39, 40] which are also part of this

dissertation (sections 2.3 and 2.4).

Later work focused on large automotive cells and on gas analysis. THRUSTY was

followed by two small specification projects where localized heating and hot-spots

was used to trigger a TR (SP1) and where thermocouples were inserted into the

cell to measure the internal temperature during TR (SP2). Then, starting with

2017, the test stand at VVR was being used in different industrial contracts and in

the projects Failsafe Battery System Plus (FABSY+) and SafeBattery.
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The goal of FABSY+ was to develop thin cost-effective spacer-foils between cells

in a module to prevent or to slow down thermal runaway propagation (TP) from

cell to cell as well as to reduce the risk of battery fire by using thermal insulation.

In their bachelor thesis Lukas Pusterhofer designed a test stand to characterise the

thermal conductivity and mechanical properties of the spacer [41] and Benjamin

Weiß did principal validation measurements [42].

SafeBattery is a large project with many partners. It focuses on safety of aged

and mechanically preloaded automotive batteries (vibration and small accidents).

Some of the tasks of VVR is to compare the TR characteristics of aged and fresh

batteries, to understand the TR when it is started by a hot spot, and to find

new ways to predict battery failure. Two large reports from SafeBattery are part

of this thesis (chapters 3 and 4). Markus Schober created a first open modellica

based simulation framework of TP [43] and Christian Groß is doing follow up work

to simplify the model and to port it to the Dymola simulation framework. Both

students worked on their thesis in SafeBattery.

In 2016 Christiane Essl started her dissertation with the topic of gas analysis in

different battery failure cases with her industrial dissertation project Gas-Analysis

for Battery Safety (GABSI). A high end fourier-transform infrared spectroscopy

(FTIR) was purchased. It increased the number of detectable gas components

(including HF) which were released by the cells. An additional laboratory with a

large fume hood was opened to test the gas sensors. The project was significantly

enlarged by the project Gassensorik für Li-IONen Batteriesyteme (GALION) with

the target to get gas sensors into the battery packs.

1.7 Literature Review: Thermal-Runaway

Characteristics

Li-ion cells and packs can have different sizes spanning from small batteries for

bluetooth airbuds such as single cells from Varta Microbatteries with stored energies

starting at 160 mWh [44] up to batteries for EVs such as VW ID.3. with 77 kWh [45]

and even larger batteries for grid-connected energy storage such as the Hornsdale

Power Reserve with 129 MWh [46]. Commercially available Li-ion cells can be based
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in different chemistries for the electrodes such as LiFePO4 or different metal oxides

as the cathode and Li-titanate or graphite as the anode (section 2.3).

The diversity of Li-ion batteries gives rise to a broad field of safety research on

batteries for the different applications. This chapter focuses on the state of the art

of battery safety research that is relevant for EV applications. This includes TR

characteristics of small cylindrical cells, similar to those used by Tesla and the TR

characteristics of larger cells which are used by other car manufacturer.

1.7.1 Thermal runaway of small cylindrical cells

The included publications (sections 2.1 and 2.2) already cover the literature review

on TR of small cells (<5 Ah, mainly 18650 format) up to the year 2015. In the

meantime (between 2015 and 2020) new research articles were released, therefore

it is time to update the review and to compare the new results with papers from

2014 and 2015.

The SANDIA REPORT SAND2016-0486 [47] contains over temperature charac-

teristics of Li(NiCoAl)O2 (NCA) and LiFePO4 (LFP) cells in a closed reactor

similar to the test setups of this thesis. For LFP cells, they measure low max. cell

temperature with 325 ◦C and H2 as the main gas component. In contrast to this

thesis and to other publications no CO and CO2 was detected. The cell produced a

total of 2.1 LSTP/Ah. The results fo a NCA cell were 400 ◦C releasing 2.5 LSTP/Ah

with the main components CO, CO2 followed by H2.

Waldmann and Wohlfahrt-Mehrens [48] did ARC tests with 18650 cells (NCA

cathodes and a capacity of 3.25 Ah). They created Li-plating on the anode of the

cells, by cycling at a low temperate (0 ◦C) and tested thermal stability after different

waiting time. They showed that Li-plating decreases the onset and increases the

ferocity of the TR. If Li-plated cells were allowed to rest for eight days, the metallic

Li intercalated and effects of Li-plating were reduced. Our second publication

(section 2.2) also shows that cells with Li-plating (which was created by slow

overcharge) have a lower onset temperature and more violent reaction than cells at

100% SOC. Overcharge can lead to Li-plating, because the anode is almost fully

lithiated at 100% state of charge (SOC) and can not intercalate further Li-ions
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when the cell is charged beyond 100%. When excess Li can not intercalate into the

graphite, it is forced to form Li-plating on the surface of the graphite particles.

Both publications conclude that Li-plating decreases the safety of Li-ion cells.

In a follow up publication Waldmann et al. [49] show a linear correlation of SOC

and the ferocity of the TR. Our publication (section 2.2) also show a correlation of

gas release, gas composition and maximal cell temperature to the SOC of the cell.

Liu et al. [50] also show a positive correlation of SOC and the maximal temperature

during TR. They also notice a decrease of onset temperature when the cell is

charged with >3 C. The decrease may be caused by Li-plating at higher charge

currents.

Lei et al. [51] performed unique measurement of the pressure inside a cylindrical

18650 cell and compared different heating methods and the TR characteristics of

cells with different cathodes. Heating with the heat-wait-search (HWS) method

needs about 1800 min until TR and results in a maximal temperature of 580 ◦C.

Heating with a simple temperature ramp reduces the time until TR to only 60 min

and results in a slightly higher maximal temperature of 610 ◦C. This shows that the

heating duration has a small impact on the TR characteristics. A very long heating

duration may causes some early degradation of the cell, so that less energy is left

for the final violent part of the TR reaction. In an limit case with extremely long

heating time the cell could completely self-discharge before an TR could happen.

In our measurements we always used the simple heat ramp with moderate heating

durations from 30 min to 160 min. TR results for cells with different cathodes show

similar trends to (section 2.1). In both, the publication of Lei and our publication

the LFP cell was followed by LiMn2O4 (LMO) and Li(NiMnCo)O2 (NMC) cell

when arranged by the maximal cell temperature and released heat. In addition,

they show that the internal cell pressure increases when the cell is heated until the

burst plate of the cell opens at 12.5 bar and 130 ◦C. In our publications (sections 2.1

and 2.2) we also observed an opening of the burst plate between 130 ◦C to 180 ◦C.

Kvasha et al. [52], Perea et al. [53], Barkholtz et al. [54], and Nguyen et al. [55] all

report a correlation of SOC and the severity of the TR and the superior stability

of LFP compared to LMO, NMC and NCA cells. Similar findings were presented

in our papers.

Liao et al. [56] tested 111-NMC cells with 2.4 Ah at different SOC. Their findings

are in line with the other mentioned publications; positive correlation of maximal
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temperature and SOC and negative correlation of the onset temperature and SOC.

Their analysis of the vent-gas composition (qualitative with gas chromatography

– mass spectrometry (GC-MS)) shows increased amount of gas species at higher

SOC. They used a chemical test kit to detect HF and found indications that

HF concentration increases with higher SOC. They measured the composition

of released particles with scanning electron microscope (SEM)-energy-dispersive

X-ray spectroscopy (EDS) and X-ray powder diffraction (XRD) and found oxidized

electrode material and LiF.

Zhao et al. [57] tested a 523-NMC cell with 2.0 Ah at different SOC and ageing.

They measure a positive correlation between the SOC and the parameter viz.:

mass loss of the cell, maximal pressure in the test chamber to SOC, maximal cell

temperature. They measure a negative correlation to temperature when the burst

disc of the cell ruptures, and the temperature when the TR starts. Our publication

in (section 2.2) also shows similar correlations of maximal temperature and gas

release. Tests of Zhao et al. with cycled cells indicate that aged cells have higher

mass loss, lower temperature of burst plate opening, lower start temperature of

TR and lower maximal cell temperature.

Lammer et al. [58] tested different 18650 cells in our cooperative research project

ISALIB (section 1.6). They describe a unique setup to measure the amount of

released gas using a fluid displacement tube and sampling for taking several gas

samples at specified times. Gas composition was quantified with gas chromatog-

raphy (GC) (Agilent micro-GC 3000A). They measured gas composition after

opening of the burst plate and after TR. The cells released mainly CO2 before TR

(the GC was not set-up to detect electrolyte vapours which would also occur) and

CO, H2 and CO2 during TR.

In a follow up publication Lammer et al. [59] found that cells which were aged

by storing at 60◦C – compared to fresh cells – had an increased share of C2H2

in the gas before TR and released less heat during TR. One of the tested cells

(ICR18650HE4) even could not be brought into TR.

Cell which were aged by cycling also showed less heat release but otherwise similar

TR parameter. The exception was again the cell ICR18650HE4 which was designed

for high power applications. It showed the highest change of TR parameters due

to ageing. It had only a mild TR reaction. Its maximal temperature reduced from

690 ◦C to 373 ◦C and the volume of released gas changed from 3.3 l to 0.4 l.
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1.7.2 Thermal runaway of large prismatic metal can and pouch

cells

The included publication (section 2.4) contains a review on TR of large Li-ion cells

up to the year 2018. This section covers the literature on TR of cells with capaci-

ties >20 Ah after 2018 and compares is to our publication in 2018 (section 2.4).

Correlations from those publications are summarised in table 1.2.

Koch et al. [60] tested different methods to detect the TR of large batteries. EVs

need early detection of battery failure to warn the passengers and to prevent

further damage to the car. They found that all test sensor types viz.: voltage, gas,

smoke, creep distance, temperature, pressure, force are able to detect the TR. They

conclude that depending on battery design two or three sensor technologies should

be combined in a series product.

In Koch et al. [61] summarizes their large test campaign consisting of 51 cells with

capacities ranging from 20 Ah to 81 Ah with pouch and metal-can cases. All cells

had NMC based cathodes. Their main findings were: correlation of released amount

of gas and cell capacity with a linear approximation of 1.96 l A−1 h, correlation of

gaseous mass loss and total mass loss, no correlation between gas composition and

amount of gas, higher energy densities lead to more severe TR. In our publication

(section 2.4) the 50 A h cells released 3.2 mol of gas which translates to 79.32 lSTP

and 1.58 lSTP/Ah. The main gas components were the same as in the work of Koch

et al.

In another large publication Feng et al. [15] presents a large database of cells

with capacities from 1 Ah to 50 Ah (thermal analysis database of the Tsinghua

University). The publication includes correlation graphs between various parame-

ters which are relevant to TR. Notably are statistics of the lowest temperature of

detected self heating T1 and the onset temperature of the TR T2 and the maximal

cell temperature T3. The T1 depends on state of health (SOH) and the conditions

during ageing: cycling at high temperatures increases T1, whereas cycling at low

temperatures lowers T1. The linear correlation of SOC and T3 is known for small

cells. Feng et al. show that it also holds for larger cells with >20 A h. Increasing

energy density also strongly correlates to higher T3.
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Table 1.2: Correlations between cell conditions and TR results for cells >20 Ah

Source correlation cell condition TR parameter

Koch et al. [61] positive, 1.96 l A−1 h−1 capacity released gas

Koch et al. [61] positive energy density severity of TR

Feng et al. [15] positive cycling at high tempera-

ture

T1

Feng et al. [15] negative cycling at low tempera-

ture

T1

Feng et al. [15] positive, linear SOC T3

Feng et al. [15] positive energy density max. dT/dt

Test results of (section 2.4) with 50 Ah and 109 W h kg−1 (only group A2) adopt-

ing the nomenclature of Feng et al. are T2 = 230 ◦C, T3 = 594 ◦C, dT/dt =

1× 103 K min−1. The results fit into the graphs (fig. 6) of Feng et al. [15]. In (sec-

tion 2.4) early internal short circuit (ISC) (group B1) did not generate significant

additional heat or different T3. This is inline with Feng et al. who tested the

influence of the ISC on the TR and estimated that the ISC is responsible for only

9% of total heat generation during TR.
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2 Published Work

2.1 Thermal Runaway Experiments on Consumer

Li-ion Batteries with Metal-oxide and

Olivin-type Cathodes

The following journal article was published in RSC Advances in 2014. It summarizes

our first results on the thermal runaway of small cylindrical cells in the format

18650.

In this work Andrey Golubkov wrote the text of the article, designed and build

the TR test-stand, performed the TR experiments analysed the TR data. David

Fuchs participated in making the TR experiments and building the test stand.

Julian Wagner did the Energy-dispersive X-ray spectroscopy (EDX) and Helmar

Wiltsche the Inductively coupled plasma (ICP)-Optical Emission Spectroscopy

(OES) analysis of the electrodes. Christoph Stangl and Gisela Fauler measured the

electrolyte composition. Gernot Voitic helped to make the GC measurements of

the vent-gas. Alexander Thaler and Viktor Hacker supervised the work.
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Thermal-runaway experiments on consumer Li-ion
batteries with metal-oxide and olivin-type
cathodes

Andrey W. Golubkov,*a David Fuchs,a Julian Wagner,b Helmar Wiltsche,c

Christoph Stangl,d Gisela Fauler,d Gernot Voitic,e Alexander Thalera

and Viktor Hackere

Li-ion batteries play an ever-increasing role in our daily life. Therefore, it is important to understand the

potential risks involved with these devices. In this work we demonstrate the thermal runaway

characteristics of three types of commercially available Li-ion batteries with the format 18650. The Li-ion

batteries were deliberately driven into thermal runaway by overheating under controlled conditions. Cell

temperatures up to 850 �C and a gas release of up to 0.27 mol were measured. The main gas

components were quantified with gas-chromatography. The safety of Li-ion batteries is determined by

their composition, size, energy content, design and quality. This work investigated the influence of

different cathode-material chemistry on the safety of commercial graphite-based 18650 cells. The active

cathode materials of the three tested cell types were (a) LiFePO4, (b) Li(Ni0.45Mn0.45Co0.10)O2 and (c) a

blend of LiCoO2 and Li(Ni0.50Mn0.25Co0.25)O2.

1 Introduction

Li-ion batteries have been commercially available since 1991.1

As of 2013, Li-ion batteries are in wide use for portable elec-
tronics, such as cell phones and notebook computers. They are
also gaining traction as a power source in electried vehicles.
Li-ion batteries have a high specic energy and favourable
ageing characteristics compared to NiMH and lead acid
batteries. However, there are concerns regarding the safety of
Li-ion batteries. Abuse conditions such as overcharge, over-
discharge and internal short-circuits can lead to battery
temperatures far beyond the manufacturer ratings. At a critical
temperature, a chain of exothermic reactions can be triggered.
The reactions lead to a further temperature increase, which in
turn accelerates the reaction kinetics. This catastrophic self-
accelerated degradation of the Li-ion battery is called thermal
runaway.2

During thermal runaway, temperatures as high as 900 �C can
be reached,3 and the battery can release a signicant amount of
burnable and (if inhaled in high concentrations) toxic gas.4 To

quantify possible hazards of exothermic Li-ion battery over-
temperature reactions, tests with complete batteries should be
performed. Such experiments were undertaken with commer-
cial Li-ion batteries produced for consumer electronics3–11 and
with Li-ion batteries fabricated in the laboratory.12–16

This work investigated the thermal stability of three types of
commercially available Li-ion batteries for consumer elec-
tronics. Particular attention was given to (1) the dynamics of the
thermal responses of the cells, (2) the maximum temperatures
reached, (3) the amount of gases produced and (4) to the
production rates of the gases. To further assess the hazard
potential of the released gases, samples were taken and ana-
lysed with a gas chromatography system.

2 Experimental
2.1 Brief description of the test rig

To carry out unrestricted thermal-runaway experiments, a
custom-designed test stand was built (Fig. 1). The main
component of the test rig is a heatable reactor with electric
feedthroughs for the temperature measurement and the inner
sample heating. The reactor has gas feedthroughs that connect
it to an inert gas ask, to a gas sampling station and to a cold
trap with an attached vacuum pump. The pressure inside the
reactor is recorded by a pressure transmitter. The whole struc-
ture is hosted inside a fume hood to prevent any escaping of
gases and electrolyte vapours.

A removable sample holder is placed inside the reactor. The
sample holder consists of a metal structure, which houses a
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heating sleeve and the thermocouples. A Li-ion battery with the
dimensions 18650 (cylindrical geometry with d ¼ 18 mm and
l ¼ 65 mm) can be tted into the centre of the heating sleeve.
The inside wall of the heating sleeve is thermally insulated. The
role of the thermal insulation layer is to provide the thermal
connection between the heating sleeve and the sample. Due to
the low thermal conductivity of the insulation layer, a thermal
runaway reaction can proceed in adiabatic-like conditions. Ten
thermocouples measure the temperature at different positions
inside the reactor: three thermocouples are directly attached to
the sample housing, three thermocouples are attached to the
heating sleeve and four thermocouples measure the gas
temperature inside the reactor.

2.2 Testing method

Initially, the sample battery is CC/CV charged to the respective
cut-off voltage. Then, the plastic envelope is removed from the
cell and the cell mass and cell voltage are recorded. Three
thermocouples are welded to the cell housing, and the whole
package is inserted into the heating sleeve of the sample holder.
The sample holder is placed inside the reactor. The reactor is
evacuated and ushed with argon gas twice. The heaters are set
to constant power, and the pressure and temperature signals
are recorded. In order to trace fast temperature and pressure
changes, each signal is recorded with a high sampling rate of
5000 samples per second.

When a critical temperature is reached, the cell goes into
rapid thermal runaway: it produces gas and heat. During the
thermal runaway, the temperature of the cell increases by
several hundred degree Celsius in a few seconds. Aer the
thermal-runaway event, the cell cools down slowly. Gas samples
are taken and analysed with the gas chromatograph. In the next
step, the vacuum pump is switched on, and the cooling trap is
lled with liquid nitrogen. The gas is carefully released through

the cooling trap and the vacuum-pump into the fume hood. The
reactor and the gas tubes between the reactor and the cooling
trap are heated above 130 �C to avoid gas condensation.

By following this procedure, most liquid residue in the
reactor is passed from the reactor to the cooling trap. The liquid
residue can be easily removed from the cooling trap before the
next experiment run.

2.3 Gas analysis

The compositions of the sampled gases were analysed using a
gas chromatograph (GC, Agilent Technologies 3000 Micro GC,
two columns, Mol Sieve and PLOTU). A thermal conductivity
detector (TCD) was used to detect permanent gases. The GC was
calibrated for H2, O2, N2, CO, CO2, CH4, C2H2, C2H4 and C2H6.
Ar and He were used as carrier gases.

Note, that the current test set-up cannot detect HF, which
can be a major source of toxicity of gas released by Li-ion
batteries during thermal runaway.4

2.4 Cell-components identication

In order to identify the components of each cell species, several
cells were disassembled: the cells were discharged to 2.0 V, and
the cell casings were then carefully removed without causing
short circuits. The exposed jelly rolls were subject to
several tests.

For electrolyte identication, the jelly rolls were immersed in
asks with CH2Cl2 solution immediately aer casing removal.
The solutions were then analysed using a gas-chromatography-
mass spectrometry system (GC-MS: Agilent 7890 & MS
5975MSD) with the ChemStation soware and the NIST spec-
trum library. To analyse the solid materials of the cells, the
extracted jelly rolls were separated into the anode, cathode and
separator layers. Aer drying in a chemical fume hood, anode

Fig. 1 (a) The reactor and its principal elements. (b) The reactor is the main component of the test stand.
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and cathode-foil samples were taken for identication of the
electrochemically active materials. Microwave-assisted sample
digestion followed by inductively coupled plasma optical
emission spectrometry (ICP-OES, Ciros Vision EOP, Spectro,
Germany) was used to obtain the gross atomic compositions of
the cathode active masses. A scanning-electronmicroscope with
energy-dispersive X-ray spectroscopy (SEM/EDX: Zeiss Ultra55 &
EDAX Pegasus EDX) was used to conrm the ICP-OES results for
the compositions of the cathodes and to validate the anode
materials.

For the mass-split calculation, the following procedure was
followed for each cell type: positive and negative electrode
samples were extracted from the jelly roll. The samples were
rinsed with diethyl carbonate (DEC) and then dried again, in
order to remove the remaining electrolyte residues from the
active materials. The samples were weighed, and the geometries
of the electrode foils were recorded, so that the mass split could
be calculated. The amount of electrolyte was estimated as the
mass difference between the initial cell mass and the calculated
drymass for each cell. The thickness of the activematerial layers
on the electrode substrates was extracted from SEM images. The
thicknesses of the aluminium and copper substrates were
calculated from the measured area density. The thickness of the
separator foils was measured with a micrometer.

2.5 Li-ion cells

18650 consumer cells with three types of chemistry were
purchased for the experiments. The cells were produced by
three well-known companies. For simplicity, the samples will be
referred to as LFP, NMC and LCO/NMC cells, in order to reect
their respective cathode material. Despite the simple naming
scheme, please note that the cells do not differ in the types of
their cathode material alone. Naturally, they also have different
layer geometries (Table 2) and different ratios of their compo-
nent masses (Fig. 2), and there are differences in the composi-
tion of the active masses as well (Table 1).

� The LCO/NMC cell had a blended cathode with two
types of electrochemically active particles LiCoO2 and

Li(Ni0.50Mn0.25Co0.25)O2. A clean cut through the sample was
done with a focused ion beam (FIB). Subsequently, EDX
measurements of the bulk materials of individual cathode
particles were performed. The ratio of LCO and NMC layered
oxide particles was estimated by comparing the SEM-EDX and
ICP-OES results. The resulting ratio of LCO and NMC was
LCO : NMC¼ (66 : 34) with 5% uncertainty. The cells with LCO/
NMC blended cathodes are a compromise to achieve high rate
capability of LCO material and to maintain acceptable safety
and high capacity of the NMC material.17 The average voltage of
this cell was �3.8 V.

� The NMC cell had a Li(Ni0.45Mn0.45Co0.10)O2 layered oxide
cathode. The properties of the NMC mixed oxide cathodes
depended on the ratios of nickel, manganese and cobalt
material. In general, NMC cells have an average voltage of
�3.8 V and high specic capacity.18

� The LFP cell had a LiFePO4 cathode with olivine structure.
This cathode type is known for featuring good safety charac-
teristics. Commercial LiFePO4 cathode material for high power
Li-ion batteries consists of carbon-coated LiFePO4 nano-scale
particles. The cathode material is readily available and non-
hazardous. Commercially available LFP cells have a lower
operating voltage (�3.3 V) than cells with LCO and NMC
cathodes.18

The active anode materials consisted only of carbonaceous
material for all cells, as veried by SEM/EDX. The exact types of
graphite materials could not be identied.

2.6 Electrical characterisation

An electrical characterisation of the cells was done with a
BaSyTec CTS cell test system. In the rst step, the cells were
discharged to their respective minimum voltage. In the second
step, the cells were charged using a pulse-pause protocol, until
the voltage of the cells stayed above their respective maximum
voltage during a pause. The current pulses were set to 100 mA
and 30 s. The duration of the pauses was set to 50 s. The open-
circuit voltage (OCV) at the end of each pause and the charge
capacity were recorded (Fig. 3). For the NMC cell, the cell

Fig. 2 Mass split (m%) of the main components of the three cell species.
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manufacturer did not provide the voltage ratings. For safety
reasons, 4.1 V was selected as the maximum voltage.

3 Results and discussion
3.1 Typical course of a thermal runaway experiment

In order to illustrate the events during the heat-up process and
the thermal runaway itself, one experiment with a NMC cell is
described here in detail:

The NMC sample cell was prepared as described above. At
the start of the test, the cell heater sleeve was set to constant
heating power. The sample was slowly heated, starting at 25 �C,
with a heat-rate of �2 �C min�1. Aer reaching 220 �C, the cell
went into rapid thermal runaway. The cell temperature rose
from 220 �C to 687 �C in a few seconds. When the exothermic
reaction ended, the cell cooled down slowly (Fig. 4a).

The amount of gas produced inside the pressure vessel was
calculated by applying the ideal gas law:

n ¼ pV

Rqgas
� n0 (1)

where p is the recorded pressure in the reactor, V¼ 0.0027 m3 is
the reactor volume, R is the gas constant, qgas is the recorded gas
temperature in the reactor (in K), and n0 is the initial amount of
gas in the reactor at the start of the experiment.

At 160 �C, the safety vent device of the battery housing
opened, and 0.02 mol of gas were released by the cell. The cell
cooled down by 10 �C during the release process because of the

Joule–Thomson effect. The vent opening was then probably
clogged until, at 230 �C, concurrent with the rapid thermal
runaway, the cell vented for a second time. The second venting
was the major venting: an additional 0.15 mol of vent gas were
produced (Fig. 4b).

Note that the amount of gas in the reactor decreased shortly
aer venting. This effect can be explained by the condensation
of gas at the reactor walls. Since the reactor walls had a lower
temperature (�150 �C) than the cell in full thermal runaway (up
to 687 �C), the walls could act as a gas sink.

Table 1 Overview of the three cells species used in the experiments. All ratios in this table are given as mol ratios. The electrolyte solvents are
dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), ethylene carbonate (EC) and propylene carbonate (PC)

LCO/NMC NMC LFP

Cell mass g 44.3 43.0 38.8
Capacity A h 2.6 1.5 1.1
Minimum voltage V 3.0 3.0 2.5
Maximum voltage V 4.2 4.1 3.5
Electrolyte solvents DMC : EMC : EC (6 : 2 : 1) DMC : EMC : EC : PC

(7 : 1 : 1 : 1)
DMC : EMC : EC : PC
(4 : 2 : 3 : 1)

Cathode material LiCoO2 : Li
(Ni0.50Mn0.25Co0.25)O2 (2 : 1)

Li(Ni0.45Mn0.45Co0.10)O2 LiFePO4

Anode material Graphite Graphite Graphite

Fig. 3 OCV profiles of the three cell species.

Table 2 Mass (m), area (A), thickness (d) and volume (V) of the main components of the three cell species. The geometrical volume of a standard
18650 cell is 16.5 cm3

LCO/NMC NMC LFP

m (g) A (cm2) d (mm) V (cm3) m (g) A (cm2) d (mm) V (cm3) m (g) A (cm2) d (mm) V (cm3)

Separator 1.2 942 19 1.8 1.4 944 23 2.2 1.2 940 20 1.9
Cathode Al foil 1.7 403 16 0.6 3.1 389 30 1.1 2.1 396 19 0.7
Cathode active material 18.3 715 91 6.5 11.3 654 67 4.4 9.7 793 70 5.5
Anode Cu foil 2.9 402 8 0.3 7.5 418 20 0.8 3.9 396 17 0.7
Anode active material 8.1 739 81 6.0 6.2 695 60 4.2 5.2 793 50 4.0
Electrolyte 4.6 4.4 6.4
Housing 7.5 9.2 10.5
Sum 44.3 15.2 43.1 12.7 39.0 12.8

3636 | RSC Adv., 2014, 4, 3633–3642 This journal is © The Royal Society of Chemistry 2014
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In order to visualise subtle changes in thermal behaviour of
the cell during the experiment, rate diagrams are utilized.
Contrary to a common temperature versus time diagram (q vs. t),
the temperature rate is plotted versus temperature (dq/dt vs. q)
in a rate diagram. This type of diagram is oen used to visualise
accelerating rate calorimetry (ARC) results as well. Three
distinct experiment stages can be seen in the rate diagram for
the NMC cell (Fig. 4c):

(1) Heat-up stage (q < qo): In the temperature range from
room temperature to qo at �170 �C, the cell generated no heat.
The heater sleeve was the only heat source in this phase. The
negative peak at 130 �C is associated with endothermic sepa-
rator melting. (It is analogous to a negative endothermic peek in
a differential scanning calorimetry (DSC) diagram during the
phase change of a sample). The temperature qo at which a cell
starts to generate heat is commonly called the onset tempera-
ture of the thermal runaway.

(2) Quasi-exponential heating stage (qo < q < qr): At temper-
atures higher than qo, the battery became a heat source.

Between 170 �C and 220 �C, the temperature rate increase fol-
lowed a nearly straight line in the logarithmic plot (Fig. 4d). At
220 �C, a sharp increase in temperature rate marked the end of
the quasi-exponential heating stage.

(3) Rapid thermal runaway stage (qr < q < qm): At 220 �C, q/dt
increased sharply and initiated the rapid thermal runaway. The
transition to thermal runaway was accompanied by a venting
event. The thermal runaway ended when all reactants had
been consumed. At this point, the maximum temperature
qm ¼ 687 �C was reached.

It is difficult to pinpoint the exact transition between stage 1
and 2. Several endothermic events oen occurred near the onset
temperature qo: the separator melt temperature was 130 �C, the
cell safety vent usually opened at 160 �C and some material was
released from the cell, causing a slight cool-down due to the
Joule–Thomson effect. Thus, the exact value of qo can be
obscured by the intermediate cell cool-down.

To keep it simple, qo was dened as the point at which the
heating-rate curve switches from constant to quasi-exponential

Fig. 4 (a) Temperature versus time plot of all temperature sensors in the pressure vessel. The whole duration of the experiment is shown. (b)
Amount of produced gas versus time plot. Cell temperature is shown in arbitrary units. (c) Temperature rate of the cell versus cell temperature.
Overview of a whole experiment duration. (d) Temperature rate of the cell versus cell temperature. The straight lines are fitted to the heat-up
stage and to the quasi-exponential stage. The intersection of the two lines marks the onset point qo of the thermal runaway reaction. A sharp
increase in the temperature rate marks the onset of the rapid thermal runaway qr.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 3633–3642 | 3637
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rising. One line is tted to the heat-up part and one line to the
quasi-exponential part of the rate curve in the logarithmic rate
plot. The onset temperature qo can be further dened as the
temperature at which the two lines cross (Fig. 4d).

3.2 Thermal-runaway experiments

At least 3 thermal-runaway experiments were conducted with
each of the three cell species. A temperature prole overview of
all experiments is shown in Fig. 5a. Each species had its unique
thermal-runaway characteristics. The high capacity, cobalt rich
LCO/NMC cells reached the highest qm at (853 � 24)�C during
thermal runaway. The cobalt poor NMC cells had a lower qm of
(678 � 13)�C. The LFP cells showed a less pronounced thermal
runaway and reached a moderate qm of (404 � 23)�C. The
temperature curves showed small variations from sample to
sample. It is likely that the variations were caused by different
burst times of the rupture plates, which, together with subtle
effects of venting, Joule–Thomson cool-down and clogging of
the vent openings, inuence the thermal-runaway reaction-
pathways.

For the sake of completeness, two additional LFP experi-
ments with different heater-sleeve heating-rates (1.5 and 3.5 �C
min�1) were also included in the analysis (Fig. 5a). The thermal
runaway characteristics of the LFP cell (qr, qm and n) did not
depend on the heater-sleeve heating rate in the given heat-rate
range. The two additional experiments contributed to the mean
values in table 3 and Fig. 6

For clarity, only one representative curve for each cell species
is shown in the following graphs.

Each cell species had distinctive kinetic thermal-runaway
characteristics (Table 3 and Fig. 5b). Of the three specimen,
the LCO/NMC cell showed the lowest qo and qr, hence the
LCO/NMC cell was the cell most vulnerable to over-heating
conditions. For the NMC cell, qo and qr were shied to
higher temperatures. Transition temperatures of the LFP
specimen were noticeably higher than those of both metal/
oxide cells (LCO/NMC and NMC). The LFP cell was able to

withstand the highest temperature before going into
thermal runaway.

Both metal oxide cells showed the three stages described
above (heat-up, quasi exponential heating, rapid thermal
runaway). In contrast, the thermal runaway prole of the LFP
cell lacked a distinct quasi-exponential stage. For the LFP cell, it
was difficult to nd a clear distinction between qo and qr.
Therefore, qr is not given for the LFP species.

During the thermal runaway, the cells produced a signicant
amount of gas (Table 3). The amount of gas strongly depended
on the cell type. The highest amount of gas was released by the
LCO/NMC cell, followed by the NMC cell. The LFP cell yielded
the least amount of gas.

Two successive gas production events were evident in all
experiments (Fig. 7):

1 In the rst venting event, prior to rapid thermal runaway,
the burst plate of the battery opened, and �20 mmol were
released by all three cell types.

2 In the second venting event, at the start of rapid thermal
runaway, both metal-oxide cells released a high amount of
additional gas at a high rate (Fig. 8). In contrast, the LFP cell
released only a small amount of additional gas at a low
production rate. In the case of the metal-oxide cells the gas was
released in very short time. The NMC cell produced the main

Fig. 5 (a) Overview of the time–temperature profiles for the cells tested. Data for the whole experiment durations and for the whole experiment
sets is shown. For the sake of completeness, one LFP test with a higher (1) and one with a lower (2) heating rate of the heater sleeve are included.
(b) Temperature rates from three representative experiments.

Table 3 Characteristic temperatures and venting parameters in the
thermal-runaway experiments. Here, qo is the onset temperature, qr is
the transition temperature into rapid thermal runaway, qm is the
maximum recorded temperature, n is the total amount of gas
produced as measured in the reactor at a reactor temperature of
150 �C, and Dt is the typical venting duration

LCO/NMC NMC LFP

qo
�C 149 � 2 168 � 1 195 � 8

qr
�C 208 � 2 223 � 3 —

qm
�C 853 � 24 678 � 13 404 � 23

n mmol 265 � 44 149 � 24 50 � 4
Dt s 0.8 0.2 30.0

3638 | RSC Adv., 2014, 4, 3633–3642 This journal is © The Royal Society of Chemistry 2014
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amount of gas in just 0.2 s, and the LCO/NMC in 0.8 s. Aer
release, the hot gas was not in thermal equilibrium with the
cooler walls of the reactor, and therefore the amount of gas

decreased, as the released gas came into contact with the walls
and condensed. In contrast, the gas production duration of the
second venting for the LFP cell was �30 s. Because of the
gradual release, the gases of the LFP cell were in better
temperature equilibrium with the reactor walls and the gas
condensation effect was not noticeable.

3.3 Gas analysis

At least one gas analysis was performed for each cell species.
Each cell type showed a unique gas composition footprint
(Fig. 6). The main components were H2 and CO2. Both metal-
oxide cells produced a signicant amount of CO. Additionally,
smaller fractions of CH4, C2H4, and C2H6 were identied. As
mentioned before, HF was not measured.

Most components of the gases are ammable. The gases can
be toxic due to the presence of CO.

3.4 Gas producing reactions

During the thermal runaway gases are released by thermally and
electrochemically driven reactions of the electrode active

Fig. 6 Detected components of the produced gases (mol%).

Fig. 7 Temperature-vent gas profiles. Note that the x-axis is limited to
the relevant temperature range.

Fig. 8 Time-vent gas profiles. Note: to make the curves comparable, each curve was moved on the time axis, so that the second venting event
starts at time zero. (a) The first 100 seconds and (b) the first 2 seconds of the second venting event are shown.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 3633–3642 | 3639
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materials, the intercalated lithium, the binder, the solid elec-
trolyte interface (SEI), the electrolyte and the separator.

Evolution of H2. One possible source of hydrogen is the
reaction of the binder with Li0. Common binder materials are
polyvinylidene uoride (PVdF) and carboxymethyl cellulose
(CMC).19 At temperatures above 230 �C graphite particles of the
anode defoliate and Li is exposed to the surrounding electrolyte
and binder.20 Above 260 �C PVdF may react with Li at the anode
and release H2:21

-CH2-CF2-þ Li ������!DH
LiFþ -CH]CF-þ 1

2
H2 (2)

A similar reaction of CMC and Li may take place above
250 �C:22

CMC-OHþ Li
������!DH

CMC-OLiþ 1

2
H2 (3)

Evolution of CO2. Many SEI and electrolyte mechanisms can
lead to carbon dioxide generation. The SEI can decompose in
thermally driven reactions,23,24

ðCH2OCO2LiÞ2 ������!
DH

Li2CO3 þ C2H4 þ CO2 þ 1

2
O2 (4)

or by reactions with traces of water or HF25,26,26–29

ROCO2Li + HF / ROH + CO2 + LiF (5)

2ROCO2Li + H2O / 2ROH + Li2CO3 + CO2 (6)

Li2CO3 may be present in the cathode30 and/or can be
produced by two-electron reduction of EC at the anode.31 Li2CO3

reacts with traces of HF with CO2 evolution:24,30

Li2CO3 þ 2HF
������!DH

2LiFþ CO2 þH2O (7)

EC solvent reduction through SEI (re)formation at the
carbon surface of the anode can release CO2.32,33 Above 263 �C
pure EC can thermally decompose and produce CO2.34 Linear
carbonate solvents can decompose with CO2 release in the
presence of CH3OLi.31

In the presence of impurities LiPF6 may react to POF3 that in
turn reacts with the electrolyte in a decarboxylation reaction
with CO2 release:31,35–38

LiPF6 / LiF + PF5 (8)

PF5 + ROH / HF + RF + POF3 (9)

POF3 + solvent / CO2 + phosphate (10)

In the presence of oxygen, combustion of the carbonate
based electrolyte solvents takes place,28,34,39 e.g.

5

2
O2 þ C3H4O3ðECÞ ������!DH

3CO2 þ 2H2O (11)

A plausible source of oxygen is the structural breakdown of
delithiated metal oxide cathodes of the LCO/NMC and NMC
cell.40 It was shown, that CO2 is mainly produced on the cathode
side of an overcharged LCO cell.41 Therefore the electrolyte

oxidation with O2 freed from the cathode may be the dominant
CO2 producing reaction for the LCO/NMC and NMC cell. The
cathode material of the LFP cell is thermally more stable and
does not release oxygen.42

Evolution of CO. One possible mechanism of carbon
monoxide is the reduction of CO2 with intercalated Li at the
anode:26,43,44

2CO2 + 2Li+ + 2e� / Li2CO3 + CO (12)

On the other hand, as shown in the case of an overcharged
LCO cell, the main contribution of CO gas may come from the
cathode side and not from the anode side.41 We suggest, that
another source of CO may be incomplete combustion of carbon
containing material with a limited amount of O2 that is freed
from the cathode.

Evolution of CH4. In the presence of H2 methane can be
produced by reduction of the electrolyte to lithium
carbonate45–47 e.g.

C3H6O3(DMC) + 2Li+ + 2e� + H2 / Li2CO3 + 2CH4 (13)

Evolution of C2H4. Ethylene can be produced by the reduc-
tion of EC at the lithiated anode31,39,47

2Li + C3H4O3(EC) / Li2CO3 + C2H4 (14)

and24,48,49

2Li + 2C3H4O3(EC) / (CH2OCO2Li)2 + C2H4 (15)

or by SEI decomposition23

2Li + (CH2OCO2Li)2 / 2Li2CO3 + 2C2H4 (16)

Evolution of C2H6. In an analogous reaction ethane can be
produced by the reduction of DMC at the lithiated anode:31,39,48

2Li + C3H6O3(DMC) / Li2CO3 + C2H6 (17)

4 Conclusion and outlook

Three types of consumer Li-ion batteries with the format 18650
with different cathode materials were evaluated in thermal
runaway tests. The cells were brought into thermal runaway by
external heating. All tests were performed in a pressure-tight
reactor in an argon atmosphere. In agreement with literature,5

the cell containing LFP showed the best safety characteristics.
The LFP cell had the highest onset temperature (�195 �C), the
smallest temperature increase during the thermal runaway
(�210 �C), the lowest amount of produced gas (�50 mmol) and
the lowest percentage of toxic CO in the gas (�4%). Unfortu-
nately, it was also the cell with the lowest working voltage (3.3 V)
and the lowest energy content (3.5 W h).

Batteries with higher energy content (5.7 W h and 9.9 W h)
performed worse in safety tests. The onset temperature shied
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down to �170 �C and�150 �C, the temperature increase during
thermal runaway rose to �500 �C and �700 �C, the amount of
gas released was �150 mmol and �270 mmol, and signicant
percentages of CO (13% and 28%) were found for the NMC and
NMC/LCO cells, respectively.

All cells released high amounts of H2 and hydrocarbons.
These gases are highly ammable. Even though the gas could
not burn in the inert atmosphere inside the reactor, the surface
of the high-energy cells reached temperatures of up to 850 �C
during the experiments.

Modern devices are equipped with battery temperature and
voltage monitoring. If a state beyond specication is detected,
the devices shut down automatically to prevent battery abuse.18

If system shut-down can not prevent a thermal runaway in all
cases, data in this work may be a valuable source for the spec-
ication of a robust energy-storage system which can withstand
conceivable abuse events.

To reduce possible damage from thermal-runaway events in
consumer devices, we suggest the following design optimiza-
tion targets: (1) increase the temperature endurance and heat
absorption capability of used materials; (2) minimize heat
propagation to neighbouring burnable elements; (3) minimize
gas ignition probability (e.g. mechanical separation of electric
components from the gas release position).

This work has shown that the kinetics of the thermal-
runaway process strongly depend on the energy content of the
Li-ion battery. Future work will focus on the thermal runaway
triggered by over-heating at different states of charge (SOC) and
the thermal runaway caused by overcharge. Emphasis will be
given to assessment of HF gas evolution, to gas analysis with
GC-MS, and to the analysis of the liquid residues that are
collected in the cooling trap.
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2 Published Work

2.2 Thermal Runaway of Commercial 18650 Li-ion

Batteries with LFP and NCA Cathodes –

Impact of State of Charge and Overcharge

The following journal article was published in RSC Advances in 2015. This was

our second article. Again we tested commercial 18650 cells. This time we focused

on the dependency of the TR on the SOC.

In this work Andrey Golubkov wrote the text of the article, did the TR experiments

and analysed the TR data. Sebastian Scheikl and René Planteu participated in

making the TR experiments and updating the test stand. Helmar Wiltsche used

ICP-OES to measure the composition of the cathode. Gisela Fauler measured the

electrolyte composition and Christoph Stangl and provided industry insight to make

a realistic cell mass-split. Gernot Voitic helped to make the GC measurements of

the vent-gas. Alexander Thaler and Viktor Hacker supervised the work.
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Thermal runaway of commercial 18650 Li-ion
batteries with LFP and NCA cathodes – impact of
state of charge and overcharge

Andrey W. Golubkov,*a Sebastian Scheikl,a René Planteu,a Gernot Voitic,b

Helmar Wiltsche,c Christoph Stangl,d Gisela Fauler,d Alexander Thalera

and Viktor Hackerb

Thermal runaway characteristics of two types of commercially available 18650 cells, based on LixFePO4 and

Lix (Ni0.80Co0.15Al0.05)O2 were investigated in detail. The cells were preconditioned to state of charge (SOC)

values in the range of 0% to 143%; this ensured that the working SOC window as well as overcharge

conditions were covered in the experiments. Subsequently a series of temperature-ramp tests was

performed with the preconditioned cells. Charged cells went into a thermal runaway, when heated

above a critical temperature. The following thermal runaway parameters are provided for each

experiment with the two cell types: temperature of a first detected exothermic reaction, maximum cell

temperature, amount of produced ventgas and the composition of the ventgas. The dependence of

those parameters with respect to the SOC is presented and a model of the major reactions during the

thermal runaway is made.

1 Introduction

Li-ion batteries1,2 excel in energy density and cycle life.
Unfortunately those benets come with a price: when Li-ion
batteries are mistreated with high over-temperature or
strong overcharge, they can transit into a so-called thermal
runaway. During the thermal runaway, the battery tempera-
ture increases due to exothermic reactions. In turn, the
increased temperature accelerates those degradation reac-
tions and the system destabilizes. At the end of the thermal
runaway, battery temperatures higher than 1000 �C can be
reached and high amounts of burnable and harmful gases can
be released.

Because Li-ion batteries are widely used, the possible
hazards of Li-ion batteries are a key issue for automotive,
aerospace and consumer electronics industries. The safety
characteristics of Li-ion battery systems depend (a) on the used
cell type (geometry, materials), (b) on the initial conditions
before misuse (state of charge, ageing effects), (c) on the type
of misuse (over-temperature, over-charge) and (d) on

external measures (built-in safety devices, forced cooling,
connement).3–5

In the past, accelerated rate calorimetry (ARC) tests with
limited maximum temperature6–12 and without limitation13 as
well as re experiments and mechanical abuse14–17 with
complete Li-ion cells were done. Recently over-temperature
and over-charge tests with large format cells (which may be
used for automotive applications) were published.18–20 It is
known that the severity of the thermal runaway event in over-
temperature experiments increases with increasing SOC.4,21–27

It is also known, that a thermal runaway can be triggered by
strong overcharge beyond safe voltage limits of the cell.28–34

Even if the overcharge condition does not trigger a thermal
runaway, safety may be compromised by Li-plating on the
anode.35

In our previous publication36 the safety characteristics of
three different commercial Li-ion batteries charged to 100%
SOC were investigated. It was demonstrated, that cells with
cathodes based on iron-phosphate as well as on metal-oxide
material exhibit a thermal runaway in thermal-ramp experi-
ments. The severity of the thermal runaway showed a strong
dependence on the material composition of the cells.

In this publication two cell types are introduced and the
mass inventory of the cells is calculated based on tear down
results. The thermal runaway testing method is explained and
the outcomes of experiments with discharged, partially
charged, fully charged and over-charged cells are presented.
Possible chemical reactions are listed and quantitative calcu-
lations of ventgas generation are made for two cases.
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2 Samples

The two types of commercially available Li-ion batteries, with
the geometrical format 18650, were purchased from two well
knownmanufacturers. The rst cell, rated to a nominal capacity
of Cnom ¼ 1.1 A h is based on a LixFePO4 (LFP) cathode. The LFP
material is considered as relatively safe. Unfortunately
commercial LFP-based cells have lower capacity and nominal
voltage compared to metal-oxide based cells. According to the
datasheet the LFP cell is designed for a maximum discharge
current of 30 A and has a cycle life of >1000 full discharge cycles.

The second cell has a much higher nominal capacity Cnom ¼
3.35 A h and is based on a Lix(Ni0.80Co0.15Al0.05)O2 (NCA)
cathode. To our knowledge, this mass produced cell has the
highest energy density which is commercially available as of
2013. It is specied to a maximum discharge current of 6.7 A h
and its cycle life is >300 cycles.

In the following, the two cell types will be denoted as LFP and
NCA for easy reading.

2.1 Cell composition, methods

For the interpretation of the misuse experiment results it is
benecial to know the mass split of the cell components.
Unfortunately information regarding detailed cell composition
is kept condential by the manufacturers. We had to make a
tear down and an analysis of the cell components for both cell
species by ourselves. The following parameters were measured
directly using the same methods and equipment as in ref. 36:

�Mass of the anode and cathode coating, the electrolyte, the
current collector foils, the separator and the housing material.

� The solvent mass-ratios of the electrolyte. Detected solvents
were dimethyl carbonate (DMC), ethyl methyl carbonate (EMC),
ethylene carbonate (EC), propylene carbonate (PC) and methyl
phenyl carbonate (MPC).

� The mole-ratios of the different transition metals and
phosphor in the cathode coating.

Additionally, separator foils were examined with differential
scanning calorimetry coupled with thermal gravimetric analysis
(DSC-TGA, NETZSCH STA 449 C). Separator samples were rinsed
with diethyl carbonate and dried in a desiccator for 12 hours.
During the test the DSC-TGA was ushed with and the heat
ramp was set to 10 K min�1.

2.2 Cell composition, results and discussion

It is not in the scope of this work to compile an exhaustive
material inventory of the two commercial cell types. Neverthe-
less, to obtain some insight into chemical reactions taking place
during cell misuse, it is helpful to make at least rough estima-
tions for cell components that were not accessible to direct
measurements (Table 1). Estimations for the amount and
composition of active material, particle coating, binder, carbon
black and the SEI in the electrode coatings as well as for the
amount of salt, additives and soluble SEI in the electrolyte were
discussed with our project partners. Effects of cell formation
were considered. The compositions of the separators were
estimated from DSC measurements.

2.2.1 Binder and conducting agent. The mass ratio of
binder material and conducting agents in the electrode coatings
was not measured. We assume that sodium carboxymethylcel-
lulose (CMC) with a degree of carboxymethyl substitution (DS)
of 0.7 is used as the anode binder37 and polyvinylidene uoride
(PVDF) is used as the cathode binder.38 CMC is a cost effective
binder material in the anode, but can not be used in the
cathode. We suppose that 5% of anode coating and 2.5% (NCA)
or 5% (LFP) of cathode coating is binder material.

Additionally a conducting agent is needed to improve the
electrical conductivity between the cathode particles and
cathode substrate-foil. We suppose that 2.5% (NCA) or 5% (LFP)
of cathode coating consists of carbon black. We justify the
increased amount of binder and conducting agent of the LFP
cell with its higher power capability.

2.2.2 LFP particle coating. The active cathode material of
the LFP cell consists of LixFePO4. The LixFePO4 particles need to
be nano structured and carbon coated to achieve good diffusion
of Li-ions and good inter-particle electrical conductivity.39 It is
hard to tell which amount of carbon coating was actually used
in the tested commercial battery. Optimum values of carbon
coating found in the literature vary from 1.5% to 15%.40 We
assume that 10% of the LFP cathode consists of carbon coating.
Please note, that this might be the upper estimate. One of the
reviewers suggested, that the carbon coating of a commercial
battery is probably in the range of 1% to 2%.

2.2.3 Electrolyte and SEI. The amount of salt in the elec-
trolyte could not be measured as well, it is supposed that both
cells use the traditional salt LiPF6 with a concentration of
1.1 mol L�1. The density of the electrolytes is estimated with
1.21 kg L�1.

Vinylene carbonate (VC) is a common solid electrolyte
interface (SEI) improving additive.41 We assume that 2% of VC
was added to the electrolyte.42 During initial charging VC and
EC undergo reduction reactions and form the SEI at the surface
of the graphite particles of the anode. A fully developed SEI
prevents further reduction of the electrolyte solvents.43 The SEI
composition and formation reactions can be complicated41,44,45

and lie beyond the scope of this work. Instead, for further
calculations, we treat the SEI as being made of only four
components:

(1) The polymerization product of VC41,46

(1)

(2) The organic Li-carbonate from EC reduction47–49

2C3H4O3 (EC) + 2Li+ + 2e� / (CH2OCO2Li)2 + C2H4 (2)

57172 | RSC Adv., 2015, 5, 57171–57186 This journal is © The Royal Society of Chemistry 2015
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(3) The inorganic Li-carbonate Li2CO3 from EC reduction50–52

C3H4O3 (EC) + 2Li+ + 2e� / Li2CO3 + C2H4 (3)

(4) And LiF which can be produced from decomposition of
the salt and the Li-carbonate53

LiPF6/LiFþ PF5

PF5 þROH/HFþRFþ POF3

Li2CO3 þ 2HF/2LiFþ CO2 þH2O

(4)

We assume that all VC (2% of electrolyte) goes into poly-
merization (1) and that the additional SEI components
(CH2OCO2Li)2 : Li2CO3 : LiF are in the ratio 1/2 : 1/4 : 1/4.44 The
components of the SEI are listed (Table 1) as a part of either
anode or electrolyte depending on their solubility in the elec-
trolyte solvent.54 To calculate the actual amounts of lithium
containing SEI we need to take the irreversible capacity loss into
account.

2.2.4 Irreversible capacity loss. We think that the most
economical anode material for both manufacturers is surface
treated natural graphite. During cell assembly the graphite is in
delithiated state and the cathode is in fully lithiated state. At the
rst charging (cell formation) an amount of lithium nirrLi that is
equivalent to �8% of the maximum anode-Li-capacity is trap-
ped.2 The associated charge Cirr is called irreversible capacity
loss:

nirrLi ¼ 0:08naC6
(5)

Cirr ¼ FnirrLi (6)

here F is the Faraday constant and naC6
is the amount of

graphite units C6 in the anode (in mol). We assumed that all
trapped lithium is integrated and immobilized in the SEI
according to the chemical reactions (2)–(4). The calculated
values for the NCA and LFP cell are nirrLi (NCA) ¼ 12.1 mmol and
nirrLi (LFP) ¼ 5.4 mmol respectively. As a consequence, aer
formation, the cathode can never again be fully lithiated. Even
when the cell is fully discharged, nirrLi is missing, and the
amount of Li per stoichiometric formula in the cathode is <1.

The effect of the missing lithium nirrLi (proportional to Cirr) in
the cathode is taken into account in further stoichiometric
calculations.

2.2.5 Residual capacity. Commercial Li-ion cells must not
be discharged beyond their rated minimal operation voltage
(Vmin(NCA) ¼ 2.5 V and Vmin(LFP) ¼ 2.0 V) during normal
cycling. If cells are discharged to voltages lower than Vmin

dissolution of the copper foil may occur,55 because the anode
potential may reach the oxidation potential56 of Cu. Anodes of
cells that are discharged to Vmin are not fully delithiated, instead
a small amount of Li stays in the anodes and acts as a safety
margin to keep the anode potentials below the copper disso-
lution potential. We assume that the residual capacity Cres

(which is proportional to the amount of residual Li nresLi ) equals
to 1% of the nominal cell capacity:

Cres ¼ 0.01Cnom (7)

nresLi ¼ 1/FCres (8)

The amount of residual lithium is considered in further
calculation of the lithiation states of both electrodes.

2.3 Available capacities in the electrodes

With identied amount of active cathode material nacat and with
known Cirr and Cres the theoretically usable capacity of the
cathode aer cell formation can be calculated

Cu
cat ¼ Fnacat � Cirr � Cres (9)

and compared to the nominal capacity as given in the data
sheet.

In the case of LFP cell Cu
cat ¼ 1.16 A h. In theory, LFP material

can be fully delithiated, and Cu
cat should be equal to Cnom. In our

work, the calculated Cu
cat exceeded Cnom. According to the data

sheet the LFP cell is rated to Cnom ¼ 1.1 A h and the measured
capacities in the allowed voltage range were even smaller
(Fig. 1). The discrepancy may be caused by incomplete utiliza-
tion of the LFP material of a real cell or by ageing effects of the
cathode.

Fig. 1 OCV characteristics of the (left) LFP and (right) NCA cells. Measured values in the allowed voltage range and additionally in the overcharge
region are given. SOC points, at which temperature-ramp experiments were done, are marked. Rough estimates, where Li-plating and complete
cathode delithiation may occur, are indicated for the NCA cell. The discontinuities at 100% are caused by relaxations during the time-gaps
between cycling and the overcharge experiments.
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It is noteworthy that the available capacity of the LFP anode

Cu
and ¼ FnaC6

(10)

exceeds the Cu
cat by 50%. In other words, the anode of the LFP

cell is overbalanced. This makes sense for a high power cell, as
it allows high charging currents with reduced risk of
Li-plating.

In contrast to LFP, the NCA cathodes should not be fully
delithiated during normal operation. Correspondingly, the
theoretically available capacity of the NCA cell of 4.42 A h was
higher than the nominal capacity 3.35 A h. The calculated
capacity of the active material in the anode was 4.06 A h. That
means the NCA anode was slightly overbalanced by 21%.

2.3.1 Separator. The composition of the separator mate-
rials was deduced from DSC-TGA measurements. The separator
of the LFP cells showed endothermic (melting) peaks at 132 �C
and 159 �C which are typical for a 3-layered laminate with a
polyethylene (PE) core between two polypropylene (PP) skin
layers (PP/PE/PP). We assume that the LFP separator consists of
2/3PP and 1/3PE.

The separator of the NCA cell showed only one indistinct
endothermic peak at �130 �C. We assume that the NCA sepa-
rator consists of ultra-high molecular weight polyethylene
(UHMWPE) membrane.57,58

3 Experimental

In this work a total of 23 thermal ramp experiments with the two
cell types were done at different SOC. Each experiment con-
sisted of the following steps; the cell underwent a open circuit
voltage (OCV) check, was charged to the selected SOC and
inserted into the sample holder. The sample holder was
attached inside a sealed reactor and the thermal ramp experi-
ment was started (the test-rig and thermal ramp method is
described in ref. 36). Aer the thermal ramp experiment gas
samples were taken and analysed.

3.1 Initial OCV check

We applied the same OCVmeasurement procedure as in ref. 36.
Each sample was fully discharged to 0% SOC (2.5 V) and then
fully charged to 100% SOC (LFP: 3.5 V, NCA: 4.2 V). The health
status of the cells was checked by comparing the measured
capacities with the nominal capacity from the manufacturer.
Typical OCV proles are given in Fig. 1. BaSyTec CTS cell test
system and Heiden Power DC-source-load were used for battery
cycling.

3.2 Sample preparation

Aer the OCV check the insulation foil was stripped from the
cell and the sample was weighed. Three K-type thermocouples
were spot-welded to the cell housing. Then the sample was
wrapped in a thermal insulation layer and inserted into the
heating sleeve of the sample holder. Finally, the sample holder
was installed inside the reactor, the electrical connections were
made and the reactor was sealed.

3.3 SOC set-point

The cell was brought to the desired SOC by charging or dis-
charging, starting from 100% SOC. The coulomb counting
method was used for SOC calculation and the charge/discharge
was stopped when the required SOC was reached. For experi-
ments with SOC < 100% the cell was discharged outside of the
reactor. For SOC > 100% the cell was overcharged inside the
reactor, for safety reasons. In order to prevent cell heating, the
overcharge current was set to very low values. The SOC set-
points of all experiments are marked in Fig. 1.

3.4 Thermal-ramp experiment

The sealed reactor was evacuated and ushed with inert gas.
The heaters were turned on. The sample inside the reactor was
heated slowly with a rate of 2 �C min�1 (NCA) or 4 �C min�1

(LFP). Cell temperatures, gas temperatures and the pressure in
the sealed reactor were recorded. At some point the cell trans-
ited into thermal runaway and ventgas was released in the
reactor. The amount of gas inside the reactor nidealsum was calcu-
lated using the ideal gas law

nidealsum ¼ pV

Rqgas
� n0: (11)

Here p denotes the pressure in the reactor, V ¼ 0.0027 m3 is
the reactor volume, R is the gas constant, qgas is the gas
temperature in the reactor (in K) and n0 is the initial amount of
gas in the reactor at the start of the experiment.

The eqn (11) is only valid, when qgas is equal to the mean gas
temperature in the reactor. During the thermal runaway a
violent cell venting may take place and hot gases are released
into the pressure vessel. In the rst seconds aer venting, when
the gas temperature inside the reactor is not homogeneous,
nidealsum may be over or underestimated. Thus, given nidealsum values
were calculated when the gas temperature was in equilibrium.

3.5 Ventgas analysis

Gas samples were taken aer the thermal runaway reaction. If
no thermal runaway occurred, then the gas samples were taken
aer the cell temperature exceeded 250 �C. The gas was ana-
lysed with a gas chromatograph system (GC, Agilent Technolo-
gies 3000 Micro GC, two columns, Mol Sieve and PLOTU). A
thermal conductivity detector (TCD) was used to detect
permanent gases. The GC was calibrated for H2, O2, N2, CO,
CO2, CH4, C2H2, C2H4 and C2H6. The GC used Ar and He as
carrier gases.

3.6 Role of the inert gas

Before each experiment, the reactor was lled with inert gas to
prevent reactions of the vent-gas with the reactor atmosphere.
We used either N2 or Ar as inert gas. Both gases have advantages
and disadvantages.

� Advantages of using Ar as inert gas: in this case N2 is not
present in the reactor. There are no reactions which can
produce N2 during thermal runaway. The only possible source
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of N2 in a ventgas sample is leakage from ambient air. There-
fore, the presence of N2 (accompanied by O2) in the GC results
indicates gas leakage. The amount of Ar in the samples could
not be quantied, because it was used as a carrier gas in the GC
setup.

� Advantages of using N2 as inert gas: in this case N2 fulls
two functions. It serves as inert gas and also as an internal
standard. Since the amount of N2 in the reactor is known (VN2

¼
0.0027 m3), absolute amounts of other detected gas compo-
nents can be derived from their relative GC results rGCi

nGC
i ¼ nN2

rGC
N2

rGC
i (12)

The absolute amount of vent-gas nGCsum can be calculated from
the GC results.

nGC
sum ¼

X
isN2

nGC
i (13)

The amount of ventgas calculated with the ideal gas eqn (11)
can be compared with the total amount of gas from GC results
(13). If nidealsum ¼ nGCsum than it is likely, that all formed gases were
detected by the GC.

However, there is also one strong disadvantage of using N2. If
leaks from ambient air occur, leaked N2 falsies the internal
standard. Therefore, for the most experiments we used Ar as
inert gas in the reactor and detected N2 indicated gas leaks.

Only in the last three experiments, aer enough experience was
gained, we were condent to use N2 as the inert gas.

4 Results

We did 23 thermal-ramp experiments with NCA and LFP cells
set to different SOC. The results are summarized in Tables 2 and
3. Typical experiment runs are shown in Fig. 2 and 4. The
dependence of the thermal runaway parameters on the SOC is
visualised in Fig. 3 and 5.

4.1 NCA cells

We tested the thermal stabilities of discharged as well as
partially charged, fully charged and over charged NCA cells.

Discharged NCA cells (Experiment 1–5) showed no
pronounced thermal runaway characteristics. Only small unre-
markable exothermic peaks were observed between 150 �C and
300 �C. The amount of gas depended on the timespan which the
cells spend at increased temperature: aer the initial burst plate
opening of the cell housing the vent-gas was released from the
cell into the reactor with an uniform rate. There was no sudden
gas liberation and no violent chemical reaction. CO2 was the
major identied component of the vent-gas. Interestingly, the
mass loss of the discharged cells of 4.4 g equalled to the mass of
electrolyte in the cells (Table 1).

In Experiment 1 we used N2 as internal standard. The GC
detected nGCsum ¼ 23.2 mmol of produced gas (Table 3). In

Table 2 Results of thermal ramp experiments with NCA and LFP cells. Here SOC is the state of charge, qo is the onset temperature, qm is the
maximum cell temperature during the experiment, Dm is the mass loss of the cell, nidealsum is the measured amount of produced vent-gas (11) and
the chemical components are those species that were detected by the GC system. Missing values could not be measured or detected. The ratios
of the detected gases are given in mol%

No. Cell
SOC
(%)

qR
(�C)

qm
(�C)

Dm
(g)

nidealsum

(mmol)
H2

(%)
CO2

(%)
CO
(%)

CH4

(%)
C2H4

(%)
C2H6

(%)

1 NCA 0 — 302 — 65 1.7 94.6 1.6 1.6 0.3 —
2 NCA 0 160 316 4.4 52 1.8 94.7 1.9 1.2 0.4 —
3 NCA 0 160 315 4.5 55 1.2 96 1.5 1.1 0.2 —
4 NCA 0 161 214 4.4 39 0.9 96.2 1.1 1.4 0.3 —
5 NCA 0 150 243 4.4 59 0.8 96.6 1 1.3 0.3 —
6 NCA 25 150 739 5.9 67 15.5 62.7 5.5 8.7 7.5 —
7 NCA 50 140 970 8.5 157 17.5 33.8 39.9 5.2 3.2 0.4
8 NCA 75 140 955 — 217 24.2 20.8 43.7 7.5 3.3 0.5
9 NCA 100 144 904 — 273 22.6 19.7 48.9 6.6 2.4 —
10 NCA 100 138 896 20.5 314 26.1 17.5 44 8.9 2.7 0.9
11 NCA 100 136 933 20.9 244 28.5 22.7 41.5 5.9 1.3 0.3
12 NCA 112 144 — 19.2 252 25.1 18.8 48.1 5.9 2.1 —
13 NCA 120 80 929 — 281 23.5 20.8 48.7 5.4 1.6 —
14 NCA 127 80 983 — 317 28.8 16.2 46.6 6.4 1.3 0.3
15 NCA 132 80 943 17 262 25.8 18.9 49.2 4.7 1.4 —
16 NCA 143 65 1075 20.1 303 26.2 22 43.4 6.9 1.5 —
17 LFP 0 — 251 6.1 55 2.7 93.5 1.8 0.7 0.7 0.7
18 LFP 25 195 231 6.1 31 7.1 85.3 3.1 1.2 3.1 0.2
19 LFP 50 130 283 6.1 32 20.8 66.2 4.8 1.6 6.6 —
20 LFP 75 149 362 6.3 41 21.8 62.6 6.4 1.9 6.3 1
21 LFP 100 140 440 7.1 32 29.4 48.3 9.1 5.4 7.2 0.5
22 LFP 115 155 395 6.2 61 34 52.2 6.4 2.6 4.7 0.1
23 LFP 130 80 448 — 58 30.1 55.8 7.7 6.4 — —
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contrast, the amount of ventgas inside the reactor (11) was
much higher nidealsum ¼ 65.4 mmol. We conclude that the GC could
not identify the missing 42.2 mmol of gas, because its setup was
optimized for a limited set of permanent gases.

The cells with SOC $ 25% displayed an unmistakable
thermal runaway behaviour. When (partially) charged NCA cells
were heated beyond a critical temperature, self accelerating
exothermic reactions started and the cell temperatures
suddenly increased up to maximum values in the range of
739 �C and 1075 �C.

The onsets of the exothermic reactions were obtained from
the rate plot: the temperature, where a rst clear deviation
towards increased temperature rate was detected, was dened
as the onset temperature qo. For NCA cells with SOC # 100% qo

was in the range between 136 �C and 160 �C. Overcharged NCA
cells (SOC > 100%) showed much lower onset temperatures

between 65 �C and 80 �C. It is an important nding, that over-
charged NCA cells can proceed straight into thermal runaway
when heated above 65 �C.

The thermal runaway reactions were accompanied by abrupt
vent-gas releases. Cells with higher SOC produced more vent-gas.
Up to 317 mmol of gas were recorded. The gas composition
depended on the SOC as well: the fractions of CO2 decreased and
the fractions of CO andH2 increasedwith rising SOC. A clear trend
for other detected gases (CH4, C2H4 and C2H6) was not observed.

We used N2 as inert gas in the Experiments 13 and 14 (over-
charged NCA) in the same way as in Experiment 1. The calcu-
lated amounts of gas nidealsum and nGCsum were in good agreement,
indicating that all produced gases were detected by the GC. In
other words, it is likely that the quantitative GC results (Table 3)
represent the major vent-gas components for over-charged cells
and that only smaller amounts of gas may be missing.

Fig. 2 Typical thermal ramp experiments with NCA cells. (a) Cell temperature profiles. (c) Amount of produced vent-gas. The overshoot peaks
are artefacts of the calculation (11) caused by inhomogeneous gas temperature. (b) Cell temperature rate dq/dt vs. cell temperature q, full
temperature range. (d) Close up view of the cell temperature rate.

Table 3 Thermal runaway parameters of experiments with NCA cells. Experiments with N2 as internal standard were selected and the amounts
of measured gases are given in absolute units (12). The amount of vent-gas nideal

sum and nGC
sum was calculated with ideal gas eqn (11) and with results

of the GC (13) respectively

No.
SOC
(%)

nidealsum

(mmol)
nGCsum
(mmol)

H2

(mmol)
CO2

(mmol)
CO
(mmol)

CH4

(mmol)
C2H4

(mmol)

1 0 65.4 23.2 0.4 21.9 0.4 0.4 0.1
13 120 281.3 279.1 65.5 57.9 136 15.1 4.6
14 127 317 317.1 91.6 51.6 148.6 20.2 4.1
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4.2 LFP cells

In addition to the experiments with NCA cells, we did 7
thermal-ramp experiments with LFP cells at different SOC
(Table 2).

The discharged LFP cell (Experiment 17) showed a behaviour
similar to discharged NCA cells. Exothermic reactions could not
be detected. Aer the initial burst plate opening of the cell
housing, the amount of gas increased evenly over time as the cell

Fig. 4 Typical experiments with LFP cells: (a) cell temperature profiles. (c) Amount of produced vent-gas. (b) Cell temperature rate dq/dt vs. cell
temperature q, full temperature range. (d) Close up view of the cell temperature rate.

Fig. 3 Characteristic thermal runaway parameters from all NCA experiments. (a) Onset cell temperature qo. (b) Maximum cell temperature qm.
(c) Amount of produced gas nidealsum . (d) Main detected gas components rGCi .
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was heated. For the discharged cell, the GC registered essentially
only CO2. We suspect that the GC could not detect all gas
components that were produced by the discharged cell: similar
to Experiment 1 with a discharged NCA cell, signicant amounts
of gasmay bemissing in the GC results, simply because the used
GC equipment was not capable of detecting them.

First mild exothermic reactions were seen for a cell that was
charged to 25% SOC. The reactions were not strong enough to
evolve into a distinct thermal runaway. Vent gas was produced
continuously with time, likewise to the experiments with dis-
charged cells.

LFP cells charged to SOC $ 50% showed pronounced
thermal runaway reactions. Increasing SOC caused increasing
maximum temperatures during thermal runaway. The
maximum temperatures qm ranged from 283 �C to 448 �C.

The onset temperature qo was �140 �C for cells between 50%
SOC and 100% SOC. The cell overcharged to 130% SOC showed
a exothermic reaction already at 80 �C. In contrast to over-
charged NCA cells, the initial exothermic reaction of the over-
charged LFP cell could not sustain a full thermal runaway. The
overcharged LFP cell proceeded into thermal runaway only aer
it was heated by the heating sleeve beyond 140 �C.

The amount of gas nidealsum ranged between 31 mmol and
61 mmol and showed no clear dependence on the SOC. With
increasing SOC the relative composition of the detected gases
changed to lower CO2 and higher H2 fractions. The fractions of
CO (max. 9.1%) were lower than for NCA cells.

The mass loss of the LFP cells ranged from 6.1 g to 7.1 g and
is comparable to the amount of electrolyte (6.5 g) in this cells.

5 Discussion

It is tempting to pinpoint the main contributors of heat and gas
release during the thermal runaway reactions. Can the amount

of produced gas and its components be explained with a set of
chemical equations?

Material naj that is available for the reaction system is listed
in Table 1. In addition lithium naO2

and oxygen naLi may be
released in heated cells. Part of the material is consumed (by
becoming a reactant nrj of the reaction system).

0 # nrj # naj (14)

The reaction products may consist of gases, uids and
solids. A measurable subset of the resulting gaseous products
nGCi and the sum of ventgas nidealsum is given in Table 3. The
challenge is to nd the right set A of equations and to nd the
utilisation number b for each equation (how oen is each
equation applied) so that the calculated amounts of products
npi match the measured values:

minimize (nGC
i � npi ) > 0 (15)

and

minimize

 
nidealsum �

X
i¼gaseous

n
p
i

!
. 0 (16)

In other words, the difference of calculated and measured
amounts of products is dened as the cost function and the
system is restricted by the amounts of reactants and products.
The algorithm should minimise the cost function and respect
the restrictions.

The mathematical problem was solved using the LIPSOL
linear programming toolbox in Matlab. The set of chemical
equations and two explicit calculations (discharged NCA cell,
Experiment 1 and over-charged NCA cell, Experiment 13) are
disclosed in the next subsections:

Fig. 5 Summary of all experiments with LFP cells at different SOC: (a) onset cell temperature qo. (b) Maximum cell temperature qm. (c) Amount of
produced gas nidealsum . (d) Main detected gas components rGCi .
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5.1 Oxygen release from cathode material

At elevated temperatures cathode materials of Li-ion batteries
can release oxygen. It is believed, that the exothermic reaction of
oxygen with electrolyte is the main contributor to the extent of
the thermal runway effect.4 The amount of released oxygen
depends on the lithiation state of the cathode.

In ref. 59–62 it is shown, that delithiated Lix(Ni0.80Co0.15-
Al0.05)O2 cathode material undergoes complex phase transitions
accompanied by formation of O2 in the temperature range from
175 �C to 600 �C. In a simplied scheme, heated NCA transits
from layered to rock salt structure with O2 release, depending
on the lithiation state:

LixðNi0:80Co0:15Al0:05ÞO2/LixðNi0:80Co0:15Al0:05ÞO1þx

þ 1

2
ð1� xÞO2 (17)

The lithiation state x can be calculated using

x ¼ 1� nirrLi þ nresLi þ 1=F SOCCnom

naNCA

(18)

The amount of liberated O2 is

naO2
¼ 1� x

2
naNCA: (19)

This calculation gives naO2
ðSOC ¼ 100%Þ ¼ 69:2 mmol for a

fully charged NCA cell and naO2
ðSOC ¼ 0%Þ ¼ 6:7 mmol for a

fully discharged NCA cell.
LFP cathodes have better thermal stability than layered metal

oxide cathodes such as Lix(Ni0.80Co0.15Al0.05)O2, because of the
strong covalent bonds of the phosphate groups of LixFePO4.63

Nevertheless a phase transition with O2 release of heated FePO4

can be detected by XRD experiments.64,65 If assumed that the

partly lithiated LFP cathode in a Li-ion battery consists of a mix
of lithiated (LiFePO4) and delithiated (FePO4) particles66 then the
oxygen release of a partially charged cathode is given by:

ð1� xÞLiFePO4 þ xFePO4/ð1� xÞLiFePO4

þ x
1

2
Fe2P2O7 þ 1

4
O2 (20)

The absolute amount of O2 from the LFP cell can be calcu-
lated with equations similar to (18) and (19).

Both cathodes materials NCA and LFP can contribute O2

(Fig. 6) which in turn can take part in further exothermic
degradation reactions. The amount of O2 is higher for deli-
thiated cathodes (battery is charged). Note, that because of the
irreversible capacity loss during formation of actual cells, the
cathode can not be fully lithiated by discharge of the cell: even
at 0% SOC (battery is discharged) the lithiation factor x < 1 and a
small amount of O2 may be released.

5.2 Exposure of lithium by the anode

On the anode side graphite particles can defoliate and expose
intercalated Li at temperatures above 230 �C.67,68 The amount of
released Li depends on SOC of the battery:

naLi ¼ 1/F SOC Cnom + nresLi (21)

The NCA cell can release naLi (SOC ¼ 100%) ¼ 126.2 mmol in
the fully charged state and naLi (SOC ¼ 0%) ¼ 1.24 mmol in
discharged state.

5.3 Typical chemical reactions

In this section we compile a list of probable degradation reac-
tions which may take place during thermal runaway. The most
signicant chemical reactions may be reactions with O2 and Li:
partially delithiated cathodes release O2 and partially lithiated
anodes release Li at elevated temperatures (17), (20) and (21).
Both released materials are highly reactive and promote a
number of reactions that are summarized in a previous publi-
cation.36 Additionally, following reactions are considered:

Combustion of the carbon black (conducting additive) or
anode graphite

Cþ 1

2
O2/CO (22)

the water–gas shi reaction

CO + H2O / CO2 + H2 (23)

oxidation of exposed Li with water

2Li + H2O / H2 + Li2O (24)

endothermic decomposition of liquid lithium carbonate (at
high temperatures, qmelt ¼ 720 �C) with carbon black69

Li2CO3 + C / Li2O2 + 2CO (25)

hydrolysis of the hexauorophosphate salt70,71

Fig. 6 Oxygen release at different lithiation states: (a) NCA powder
upon heating up to 600 �C (from ref. 59 and 61) and (b) LFP powder in
electrolyte upon heating to 350 �C (from ref. 64).
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LiPF6 + H2O / 2HF + LiF + POF3 (26)

POF3 + 2H2O / POF(OH)2 + 2HF (27)

5.4 Alternative CO2 producing reactions

CO2 was the main gaseous product that was identied in the
ventgas of discharged cells. Little O2 is available in cells at 0%
SOC and it is questionable if combustion alone can account for
all CO2. Therefore effort was made to nd further alternative
reactions with CO2 evolution without oxygen involvement.
Following reactions were found in the literature:

Ring-opening and polymerisation of EC and PC72–74 e.g.:

(28)

thermal decomposition of the carbonate esters50,75,76 e.g.:

(29)

or

(30)

Gnanaraj et al. notes75 that the electrolyte salt decomposes

LiPF6 4 LiF + PF5 (31)

and the resulting strong Lewis base PF5 lowers the onset-
temperatures of solvent decomposition reactions by acid–base
catalysis. The onset temperature for DEC and DMC decompo-
sition lies at 170 �C (ref. 75) and 190 �C (ref. 77) respectively.
This values are well below the maximal temperatures reached in
our thermal-ramp experiments. Electrolyte decomposition with
CO2 release was also observed in other research.5,78

The maximum amount of CO2 generated from purely
thermal decomposition of the electrolyte solvents (28)–(30) is
only limited by the amount of available electrolyte.

Further CO2 may be produced from the SEI degradation: The
organic SEI produced by EC reduction (2) can decompose in
thermally driven reactions,79

ðCH2OCO2LiÞ2/Li2CO3 þ C2H4 þ CO2 þ 1

2
O2 (32)

or react with HF analogous to80

C2H5OCO2Li + HF / C2H5OH + LiF + CO2 (33)

with the proposed scheme

(34)

Inorganic SEI can react with HF as well.48,53

Li2CO3 + 2HF / 2LiF + CO2 + H2O (35)

In the presence of impurities such as trace water LiPF6 may
react to POF3 that in turn reacts with the electrolyte in a
decarboxylation reaction with CO2 release:50,77,81–83

LiPF6/LiFþ PF5

PF5 þROH/HFþRFþ POF3

POF3 þ solvent/CO2 þ phosphate

(36)

What is the most signicant CO2 production mechanisms in
oxygen depleted environment? In the case of the NCA cell
(Table 1) decomposition of all electrolyte solvent (28)–(30) may
translate to 35.0 mmol CO2. The amount of SEI is lower than the
amount of electrolyte solvents and therefore only 8.7 mmol of
CO2 can be produced with eqn (34) and (35). The reactions
involving HF (33)–(36) may be further suppressed by the limited
amount of trace ROH and LiPF6.

5.5 Gas release of a discharged NCA cell

In the Experiment 1 a discharged NCA cell was subject to a
thermal-ramp test and absolute amounts of produced gas

Table 4 Model reaction system for the Experiment 1 (discharged NCA
cell)

Reaction l
Utilization bl
(mmol)

DMCliq / DMCgas 11.6
ECliq / ECgas 8.5
MPCliq / MPCgas 0.6
(CH2OCO2Li)2 / Li2CO3 + C2H4 + CO2 + 0.5O2 0.1
CMC + 3.175O2 / 7.4CO + 5.35H2O 1
PVDF + Li / (CH]CF) + 0.5H2 + LiF 0.9
0.5O2 + H2 / H2O 7
CO + H2O / CO2 + H2 7.2
DMC / CO2 + CH3OCH3 12.5
EMC / CO2 + CH3OC2H5 2.2
DMC + 2Li + H2 / Li2CO3 + 2CH4 0.2
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components were measured (Table 3). Gas analysis with GC gave
23.2 mmol of CO2 and small amounts of H2, CO and hydrocar-
bons. The overall amount of produced gas nidealsum inside the
heated reactor was 65.4 mmol. This means that the GC system
was unable to detect 42.2 mmol of unknown gas components.

What is the source of CO2 and what is the nature of the not
identied gas components? The cathodematerial of a discharged
cell is not fully lithiated and may release a small amount of O2

(19). The released O2 can participate in a combustion reaction,
but the amount of released O2 is not sufficient to produce
all measured CO2 ðnaO2

¼ 6:7 mmol vs: nGCCO2
¼ 21:9 mmolÞ. We

needed to consider alternative reactions in order to account for
the measured amounts of gases.

Table 4 was calculated with the linear optimisation algo-
rithm. It gives one possible set of reactions to reproduce the
measured value of CO2 and the overall amount of produced gas
in the reactor. Because of the elevated temperature all liquid
solvents present inside the Li-ion cell either decompose or
evaporate (Table 5). The calculation gives rise to new gaseous
components and the amount of those components can be
compared to the actual measurements (Table 6).

In this mathematical solution, the missing 42.2 mmol of gas
consist mainly of solvent decomposition products (CH3OCH3,
CH3OC2H5) and remaining solvents as well as water in gaseous
state. Such gases can not be found by the GC system due to
following reasons: (a) the sampler of the GC runs at room
temperature and therefore the solvents condense and are not

Table 7 Model reaction system for the Experiment 13 (over-charged
NCA cell)

Reaction l Utilization bl (mmol)

DMC + 1.5O2 / 3CO + 3H2O 10.4
DMC / C2H4 + CO2 + H2O 1.1
EC + O2 / 3CO + 2H2O 8.5
MPCliq + 4.5O2 / 8CO + 4H2O 0.6
C + 0.5O2 / CO 60.9
CO + 0.5O2 / CO2 12.3
(CH2OCO2Li)2 + 2Li / 2Li2CO3 + C2H4 3.5
C6H4O6 + 2O2 / 6CO + 2H2O 1
CMC + 3.175O2 / 7.4CO + 5.35H2O 2.9
PVDF + O2 / 2CO + 2HF 7
CO + H2O / CO2 + H2 15.5
2Li + H2O / H2 + Li2O 57.5
DMC / CO2 + CH3OCH3 5.3
EMC / CO2 + CH3OC2H5 2.2
DMC + 2Li + H2 / Li2CO3 + 2CH4 7.5
Li2CO3 / Li2O + CO2 3.1
Li2CO3 + 2HF / 2LiF + CO2 + H2O 13.1
LiPF6 + H2O / 2HF + LiF + POF3 3.1
POF3 + 2H2O / POF(OH)2 + 2HF 3.1

Table 8 Initially available material in the cell as well as material that is
consumed as a reactant according to the proposed reaction system in
Table 7 for the Experiment 13 (over-charged NCA cell)

Compound j Availibility naj (mmol) Consumption nrj (mmol)

PE 25 0
O2 81.6 81.6
C 946.4 60.9
CMC 2.9 2.9
PVDF 7 7
DMCliq 24.3 24.3
EMCliq 2.2 2.2
ECliq 8.5 8.5
MPCliq 0.6 0.6
LiPF6 3.1 3.1
(CH2OCO2Li)2 3.5 3.5
C6H4O6 1 1
Li 151 137
Li2CO3 1.7 1.7
LiF 1.7 0

Table 5 Initially available material in the cell as well as material that is
consumed as a reactant according to the proposed reaction system in
Table 4 for the Experiment 1 (discharged NCA cell)

Compound j Availibility naj (mmol) Consumption nrj (mmol)

PE 25 0
O2 6.7 6.7
C 946.4 0
CMC 2.9 1
PVDF 7 0.9
DMCliq 24.3 24.3
EMCliq 2.2 2.2
ECliq 8.5 8.5
MPCliq 0.6 0.6
LiPF6 3.1 0
(CH2OCO2Li)2 3.5 0.1
C6H4O6 1 0
Li 1.3 1.3
Li2CO3 1.7 0
LiF 1.7 0

Table 6 Produced material in the Experiment 1 (discharged NCA cell):
calculated values of the model reaction system according to Table 4,
values quantified by the GC system and the overall measured amount
of produced gas inside the reactor

Compound i
Calculated
npi (mmol)

From GC
nGCi (mmol)

nidealsum

(mmol)

O2 0 0.1 —
–[CH]CF]– 0.9 — —
Li2CO3 0.3 — —
DMCgas 11.6 — —
ECgas 8.5 — —
MPCgas 0.6 — —
CH3OCH3 12.5 — —
CH3OC2H5 2.2 — —
H2O 5.3 — —
CO 0.4 0.4 —
CO2 21.9 21.9 —
H2 0.4 0.4 —
CH4 0.4 0.4 —
C2H2 0.1 0.1 —
Sum of gaseous
products

63.9 23.2 65.4
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injected into the GC column and (b) the present GC setup is not
designed to identify and quantify any components other than
H2, O2, N2, CO, CO2, CH4, C2H2, C2H4 and C2H6.

5.6 Gas release of a charged NCA cell

The situation changes when the cells in thermal ramp experi-
ments are charged. High amounts of oxygen and lithium
become available and the cells go into distinct thermal
runaway. In the Experiment 13 (Table 3) an overcharged NCA
cell was tested and the vent-gases were quantied by the GC
system using an internal N2 standard.

The cell in Experiment 13 was overcharged to a capacity of
4.03 A h (120% SOC). The lithiation factor of the cathode was
xcatLi ¼ 0.08 and the calculated oxygen release (17) was
naO2

¼ 81:6 mmol. The lithiation factor of the anode was xandLi ¼
1.00 and the amount of intercalated Li on the anode side
equalled naLi ¼ 151 mmol. In other words, the anode was fully
lithiated to the maximum theoretical Li capacity. The cell
produced 281.3 mmol of ventgas during thermal runaway and
high amounts of CO, H2, CO2 were detected.

To nd one of the possible solutions explaining the
measured gas composition the equations in Table 7 were used.
In this exemplary mathematical solution all electrolyte solvents,
organic SEI, lithium carbonate and the released O2 were
consumed (Table 8). The major products in the calculation were
the gases as measured by the GC as well as the solids LiF and
Li2O. The overall amount of measured gas nidealsum and the
amounts of the individual gas components nGCi could be
reproduced by the calculation (Table 9). The quantity of LiF and
Li2O was not measured and therefore not veried by the
experiments.

The major reactions which were responsible for the gas and
heat production during thermal runaway are summarized in a
simplied picture (Fig. 7). In this scheme the released oxygen
triggers a chain of exothermic reactions. Because of O2 insuffi-
ciency incomplete combustion of organic material takes place.
The resulting H2O reacts with the exposed Li with H2 produc-
tion. Simultaneously H2 and CO2 are produced with the water–
gas shi reaction. In the end the main gases are CO, CO2 and
H2.

Although the calculation shows good agreement of
measured and computed amounts of gas it has some aws:
(a) the full amount of CO2 could not be reproduced (b) it is not
considered, that the separator material must decompose and
add additional gas volume at temperatures >900 �C and (c) in
reality the reactants are not distributed homogeneously when
the reactions take place, instead material is violently expelled
from the cell into the reactor during thermal runaway. Further
work is needed to take those effects into account.

6 Conclusions and outlook

We measured the thermal runaway characteristics of commer-
cial Li-ion cells in destructive thermal ramp experiments in
inert atmosphere. Our samples were 23 NCA and LFP based
Li-ion batteries with the geometrical format 18650 charged to
different SOC. The main ndings of this work are:

(1) The cell material and cell design (e.g. high energy density
vs. high power density) have a high inuence on the maximum
cell temperature and on the released gases in thermal runaway
conditions (Table 10). Charged NCA cells showed a drastic
thermal runaway behaviour. NCA cells could reach maximum
temperatures of 1075 �C and they released up to 317 mmol of
gas (equal to 7.1 L at standard conditions). Charged LFP cells
exhibited a less pronounced thermal runaway: maximum cell
temperatures as high as 448 �C were observed and the LFP cells
released up to 61 mmol of gas.

(2) Discharged cells showed no thermal runaway upon
heating up to �250 �C. Both cell types needed to be at least
partially charged in order to go into thermal runaway.

(3) The severity of the thermal runaway increased with
increasing SOC.

(4) The thermal runaway reactions produced high amounts
of CO, H2 and CO2 thus making the gas ammable and
potentially toxic. The gas composition depended on the cell
type and SOC. NCA cells produced more CO and H2 than LFP

Fig. 7 Proposed main reaction system for a thermal runaway of a
(partially) charged or over-charged Li-ion battery.

Table 9 Produced material in the Experiment 13 (over-charged NCA
cell): calculated values of the model reaction system according to
Table 7, values quantified by the GC system and the overall measured
amount of produced gas inside the reactor

Compound i
Calculated
npi (mmol)

From GC
nGCi (mmol)

nidealsum

(mmol)

LiF 29.3 — —
POF(OH)2 3.1 — —
Li2O 60.6 — —
CH3OCH3 5.3 — —
CH3OC2H5 2.2 — —
CO 136 136 —
CO2 52.6 57.9 —
H2 65.5 65.5 —
CH4 15.1 15.1 —
C2H4 4.6 4.6 —
Sum of gaseous
products

281.3 279.1 281.3
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cells. Discharged cells generated mainly CO2. Increased SOC
led to increased amounts of CO and H2.

(5) The SOC and the cell type had less effect on the onset
temperature, as long as no Li plating occurred. Overcharge may
cause metallic Li deposition on the anode which compromises
the thermal stability. The onset temperature of overcharged
cells decreased dramatically from 140 �C to values as low as
65 �C!

(6) In three experiments, the absolute amounts of gases from
NCA cells were quantied. It is shown, that it is theoretically
possible to explain the absolute amounts of the measured gases
with a set of chemical degradation reactions and with known
amounts of initial material in the cell.

(7) We think that the main reactions in charged cells are
combustion of carbonous material and Li oxidation. Both are
strong exothermic reactions which contribute to the energy
release during the thermal runaway of a Li-ion battery. The
amounts of O2 and Li available to degradation reactions
depend on the SOC as well as on the amount and type of active
cathode and anode material. Higher SOC increases the O2

release of the cathode and the amount of intercalated Li in the
anode. In over-charged cells these amounts increase further
and deposition of highly reactive metallic Li may occur on the
anode.

(8) It is proposed that both, the cathode and anode side
participate in the reaction system. Therefore experiments with
only one electrode may not cover the full picture.

Many open questions concerning the safety of Li-ion
batteries remain. The industry needs scaling rules to evaluate
the safety of large battery systems with hundreds of cells based
on results of misuse experiments with individual cells. Many
test results exist for small 18650 cells but we think that more
effort must be made to understand the thermal runaway
behaviour of large cells with capacities as high as 60 A h. It is yet
to prove, if specic amount of gas and heat are the same for
small and large cells. The risks of re and toxicity (including
HF) of vent gas must be quantied for real life applications

including misuse of battery packs for electric vehicles, airliners
and for home storage of solar energy.

Our future work in the next three years will include (a)
additional testing of 18650 cells in an improved test rig, (b)
experiments with large automotive Li-ion cells in a new large
test rig, (c) bottom up thermodynamic calculations of the
chemical reaction systems and (d) top down FEM simulation of
failure propagation and the reaction kinetics in large battery
packs.

Nomenclature

Dm Mass loss of the cell, caused by temperature ramp
experiment (g)

q Cell temperature (�C)
qm Maximum cell temperature during the temperature ramp

experiment (�C)
qo Onset temperature of the thermal runaway (�C)
qgas Gas temperature inside the reactor (K)
Cirr Charge associated with nirrLi (A h)
Cnom Typical cell capacity as specied in the datasheet (A h)
Cres Charge associated with nresLi (A h)
Cu
and Theoretically usable capacity of the anode (A h)

Cu
cat Theoretically usable capacity of the cathode (A h)

F Faraday constant (F ¼ 96 485 A s mol�1)
nai Amount of substance i in a pristine cell, at the start of a

thermal ramp experiment (mol)
npi Theoretically calculated amount of product i, which is

produced by chemical reactions during the thermal
runaway (mol)

naj Amount of material j in the cell, that is available for
chemical reactions during the thermal runaway (mol)

nacat Amount of either LFP or NCA units in the cathode
nGCi Absolute amount of gas component i in the reactor,

calculated from GC results (mol)
nGCsum Amount of gas produced by a cell during a temperature

ramp experiment, calculated from GC results (mol)
nidealsum Amount of gas produced by a cell during a temperature

ramp experiment, calculated with the ideal gas law (mol)
nirrLi Amount of irreversibly trapped Li in the anode caused by

initial cell formation (mol)
nresLi Amount of residual Li in the anode of a cell which is

discharged to Vmin (mol)
nrj Theoretically calculated amount of reagent j in the cell,

which is consumed by chemical reactions during the
thermal runaway (mol)

n0 Initial amount of gas in the reactor at the start of the
experiment (mol)

nN2
Actual amount of N2 in the reactor (mol)

P Gas pressure in the reactor (Pa)
R Gas constant (R ¼ 8.314 J mol�1 K�1)
rGCi Result of GC measurement: fraction of gas component i

in the GC sample (mol%)
T Time (s)
V Volume of the reactor (m3)
Vmin Minimum cell voltage as specied in the datasheet (V)
x Lithiation factor of the anode or cathode

Table 10 Comparison of the two tested cell types. Cell specifications
and averaged experimental results

LFP NCA

Voltage (50% SOC) V 3.32 3.68
Nominal capacity A h 1.1 3.35
Cell mass g 38.87 45.40
Max continuous discharge A 30 6.7
Cycle life >1000 >300
Min. SOC for a pronounced
thermal runaway

% 50 25

Onset temperature qo (100% SOC) �C 140 139
Max. temperature qm (100% SOC) �C 440 911
Produced gas nidealsum (100% SOC) mmol 32 277
Detected CO2 (100% SOC) % 48.3 20.0
Detected CO (100% SOC) % 9.1 44.8
Detected H2 (100% SOC) % 29.4 25.7
Impact of overcharge Weak Strong
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2 Published Work

2.3 Thermal Runaway and Battery Fire: Comparison

of Li-ion, Ni-MH and Sealed Lead-acid Batteries

The following proceeding was presented at the conference: 7th Transport Research

Arena TRA 2018 in April 16-19 2018 held in Vienna, Austria. In the proceeding we

describe different battery types which are used in electrified vehicles with a focus

on Li-ion technology. We show failure mechanism of the different batteries, again

focusing on the Li-ion technology.

In this work Andrey Golubkov wrote the text of the article and analysed the data

of TR experiments. René Planteu, Christiane Essl and Bernhard Rasch did the TR

experiment with the Li-ion cell. Alexander Thaler and Viktor Hacker supervised

the work.
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Abstract 

Rechargeable batteries are a key component for sustainable mobility. The last years showed a significant 

reduction of price and increase in energy density of Li-ion batteries for electric vehicles. Unfortunately, batteries 

with high energy density can be source of hazard. Recently, burning Li-ion batteries of mobile-phones got a lot 

of negative attention in the media. 

In the first part of the paper we review the hazards of conventional Ni-MH and sealed lead-acid batteries. In the 

second part we focus on Li-ion batteries: we introduce different cell geometries and electrode types, we show a 

test-stand designed to measure thermal runaway characteristics in our laboratory and finally we conclude with 

results of a real thermal runaway experiment. 
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Nomenclature 

AGM absorbed glass mat battery (lead acid) 

DCA dynamic charge acceptance (of lead acid batteries) 

EFB enhanced flooded battery (lead acid) 

ICE internal combustion engine 

LCO LiCoO2, cathode material for Li-ion batteries 

LFP LiFePO4, cathode material for Li-ion batteries 

LMO LiMn2O4, cathode material for Li-ion batteries 

LTO Li4Ti5O12, anode material for Li-ion batteries 

NMC Li(NiMnCo)O2, cathode material for Li-ion batteries 

1. Introduction 

Electrified vehicles differ from conventional vehicles by utilizing electric energy for traction in addition or  

instead of an ICE engine. The electrified vehicles are categorized – with increasing battery size – in micro 

hybrid, 48V (mild hybrid) to full hybrids, plug-in vehicles (PHEV) and battery-electric vehicles (BEV) (Table 

1). The later are fully electrified and have no ICE at all. Different type of battery technologies are utilized for 

different degrees of electrification. Advanced lead-acid batteries are used in micro hybrids, Ni-MH is pre-

dominantly used in full-hybrid vehicles from Toyota, and different types of Li-ion batteries are used for all 

ranges of electrification (Rosenkranz et al. 2016). 

 

In this paper we discuss safety risks of those battery technologies: what can go wrong and what are the 

consequences. Electric shock hazard and fires risk from faulty electric connectors or electric drivetrain 

components are equally important but outside of the scope of this paper.  

 

     Table 1. Basic battery types for electrified vehicles (Fetcenko et al. 2015) 

 Advanced lead-
acid 

Ni-MH Li-ion power 
optimized 

Li-ion energy 
optimized 

Applications  
micro hybrid micro hybrid, 

full hybrid 
micro hybrid, 

full hybrid 
PHEV, BEV 

Energy density, cell level, Wh/kg 40 50 - 110 50 -100 250 

Power density, cell level, W/kg 450 (at -18°C) 1500 up to 4000 400 

 

2. Lead-acid batteries 

Prolonged charging at high temperatures can cause a thermal runaway of valve regulated EFB and AGM 

batteries. The thermal runaway is caused by reactions which accelerate each other: high temperature, water loss 

from electrolysis, increased exothermal oxygen recombination, further temperature increase, increase of the float 

current and again temperature increase (Fig. 1). Eventually the plastic casing may soften and battery temperature 

can reach the boiling temperature of the electrolyte. If the overpressure valve fails, the battery casing will expand 

under hydrogen-gas pressure and the battery will pose a significant risk of gas deflagration and spill of sulfuric 

acid electrolyte. To avoid chances of thermal runaway easily observable parameters like temperature, electrical 

resistance or voltage fluctuation due to arcing should be monitored. If an anomaly is detected, the power should 

be reduced (Rand et al. 1996). 

 

Advanced lead-Acid batteries for micro hybrid systems incorporate carbon additives (Karden 2017) or carbon 

grid structure (McKenzie 2017) in the negative plate to improve charge kinetics. Unfortunately this increases the 

risk of H2 production: there is a trade-off between improved DCA (through carbon material) and H2 evolution 

during charge with high currents at high temperatures. The hydrogen may accumulate inside the battery pack 

where it may cause explosion hazard. Good venting or gas monitoring is needed. 
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Fig. 1 Thermal runway mechanism and mitigation options of valve regulated lead acid batteries 

 

3. Ni-MH batteries 

Nickel metal-hydride (Ni-MH) batteries are being used since 1997 in hybrid cars and there is still little literature 

on their safety (Fetcenko et al. 2015).  This indicates that there seems to be few known safety issues with this 

type of batteries. Similar to lead acid batteries, Ni-MH batteries can produce O2 during overcharge and at 

temperatures > 40°C. An effective countermeasure is incorporation of oversized negative electrodes and LiOH 

additives which enable O2 and H2 recombination during charge and overcharge. Large cells incorporate valves to 

prevent excessive gas pressure build-up. 

 

4. Li-ion batteries 

Most literature on battery safety deals with Li-ion batteries. Safety risks are caused by their high energy density, 

the high cell voltages and the inflammable electrolyte. In Li-ion batteries a small local failure can grow to a full 

thermal runaway. This can be pictured like bursting of a dam which starts with a small trickle and then quickly 

evolves into a full breach. Unlike to the thermal-runaway of a lead acid battery, a thermal runaway of a Li-ion 

battery can easily cause battery fire. Before we go into detail of failure modes, we need to explain the different 

types of Li-ion batteries. 

4.1. Types of Li-ion batteries 

Li-ion battery-cells can have different casings, different sizes and different anode/cathode combinations (Zhang 

& Ramadass 2012). They can be either optimized for high power-density or high energy-density. Common cell-

casings are small cylindrical metal cans, bigger prismatic metal cans and so called pouch cells (Fig. 2). The 

casings of metal cans are made by deep drawing from stainless steel or aluminium. The casings of pouch cells 

are made of composite aluminium-plastic foils. 



Andrey W. Golubkov / TRA2018, Vienna, Austria, April 16-19, 2018 

 

Most common cylindrical cells have a diameter of 18 mm and a length of 65 mm. Their capacity ranges from 1 

to 3.5 Ah. They are mostly used for consumer electronics, power tools and electric bikes. Tesla is the only car 

manufacturer who utilises 18650 cells in mass produced electric cars. Prismatic metal-can cells for automotive 

applications have capacities ranging from 5 to 120 Ah. The smaller cells are used for hybrid cars and the bigger 

ones are used in battery packs for pure electric vehicles. Small pouch cells are found in consumer electronics 

such as notebooks or mobile phones, bigger pouch cells with capacities up to 90 Ah are used in battery packs of 

electric vehicles. It is not yet clear if pouch cells or metal-can cells will dominate in battery packs of future 

electric vehicles. Pouch cells have cheaper and lighter casings but prismatic metal-can cells have better 

mechanical properties and are easier to cool. 

Fig. 2 Different sizes and casings of Li-ion battery-cells. From left to right: cylindrical metal-can, pouch cell, prismatic metal-can 

 

All commercial Li-ion cells have the same basic elements inside their casings: thin metal foils which are thickly 

coated with electrochemically active cathode or anode material and separator layers are either stacked or rolled 

and soaked with Li-ion conducting electrolyte. The metallic foils are electrically connected to the outside 

terminals (Fig. 3). 

 

Fig. 3 (left) Photograph of a pouch cell with removed casing and revealed layer structure. Extensions of the copper foils are connected to the 

negative terminal. (right) Sketch of one repeating unit of the layer structure 
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Fig. 4 (left) Typical choices for electrochemically active anode material. (centre) Typical thicknesses of the layers. (Right) Typical choices 

for electrochemically active cathode material. (Bottom) commercially used electrolyte components. The voltages describe the mean potential 

of the materials vs Li/Li+ 

 

Typical choices of electrode material are graphite particles for the anode and layered metal oxide particles such 

as Li(NiMnCo)O2  (NMC) for the cathode. During cell production the particles are mixed with an conducting 

agent and a binder in a liquid solvent to form a so called slurry. The slurry is then coated on the respective metal 

foil and the solvent is removed by drying. The anode slurry is coated on copper foil and the cathode slurry is 

coated on an aluminium foil. The separator foil is placed between the electrodes. The layers are then either rolled 

or stacked and placed into the cell casing. The next steps are the filling of the electrolyte, the first charging of the 

cell and the final sealing of the cell casing. 

 

The open circuit voltage (OCV) of the cell is the difference of the electrochemical potential of the two 

electrodes. In case of graphite (0.1 V vs. Li) and NMC (3.8 vs. Li) the mean OCV is 3.7 V. Such extreme 

electrochemical potentials require special electrolytes with specialized components. Typical cells use LiPF6 as 

the lithium salt because it also helps to passivate the aliminium foil of the cathode. Ethylencarbonate (EC) is 

used as the solvent with high dipole moment to increase Li-salt concentration and also because it builds a Li-ion 

conducting passivation layer on top of the graphite particles (Xu 2004). Unfortunately, EC has high viscosity and 

dimethylcarbonate or diethylcarbonate are added to lower viscosity and to improve Li-ion conductivity at low 

temperatures. The stack structure and some alternative choices for anode and cathode material are shown in 

figure 4. 

 

The power to energy ratio of Li-ion cells is determined by the type of electrode material,  by the electrode 

porosity and by the thicknesses of the electrode coatings and metal foils (Table 2). Thicker coatings and lower 

porosity (higher compression during manufacturing) increase the cell capacity. Unfortunately, this also increases 

the path length for the Li-ions on their way from one electrode particle to the other thus limiting the electric 

power of the cell. High power cells have thinner coatings and higher porosity to decrease ionic resistance and 

thicker metal foils to decrease electric resistance. High power cells also may use special anodes like 

lithiumtitanate (LTO) or hard-carbon to improve fast charging because their electrochemical potential vs. lithium 
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allows for higher dynamic polarisation and current density before unwanted metallic lithium deposition happens 

on the anode (Zhao et al. 2015). 

 

     Table 2. Optimization options for Li-ion batteries 

 power optimized energy optimized 

Anode LTO, hard carbon graphite 

Cathode LFP, NMC, LMO NMC, NCA 

electrode porosity 60% 30% 

thickness of electrode coatings thin thick 

thickness of the metal foils  thick thin 

 

4.2. Initial causes of cell failure 

The thermal runaway of a Li-ion cell is a chemical reaction, with a temperature higher than the temperature of 

no return, where the heating rate from the exothermal reaction is higher than the cooling rate by the adjacent 

components. A battery pack has several potential sources of unwanted initial heating (Larsson & Mellander 

2014) which are able to exceed the temperature of no return: 

 External sources like fire 

 Bad electrical interconnectors with increased electrical resistance combined with high current 

 Internal short circuits (foreign particles/objects, lithium dendrites from overcharge, copper dendrites 

from over-discharge) 

The case of overcharge is complicated because several effects may take place simultaneously: 

 Joule heating due to increased cell resistance 

 Chemical destabilization of the cathode particles due to over-delithiation 

 Deposition of reactive metallic lithium on the surface of the fully lithiated anode particles 

Fig. 5 (left) Sketch of thermal events for a Li-ion battery with energy density above 200 Wh/kg. (right) Main thermal runaway reactions 
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4.3. Single cell failure 

Figure 5 shows the effects of temperature on a charged (or overcharged) Li-ion cell. Normal operating 

temperatures lie between -30°C and 60°C. To prevent excessive ageing, the battery management will derate the 

power below 10°C and above 45°C. Above 60°C the battery will be completely disconnected to prevent Li-salt 

decomposition. Above 130°C the SEI and electrolyte will decompose and release CO2 (Lammer et al. 2017). 

Above 150°C reactions will become exothermal and the cell will go into rapid thermal runaway above 200°C. 

 

The main thermal-runaway reactions are combustion of electrolyte with oxygen which is released by the metal-

oxide cathode and oxidation of the lithium which is released by the graphite anode. The amount of both released 

ingredients – lithium and oxygen – is directly proportional to the stored energy of the Li-ion cell. A fully charged 

cell will release the complete amount of Li and O2 while a fully discharged cell will neither release any Li nor 

O2. Overcharged cells release even more Li and O2. Similarly, a cell with high capacity will release more Li and 

O2 than a cell with low capacity. Consequently, a charged cell with high energy density shows a more severe 

thermal runaway reaction compared to a not fully charged cell or a cell with low energy density. 

 

The main components of released gas are CO and CO2 from oxygen starved combustion electrolyte, binder and 

separator and H2 from lithium oxidation (Golubkov et al. 2015; Golubkov et al. 2014). The ratio of CO and CO2 

depends on the reaction temperature (Boudouard reaction). Temperatures above 700°C favour CO over CO2. 

4.4. Thermal runaway propagation 

In automotive battery packs cells are stacked as tight as possible to reduce pack volume. Typical numbers of 

cells in a battery pack range from 88 (PHEV) to 400 (BEV) in case of prismatic/pouch cells and 8000 (Teslas 

BEV) in case of small cylindrical cells. If one of those cells fails and transits into thermal runaway it will heat 

the adjacent cells. If the adjacent cells reach the critical temperature, they go into thermal runaway as well and 

the thermal runaway starts to propagate through the whole battery pack, eventually ending in a full battery fire. 

To prevent thermal runaway propagation, thermal barriers must be included between adjacent cells (Feng et al. 

2015). 

 

5. Experiment results, thermal runaway of large automotive Li-ion cells 

5.1. Tested cell 

We did experiments with automotive prismatic cells with graphite anodes and LMO cathodes. The cell has a 

mass of 1.7 kg, a capacity of 50 Ah and a mean voltage of 3.6 V. The cell designs dates from 2009 and therefore 

the energy density is rather low with 105 Wh/kg if compared with up-to date cells. 

5.2. Test method 

We developed a heavy-duty test rig to do experiments with large Li-ion cells. The test rig consists of a pressure 

tight reactor with a heatable sample-holder, many temperature sensors and a pressure sensor. Figure 6 shows the 

reactor in opened and closed state and figure 7 shows the sample holder. 

In each experiment the cell is fully charged and placed into the sample holder. Subsequently the reactor is 

closed, evacuated and filled with nitrogen. Then the sample holder starts to heat the cell until a thermal runaway 

is detected. The test stand measures the cell-casing temperature, the gas temperature near the exit of the burst 

plate of the cell and the mean gas temperature in the reactor as well as the cell voltage and the gas pressure. The 

amount of released gas is calculated with the ideal gas law. 
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Fig. 6, Photograph of the thermal runaway test-stand. The main component is a massive gas-tight reactor, shown in opened and closed state  

Fig. 7, Sketch of the sample holder for metal-can cells. The sample holder includes internal electric heating and a number of temperature 

sensors (thermocouples) to measure the cell surface temperature and the vent-gas temperature  

5.3. Typical experiment outcome 

The sample was heated with a constant temperature rate (2.3 °C/min). The voltage of the cell collapsed from 

4.08 to 0 V at 176 °C. The burst plate of the cell opened at a cell temperature of 205°C and released 0.36 mol of 

gas. After further heating, up to a cell temperature of 247°C, the cell transited into a rapid thermal runaway and 

at the same time a second venting occurred with a gas release of additional 2.8 mol. The cell reached a maximum 

temperature of 532°C during thermal runaway. The maximum recorded temperature of the vent-gas was 530°C 

measured directly above the burst plate of the cell. After the thermal runaway the heating of the sample holder 

was switched off and the cell cooled down subsequently (Fig. 8). The cell lost 35% of its mass during the 

experiment by ejecting gas and particles through its venting plate. 

 

It is important to know the duration of the main thermal runaway reaction and how long it takes to emit the gas. 

The cell emits hot vent-gas as long as the rapid thermal runaway reaction takes place. Therefore we can assume 
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that the duration of the reaction is the same as the duration where vent-gas temperature sensors measure high 

temperature. In the temperature plot, the vent-gas sensors stay above 500°C for 2.7 s and so we assume 2.7 

seconds as the duration. Alternatively, we can estimate the venting duration from the pressure plot. The 

representative time - the time the pressure needs to increase from the pressure level before the main reaction to 

the maximum pressure level - is equal to 3 seconds. 

 

Now we can calculate the release rate of the vent-gas. By taking 3 seconds as release time and 2.8 mol as the 

amount of released gas we arrive at 0.9 mol/s. This is equal to 22 litre/s at standard temperature and pressure. 

The release rate can be further used to specify the venting system of the battery pack housing so that gases are 

emitted to the outside of the electric vehicle. 

 

The maximum temperature and the onset temperature can be included in thermal runaway propagation models to 

specify the needed heat barriers between individual cells in the battery pack. 

 

Fig. 8, (a) temperature of the cell casing, the vent-gas and the reactor-gas. Full experiment duration. (b) Detailed temperature plot showing 

only the main thermal runaway event. (c) Calculated amount of released gas inside the reactor. Full experiment duration. (d) Detailed 

pressure plot, showing only the main gas release. (e,f) Cell sample before and after the experiment. 
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6. Conclusion 

In this paper we compared the safety of batteries for electrified vehicles. The thermal runaway of lead acid 

batteries batteries is driven by high charging current/voltage at high temperatures. It is easily detectable with 

temperature or gas sensors and can be mitigated by reducing the electric load. Ni-MH batteries show very good 

safety records. We could not find any literature on possible thermal runaway reactions of Ni-MH batteries. 

 

The thermal runaway of Li-ion cells is initiated by overtemperature or overcharge. Their main thermal runaway 

reaction can be quite dramatic and can easily end with a battery fire. The severity of the Li-ion thermal-runaway 

reaction is proportional to the amount of electrochemical energy inside the cell. Cells with higher energy density 

reach higher maximal temperatures and release more vent-gas. Charged cells can go into thermal runaway but 

discharged cells show no thermal runaway reaction. In Li-ion battery packs special care must be taken to prevent 

hot-spots, foreign object intrusion, dendrites inside the cells and overcharge. Thermal barriers between the cells 

may be used to prevent thermal runaway propagation from cell to cell. Battery packs need proper gas venting 

(exhasut) systems so that in case of failure harmfull gases are directed to the outside of the vehicle. 
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2 Published Work

2.4 Thermal Runaway of Large Automotive Li-ion

Batteries

The following journal article was published in RSC Advances in 2018. In this work

we investigated large prismatic Li-ion cells. The cells experienced different types of

TR, depending on if an ISC took place or not.

In this work Andrey Golubkov wrote the text of the article and analysed the TR

experiments. René Planteu, Phillip Krohn and Bernhard Rasch performed the

TR experiments. Bernhard Brunnsteiner, Alexander Thaler and Viktor Hacker

supervised the work.
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Thermal runaway of large automotive Li-ion
batteries

Andrey W. Golubkov, *ac René Planteu,a Philipp Krohn,a Bernhard Rasch,a

Bernhard Brunnsteiner,b Alexander Thalera and Viktor Hackerc

Damaged or heavily over-heated Li-ion batteries in electric vehicles can transit into a thermal runaway

reaction with further heat and gas release. The heat may cause a battery fire and fast gas release may

damage the battery-pack casing. To characterise heat and gas release of large automotive Li-ion cells,

a heavy duty test bench was developed and a test series was performed.

1 Introduction

A typical application for a battery pack is a plug-in hybrid
electric vehicle (PHEV): a PHEV with an electric range of 70 km
needs a battery which can store 13 kW h of electric energy. Such
a battery pack may consist of 96 large cells xed inside the
battery-pack casing as shown in Fig. 1. The battery pack is oen
tted inside the available space in the luggage compartment of
the car. Then, the only barrier between the passengers of the car
and the Li-ion cells is the casing of the battery pack. The casing
must protect the occupants from any gas or heat emission of the
Li-ion cells.

PHEV batteries can be always energized, even when the
battery pack is disconnected from the rest of the vehicle. The
potential energy is a source of hazard and its uncontrolled
release can easily cause battery re.1–7 Examples of unwanted
initial energy release are:

� Short circuits inside a cell.8

� Short circuits between cells, busbars and other metallic
components.

� Failures inside the cell supervision circuits.
� Hot spots from damaged electric connectors.
All those failures can cause local heating of adjacent Li-ion

cells. Charged cells are vulnerable to elevated temperatures
because heated cell components can overcome chemical acti-
vation energy and decompose in exothermic chemical reac-
tions. In the worst case, if heated to a critical temperature, the
unwanted self heating rate of the cell becomes larger than the
heat dissipation rate and the cell will transit into the so called
thermal runaway. In case of charged Li-ion cells with high
energy density, the thermal runaway is a fast, violent, self

accelerating chemical reaction of the electrodes and the elec-
trolyte which releases high amounts of heat and gas: cell
temperatures up to 1000 �C and gas release of up to 25 mol
kW�1 h�1 (600 L kW�1 h�1) were measured in previous work.9

The main components of the gas were CO2, CO and H2 making
it burnable10,11 and toxic.12–15

In this work we address two safety topics for an automotive
battery pack:

� The immediate risk of toxic gas intrusion from a vented cell
into the passenger compartment and the countermeasures
which consist of making a sturdy battery pack casing which can
withstand some overpressure and including an appropriately
sized exhaust port.

� The risk of thermal runaway propagation16,17 from cell to
cell and the countermeasure of utilizing adjacent heat capac-
ities, heat barriers and active cooling to keep the failure
localised.18,19

To quantify those risks a test stand was built to measure the
characteristic temperatures and gas emission rates of an auto-
motive cell during thermal runaway.

This paper describes the tested cells, the test bench for
thermal runaway experiments, and the methods for calculating
the main thermal runaway parameters. The used methods to
initiate thermal runaway of large Li-ion cells, to quantify the gas
emission (amount, production rate, gas temperature) and to
measure the cell-temperature are explained and an overview of
the results from a test series and some details on exemplary
tests are provided. Aer understanding the safety behaviour of
the cells, we make rst estimations for the design of the vent-
gas exhaust of the battery-pack casing and we assess the risk
of thermal runaway propagation.

2 Tested Li-ion cells

Large automotive cells designed for EV applications20 (Table 1)
were tested. Each cell consists of a hermetically sealed prismatic
casing made from stainless steel which contains the electrodes
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assembly. The positive and negative terminal and the rupture
plate are integrated in the upper side of the casing (Fig. 2). The
cells had been manufactured around the year 2009 and were
stored until 2016. During this time their capacity decreased
from 50 A h to 47 � 2 A h due to ageing.

Compared to modern cell designs, those cells have low
energy density. They use LMO cathodes whereas modern cells
use mostly NMC and NCA cathodes. Test with new

automotive cell-types with improved energy density
(>200 W h kg�1) will be shown in follow-up publications.

3 Test stand for thermal runaway
experiments

The test stand for thermal runaway experiments was designed
and built. The central component of the test stand is the heavy-
duty gas-tight reactor with a volume of 121 l and a pressure
rating of 40 bar. The reactor is limited to tests with cells and
modules sized up to 1000 W h in nitrogen atmosphere. Test
samples with higher energy content could possibly exceed the
maximal pressure rating resulting in damaged test setup. Tests
must be made in nitrogen atmosphere to avoid dealing with
explosive gas mixtures. The main body of the reactor is xed.
The blind ange can be unscrewed from the main body and slid
open along the rails until the attached cell holder stage is
revealed outside of the reactor. Fig. 3 shows the reactor in
opened and closed state. The blind ange also provides all

Table 1 Specifications of the tested Li-ion cells

Cathode LiMn2O4 (LMO)
Anode Graphite
Mean voltage 3.7 V
Nominal capacity 50 A h
Maximal current 300 A
Dimensions 113.5 mm � 43.8 mm �

171 mm
Mass 1.7 kg
Specic energy 109 W h kg�1

Fig. 1 Drawing of a hypothetical PHEV battery-pack to demonstrate the safety issues: (left) including complete casing, (right) with upper part of
the casing removed. A possible hot spot is shown in red. Dimensions in mm.

Fig. 2 Tested cell before and after the thermal runaway experiment. On the fresh cell, the burst-plate of the cell is hidden below the white
sticker. After a thermal runaway the cell is heavily damaged: the burst plate is open, the plastic insulation of the terminals is melted and the cell
casing is deformed by the pressure inside the cell.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 40172–40186 | 40173
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electrical feedthroughs for the sensors, the electrical heating of
the cell holder and the electrical connection to the cell.

The reactor contains the cell-holder for the Li-ion cell,
a screen plate with gas-temperature sensors and heat resisting
wiring (Fig. 5). All components inside the reactor must with-
stand some abuse by the violent thermal runaway reactions of
the Li-ion cells (Fig. 4)

3.1 Cell holder

The Li-ion cell is xed inside a custom made cell holder. The
cell holder and the cell sample are placed into the reactor. The
geometry of the cell holder is optimised to the cylindrical shape
of the reactor (Fig. 6).

The functions of the cell holder are:
1. Applying mechanical pressure on the sides of the cell to

simulate the mechanical situation in a battery module.
2. Heating of the cell.
3. Sensor xture for the measurement of the cell casing

temperatures.
4. Sensor xture for the measurement of the vent gas

temperature.
The two plates with the cell sandwiched in between are

pressed together by metal springs. Each plate is equipped with

internal heating cartridges (maximal heating power of 1200 W).
The cell holder can heat with different heating rates depending
on the settings of the power controller.

At cell temperatures above a critical temperature exothermic
reactions inside the cell start and the cell begins to self heat.
The objective is to detect theminimal temperature, at which self
heating is evident. To increase the sensitivity of exothermic-
event-detection the cell holder must not interfere with the self
heating of the cell: the cell should perform the exothermic
reactions as adiabatic as possible. To minimise the thermal
coupling of the plates and the cell we put insulation sheets
made from ceramic wool in between (heat conductivity l ¼
0.1 W m�1 K�1, thickness d ¼ 5 mm).

The plates also provide mechanical xtures for temperature
sensors. Each sample holder-plate has 9 positions for thermo-
couples. The tips of the thermocouples are positioned at equal
distances along the cell-casing. They protrude through the
insulation material and are pressed against the cell casing.
Further thermocouples are placed in the space directly above
the rupture-plate of the cell in order to measure the vent-gas
temperature during the cell venting.

3.2 Screen plate

The screen plate is placed inside the reactor between the cell
holder and the ange. It has two functions (1) mechanical
protection of electrical wiring and connectors behind the screen
and (2) xture of four thermocouples at different heights to
measure the mean gas temperature inside the reactor. The tips
of the thermocouples are bare and uninsulated and they
protrude through the screen plate towards the cell holder for 10
mm. This setup facilitates fast take up of temperature-change of
the surrounding gas and minimizes the time delay of the
temperature measurement.

3.3 Pressure sensor

Off-the-shelf pressure sensor (GEMS 3300B06B0A05E000) to
measure gas pressure inside the reactor was used. The sensor is
attached at the blind ange.

Fig. 3 Reactor in opened and closed state.

Fig. 4 View of the inside of the reactor, before and after a couple of thermal runaway experiments. The inside of the reactor became coated with
anode and cathode particles which were vented by the cells during the experiments.
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3.4 DAQ system

The DAQ system consists of standard modules in a cDAQ-9178
chassis from National Instruments. In this setup 30 channels
for temperature measurements (k-type thermocouples), one
channel for pressure measurement and one channel for cell
voltage measurement with a sampling rate of 50 S s�1 for each
channel were used.

In experiments for this work 18 thermocouples measured the
cell surface temperature, 6 measured the vent-gas temperature
near the burst-plate of the cell and 4 were attached to the screen
plate to measure the gas temperature inside the reactor. The
validity of the system can be checked by comparing measure-
ments of the thermocouples to RTD sensors and by comparing
the pressure signal to read-out of a manual manometer.

4 Methods and definitions
4.1 Initiation of thermal runaway

Thermal runaway of Li-ion cells can be triggered by localised or
homogeneous heating and by overcharge. In the experiments
we compare the thermal runaway initiated by four methods:

Heat ramp. Homogeneous heating of both large areas of the
cell with constant temperature rate (both sample holder plates
heat).

One-sided heating. Homogeneous heating of one single
large area of the cell with constant temperature rate (only one
sample-holder plate heats).

Stepwise heating. Homogeneous heating of both large areas
of the cell with temperature steps (both sample-holder plates
heat in steps).

Reactor heating. The whole reactor is heated from outside by
the reactor heater.

4.2 Max cell temperature

The maximal cell case temperature Tmax
cell is the maximum

recorded value of any temperature sensor that measures the cell
case temperature. In most cases the maximal cell case temper-
ature was recorded at the centres of the two large side-areas of
the cells.

4.3 Critical cell temperature

The cell transits into a rapid thermal runaway, aer its hottest
surface location exceeds a critical temperature. Here we dene
the critical temperature Tcritcell in two steps: in the rst step we

Fig. 6 Exploded view of the cell holder and the Li-ion cell.

Fig. 5 Simplified sketch of the reactor in closed state, wiring not
shown.
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look at the time span immediately before the main exothermic
event and select the hottest temperature sensor. This is where
the imminent rapid thermal runaway of the cell will originate.
In the second step we dene the critical temperature Tcritcell as the
temperature when the temperature rate of the selected sensor
_Tcell exceeds 10 �C min�1.

4.4 Fail temperature

The fail temperature Tfail is the average cell surface temperature
when the cell fails electrically: its voltage drops to zero volt.

4.5 Venting temperatures

The rst and second venting temperature TV1 and TV2 are the
average cell surface temperatures at which the (rst) minor and
the (second) major venting occurs.

4.6 Maximal vent-gas temperature

The maximal vent-gas temperature Tmax
V2 is the maximum

recorded temperature of the gas which was emitted by the cell
through the rupture plate of the cell.

4.7 Temperature in the reactor

The temperature in the reactor Treactor is the mean gas
temperature in the reactor at the end of the experiment (several
minutes aer the thermal runaway event), when the gas
temperatures come to an equilibrium. Gas species that are
emitted by the cell condensate, when Treactor is below their
boiling point.

4.8 Amount of gas inside the reactor

During the thermal runaway of a cell, gas is released into the
sealed reactor. To estimate the amount of produced vent gas
and the vent gas release rate we calculate the overall amount of
gas n(t) inside the reactor with the ideal gas equation:

nðtÞ ¼ pðtÞV
R
�
TgasðtÞ

� (1)

Here, the reactor volume V ¼ 0.1208 m3, the gas constant R ¼
8.314 J mol�1 k�1, p (in Pa) is the gas pressure in the reactor and
hTgasi (in K) is the average gas temperature in the reactor.

To measure the pressure is straightforward; a standard
industry grade pressure sensor has sufficient resolution and fast
step response. It is much more challenging to estimate the
average gas temperature hTgasi. The exact denition of hTgasi
contains the 3D integral of the temperature over the volume V
inside the reactor:

�
TgasðtÞ

�
:¼ 1

V
∭VTðtÞdV (2)

It is not possible measure the gas temperature at every point
of space inside the reactor. Instead, we are limited to four
temperature sensors which are xed by the screen plate at four
different heights (Z-direction) inside the reactor (Fig. 5). We

approximate the volume-integral with the average of the sensors
Tigas (in �C) and apply a correction factor cg and then convert
from �C to K:

�
TgasðtÞ

� ¼ 273þ cg
1

4

X4

i¼1

T i
gasðtÞ (3)

The factor cg compensates the temperature deviations orig-
inating from convective ow between the heated sample holder
and the not heated reactor (vice versa in case of experiment 10
and 11). The values of cg typically range between 0.85 and 0.95.

The cg was evaluated by looking at the value of n between the
start of experiment and the rst venting of the cell. At the
beginning of the experiment the reactor and the cell are gas
tight sealed. The heating ramp is started and when the
temperature of the cell is high enough, its rupture disc burst
and causes abrupt gas release into the reactor. The amount of
gas n from the start of the heating ramp to the burst disc
opening remains constant and corresponds to (1). The value of
cg is adjusted, so that the calculated n indeed stays constant
between the start of experiment and rst venting.

4.9 Amount of released gas

In the thermal ramp experiment the sample holder heats the
cell and the cell releases gas in either only one (only major
venting) or two subsequent events (minor venting followed by
a major venting) (Fig. 7). The sum of the gas releases is the
overall released vent-gas during the experiment:

nV ¼ nV1 + nV2 (4)

Minor gas release nV1. Increased cell temperature facilitates
electrolyte decomposition into gaseous products. The build up
of decomposition gas increases the internal cell pressure and
causes deformations of the casing. High cell temperature,
deformations and overpressure eventually cause the opening of
the rupture disc. At the moment when the cell is no longer gas
tight, it releases the surplus gas into the reactor. The gas release
can be abrupt and the cell might cool down slightly (Joule–
Thomson effect). The temperature of the surplus gas is below
220 �C.

Major gas release nV2. Either an internal short circuit or
further temperature-increase and exothermic reactions start an
accelerating chain reaction (thermal runaway), resulting in
a major violent gas release. The temperature of the vent-gas is
comparable to the maximum cell case temperature (>400 �C).
The amount of gas in the major gas release is always higher
than in the minor release (nV2 > nV1).

4.10 Venting-rate of the gas

The venting sub system of the battery pack casing must ensure,
that the gas is safely transported to the outside of the vehicle.
Therefore, the speed of the gas release during the major venting
nV2 is crucial. We dene the characteristic venting-rate _nch as
the ‘speed’ of gas release (in mol s�1). This so called venting rate
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is the most important parameter needed to calculate the
dimensions of the vent gas pipe of the battery pack.

A simple algorithm calculates the characteristic venting-rate
by estimating the minimum time which is needed to vent 50%
of nV2. By choosing 50% of pressure rise, the algorithm auto-
matically selects the main phase of fast gas release in the
middle of the venting event and it excludes the slow onset and
the nal trailing-off of the gas emission.

The algorithm mainly depends on the pressure signal
because pressure is less prone to be obfuscated even by violent
venting (Fig. 7). The pressure has the value p0 before the major
venting, during major venting it reaches a maximum pmax and
then it slowly decreases to p1 as the released hot vent-gas cools
down. We dene Dp¼ pmax – p0 as the maximal pressure change
(Fig. 7). In the next step the algorithm scans the whole time-
series of the pk-signal. Here k is the index of the time series
running from 1 to e.g. 300 000 for an experiment duration of
6000 s and a time resolution of r ¼ 0.02 s. The algorithm starts
at every pk and increases the index l until

pk+l � pk > 1/2Dp (5)

The value of l is proportional to the time which is needed to vent
50% of gas (1/2Dt ¼ rl). The value of l is stored in Dk ¼ l. Aer
calculating Dk for every k theminimum of Dk is used to calculate
the characteristic venting rate _nch:

n
�

ch ¼ nV2

r min Dk

(6)

In other words, the algorithm scans the whole length of the
experiment and selects the time-span where the pressure
changes by 1/2Dp in a minimum amount of time.

5 Results
5.1 Overview

The outcome of thermal-runaway experiments with different
heating methods is compared: ve cells were heated by a heat
ramp, two cells by one-sided heating, two cells by stepwise
heating and two cells by heating of the whole reactor. All
experiments were done in nitrogen atmosphere. The results

from the eleven experiments are compiled in Table 2 and
characteristic temperatures are compared in Fig. 8. Unfortu-
nately, the cells showed different event sequences (Fig. 9)
during repeated experiments. We identied three types of event
sequences and categorised them in three groups:

Group A2. Most experiments showed both venting events
(minor and major) and a forerunning temperature increase
immediately before the main exothermic reaction.

Group B1. In three experiments (experiment no. 3, 5, 6) the
cell vented only once (only major venting during the main
exothermic thermal runaway reaction) and showed no fore-
running temperature increase.

Group B2. In one experiment (no. 8) we observed two venting
events (as in A2) but no forerunning temperature increase.

The overall results show, that some thermal runaway char-
acteristics depend and some do not depend on the heating
method or group. The voltage of the cells broke down to 0 V at
Tfailcell ¼ 170 � 30 �C for all groups and heating methods.
Temperatures of the venting events showed more dependence
on the group then on the heating method. In the group A2 the
(rst) minor venting occurred at an average cell casing
temperature of TV1cell ¼ 200 � 20 �C and the (second) major
venting and thermal runaway reaction occurred at TV2cell ¼ 230 �
30 �C. In the group B1, with only the major venting, venting
occurred simultaneously with their thermal-runaway reaction at
cell temperatures TV2cell ¼ 182 � 30 �C. We suspect that – in
contrast to group A2 – in group B1 the mechanical stress from
cell swelling caused an internal short circuit, which, in turn,
caused a very fast transition to a full thermal runaway. In other
words, we suspect that in group B1 the minor venting, short
circuit, thermal runaway and the major venting happened
almost simultaneously so that the venting could not be resolved
into a minor and major part.

The overall measured amount of released gas mainly
depended on the reactor temperature (Fig. 10). In the rst nine
experiments (except for experiment no. 5.) with unheated
reactor we measured nV¼ 3.2� 0.2 mol. In experiment no. 5 the
released amount of gas exceeded the average by 40%. Unfortu-
nately we could not come up with any explanation for this
outlier. In the experiments 10 and 11 the whole reactor was
heated and a reactor temperature of 250 �C prevented

Fig. 7 (left) Sketch of the amount of gas inside the reactor during a typical thermal ramp experiment. The cell can produce gas in two venting
events: the first (minor) venting and the second (major) venting. (right) Themethod to calculate the characteristic venting rate n ̇ch. The amount of
gas n can not be used directly because n is calculated from gas temperature measurement, which is distorted by violent gas flows during the
main venting event. Instead, it is assumed, that 50% of nV2 is released during 1/2Dt and 1/2Dt is the timespan during which pressure rises by 1/2Dp.
The pressure based method can characterise high venting rates, because it is less affected by gas flows.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 40172–40186 | 40177
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condensation of electrolyte vapour. The additional gaseous
electrolyte increased the amount of gas by 80% to nV ¼ 5.77 �
0.2 mol.

Minor venting was only observed in the groups A2 and B2. In
the experiments with unheated reactor minor venting contrib-
uted nV1 ¼ 0.4� 0.1 mol to the overall amount of gas. In the last
two experiments, with heated reactor, minor venting contrib-
uted by a higher amount of gas nV1 ¼ 1.3 � 0.3 mol because
released electrolyte vapour stayed in gas phase.

The accumulation rate of gas in the reactor showed a high
variation and no clear dependency on heating method (Fig. 10).
In the rst nine experiments, with unheated reactor, therefore
not counting the electrolyte vapour, the cells released _nchV2 ¼ 0.8
� 0.3 mol s�1. In the last two experiments, with heated reactor
and therefore including the electrolyte vapour the cells released
_nchV2 ¼ 1.3 mol s�1.

The maximum cell temperatures and maximum vent gas
temperatures showed no apparent dependency on the heating
method or group. We measured Tmax

cell ¼ 520 � 40 �C and Tmax
V2 ¼

460 � 50 �C.
The cells lost signicant amount of mass during the thermal

runway (Fig. 10). The mass of the cells decreased fromMbefore
cell ¼

1680 � 20 g to Maer
cell ¼ 1120 � 40 g independent of group or

heating method.

5.2 Heat ramp (group A2)

Fig. 11 shows the experiment no. 1. The cell was heated with
a heating ramp of 2.4 �C s�1. The rst minor venting occurred at
5000 s and the second main venting at 5700 s.

The combination of gas build up in the cell and the minor
venting caused two effects which produced a measurable
temperature drop of the cell case sensors at 5000 s. First effect:
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Fig. 8 Characteristic temperatures associated with the events of cell
failure (voltage drop), first and second gas release, reaching the critical
temperature, reaching the maximal cell temperature during thermal
runaway and the maximum vent-gas temperature.
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the Joule–Thomson effect causes some cooling of the cell and of
the vent-gas temperature-sensors as the gas expands from the
cell into the reactor. Second effect: the cell case swelling effect,
this is more intricate. During heating above 120 �C gas builds
up inside the cell and causes a bulging of the cell casing. The
bulging forces the temperature sensors on the cell casing
towards the heating side plates of the sample holder. At the same
time gas inside the cell builds up an insulating gas layer between
the active material (jelly roll) and the heated casing of the cell.
The measured temperature increases, because the place which
the sensors measure is shied towards the hot cell holder plates
and away from the cooler active material in the cell. Then, during

minor venting, the built-up gas is released from the cell, the
bulging of the cell casing is reversed, the cell casing with the
attached temperature sensors comes in thermal contact with the
cooler active material inside the cell and the temperature sensors
measure a sudden temperature drop. (In other words, imagine
a frozen ice cream inside an inated air balloon with temperature
sensors attached to the outer balloon shell. As long as there is air
inside the balloon, the temperature sensors would measure the
ambient temperature, but when gas is released they would
measure the temperature of the cooler melting ice.)

Note that the duration of the major gas release – and also the
duration of the thermal runaway reaction which causes the

Fig. 9 Sketch of the sequence of events as the temperature of the cell increases for experiment 1 and 3. In experiment 1 cell case swelling occurs
at 120 �C, the cell fails at 176 �C, the burst disc opens and releases the overpressure from the cell into the reactor and some cell swelling is
reversed at 203 �C then increasingly exothermic chemical reactions slowly evolve into a thermal runaway with a critical temperature of 248 �C
and second major venting at 247 �C. The cell casing reaches a maximum temperature of 531 �C. In experiment 3 the cell also starts to swell at
120 �C and the cell fails at 160 �C. Then – at an average cell temperature of 170 �C and the hottest cell case sensor showing 192 �C – an internal
short circuit triggers a sudden heat release which immediately causes venting and thermal runaway. The cell casing reaches a maximum
temperature of 518 �C.

Fig. 10 (left) Gas emission. Each bar shows the minor venting nV1 (if present) and the major venting nV2 on top. (center) Rate of gas emission
n ̇chV2. (right) Mass of the cell after the thermal runaway experiment compared to mass of the fresh cell.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 40172–40186 | 40179
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major gas release – at 5700 s was very short (2 s). The cell casing
reached the maximal temperature 40 s aer the major gas
release and the completion of the thermal runaway reaction
inside the cell. This delay of temperature response is caused by
thermal masses and nite heat conductivity from inside the cell
to the sensors on the outside of the cell (high Biot number).
Therefore, we believe that the gas release duration is a much
better indicator to judge the duration of the main thermal
runaway reaction than the outside cell case temperature.

The hot gases (530 �C) from the major venting caused
a maximal pressure of 2 bar in the reactor. Then the gas cooled
down (to 61 �C) and partially condensed and the pressure
dropped to 1 bar.

5.3 Heat ramp (group B1)

Fig. 12 shows the experiment no. 3. The setup was the same as
in the experiment no. 1: the cell was heated from both sides
with a heat ramp. In contrast to experiment no. 1 (classied to
group A2) the cell showed a different sequence of events, clas-
sied as group B1: this time we could observe only one venting
and a simultaneous thermal event at an average cell tempera-
ture of only 171 �C at 5572 s. Another difference was that the
event was not preceded by any detectable self heating: the main
event happened spontaneously without any warning (compare
temperature plots in Fig. 11 and 12) and resulted in a maximum

temperature of 518 �C. The cell in experiment no. 5 showed
similar behaviour, with the main (and only) event at 155 �C.

We conclude that the spontaneous thermal runaway event
was caused by an internal short circuit inside a cell. The short
circuit occurred before the minor venting would normally
happen and therefore the cell experienced only one major
venting during the main exothermic reaction.

5.4 One-sided heating (group A2)

Fig. 13 shows the experiment no. 7. Here the cell was heated from
one side and the other side stayed unheated by the sample
holder. This created a huge temperature gradient through the
cell. At 10 000 s the cell vented for the rst time and at 10 770 s
themain exothermic event occurred. At this point the heated side
of the cell was at 270 �C and the unheated side was at 120 �C. The
thermal runaway caused cell temperature increase to amaximum
of 500 �C.

5.5 Stepwise heating (group B2)

Fig. 14 shows the experiment no. 8. The cell was heated from
both sides with subsequent temperature steps. In this experi-
ment only two thermocouples could measure the cell case
temperature. (The actual motivation for this experiment was to
do Electrochemical Impedance Spectroscopy (EIS) measure-
ments at different temperatures. The temperature steps look

Fig. 11 Experiment no. 1 (heat ramp). (left) Temperatures and gas pressure during the whole duration of the experiment and (centre) during the
main exothermic event. (right) Amount of released gas into the reactor and temperature rates of the cell case sensors.
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sporadic, because they were set manually during the experi-
ment. EIS results could not be included in this paper.)

The cell showed the minor venting events at 13 000 s
(releasing 0.4 mol), it was heated further to 180 �C then the cell
was let to cool down to 167 �C. Surprisingly – aer cooling down
from 180 �C to 167 �C – a short circuit occurred and caused
a thermal runaway at 14 250 s. The cell released additional gas
during its major venting (2.9 mol, 405 �C) and the cell reached
a maximal temperature of 427 �C.

5.6 Reactor heating (A2)

Fig. 15 shows the experiment no. 10. Here not the sample
holder, but the whole reactor was heated. The reactor reached
a temperature above 200 �C when the cell went into thermal
runaway. The main difference to the previous experiments was,
that more of the released material stayed in the gas phase,
because the hot walls of the reactor prevented condensation
inside the vessel. Aer the minor venting at t ¼ 8280 s the
reactor contained nV1 ¼ 1.1 mol of gas instead of 0.25–0.51 mol
as in previous experiments. The additional amount of gas was
likely composed of electrolyte-solvent vapours which stayed in
gas phase because of high reactor temperature. A possible
candidate for the additional electrolyte vapour could be ethyl
methyl carbonate21 (EMC) with a molecular mass 104 g mol�1

and a boiling point of 110 �C. An additional amount of 0.59–
0.85 mol of EMC vapour has a mass of 61–88 g which corre-
sponds to about 5% of the cell mass.

The minor venting was followed by the main thermal event
and major gas release at t ¼ 8700 s: the cell reached a surface
temperature of Tmax

cell ¼ 495 �C and released additional nV2 ¼
4.51 mol of gas. The amount of gas n continued to increase aer
the major venting (from 5.5 mol to 7.3 mol), probably due to
further thermal decomposition of the remaining solvent
components on the hot reactor walls. The reactor heating was
switched off at 11 500 s.

The calculated venting rate of the major event was higher
than in most previous experiments _nchV2 ¼ 1.3 mol s�1. The
increase in venting rate was not caused by a higher reaction rate
of the cell, but by electrolyte vapour which contributed to
a higher value of nV2.

6 Discussion

How are the results useful for designing safe battery packs? A
robust battery pack should not allow propagation of thermal
runaway from cell to cell and it needs safe vent-gas
management.

Fig. 12 Experiment no. 3 (heat ramp), with an internal short circuit occurring at 171 �C. (left) Temperatures and gas pressure during the whole
duration of the experiment and (centre) during the main exothermic event. (right) Amount of released gas into the reactor and temperature rates
of the cell case sensors.
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6.1 Thermal runaway propagation

First we focus on the thermal runaway propagation: a chain
reaction which occurs when a failed cell heats its adjacent cells
to a point, where they transit into thermal runaway as well, they
in turn infecting the next row of adjacent cells, ultimately
ending in a full battery re. The propagation progresses by heat
transfer from one cell to the next. For stacked metal-can cells
(arranged as in Fig. 1) the main thermal interfaces for heat
exchange are the large areas on the sides of the cells.

We have shown that thermal runaway of the initial cell can
be caused by heating or a combination of heating and internal
short circuit. Without internal short circuit, if the cell is heated
uniformly, the cell will transit into rapid thermal runaway when
its hottest point exceeds 246 �C. In a subsequent thermal
runaway reaction the rst failed cell may reach a temperature of
up to 595 �C. The failed cell will then transfer the majority of the
produced heat to one or two of its adjacent cells: each adjacent
cell will be heated from one side.

In our experiments we compared uniform and one sided
heating. One sided heating creates a huge temperature gradient

from heated to non-heated cell side. In our experiments non-
uniform heated cells transited into rapid thermal runaway
when their hottest point exceeded 281 �C (while the opposite
site was only at 120 �C). This is in contrast to uniform heating,
where the critical temperature is already at 246 �C.

Such results can be used to develop and to validate thermal
runaway models. Such models can further be used to determine if
– in a certain scenario – thermal runaway propagation is possible
or not. For example; the outcome of the propagation study may
depend on the position of the failed cell in the cell stack.

In a rst scenario: consider that the failed cell sits in the
middle of the cell stack. For some reason it goes into thermal
runaway and instantly reaches 595 �C, while the rest of the cells
stays at ambient temperature at 25 �C. Next, the major amount
of heat will be transported from the failed cell to its le and its
right neighbour. If local temperatures inside the neighbours
would reach some critical temperature, they would transit into
thermal runaway as well, and the fault propagation would start.

In a second scenario: consider that the failed cell is the
outermost cell in a cell stack. In contrast to the rst scenario the
failed cell has only one adjacent cell with which it will share

Fig. 13 Experiment no. 7 (one sided heating). (left) Temperatures and gas pressure during the whole duration of the experiment and (centre)
during the main exothermic event. (right) Amount of released gas into the reactor and temperature rates of the cell case sensors. Here the one-
sided heating method created a huge temperature difference between the heated and the non-heated surface of the cell. This divided the cell
case temperature sensors into two groups: ones that measured the heated side of the cell and ones that measured the cooler side. Sensors of
both groups reached above 400 �C during the thermal runaway of the cell. Both groups are also clearly seen in the rate plot. The thermal runaway
started, when the hottest sensor on the heated side of the cell reached 281 �C. The thermal runaway propagated throughout the cell from the hot
side to the cooler side. After it reached the cooler side it caused a steep temperature rate increase in the sensors which were only at 120 �C.

40182 | RSC Adv., 2018, 8, 40172–40186 This journal is © The Royal Society of Chemistry 2018

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
18

 4
:2

6:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online



most of the generated heat. If no other heat sinks are provided
then propagation is more likely to happen then in the rst
scenario.

In general, to prevent the propagation, the heat from the
failed cell must be distributed to as many cells (or other
components with thermal capacities) as possible, while keeping
the local temperatures of all non failed cells below their critical
temperature. If the recipient of all heat is only one adjacent cell,
propagation is very likely. With several heat recipients, propa-
gation is less likely.

6.2 Vent gas management

A robust battery pack also needs a vent-gas management which
consist of a battery pack enclosure which can withstand some
overpressure and a venting duct which can guide the vent-gas to
the outside. The main parameters for the design of those
venting elements are the gas release rate, gas temperature and
the gas composition. The gas temperature and release rate were
measured in our experiments and the gas composition can be
estimated from our previous experiments.9,12

We measured the gas release rate inside unheated reactor
and compared it to gas release in a heated reactor. Here the
reactor simulated the environment inside a battery pack. The
rst failed cell would release gas into a pack with normal

working temperature, and some gas components would
condensate, before they exit through the venting port. If prop-
agation occurs, the next cell would vent inside an already pre-
heated pack, fewer gas would condensate inside the pack, and
more gas would exit though the venting port. If propagation can
not be excluded, venting tests should be done in a heated
reactor. Our experiments showed a trend of higher venting rate
for a heated reactor, but, unfortunately, also a high variation
from experiment to experiment (Fig. 10).

For a rst exemplary specication of the venting port we
assume an isentropic ow of the vent-gas.22 The gas is released
by the failed cell, then it ows inside the battery pack and exits
through the venting port to the outside of the battery pack. We
assume that the main obstacle to be the venting port of the
battery pack with its limiting cross section A.

For a simple estimation we further assume that the vent-gas
consists of equal mole parts of H2, CO2 and CO. The gas has
a mean mol mass Ms ¼ 0.02467 kg mol�1 and the mean isen-
tropic expansion factor g ¼ 1.32 at a temperature of TV2max ¼ 800
K (Table 3). We further assume that the pressure inside the
battery pack is p0 ¼ 120 kPa and the ambient pressure is pt ¼
100 kPa, meaning pt � p0 ¼ 200 mbar of overpressure caused by
the failed cell during the venting event.

The ow factor J is given by:

Fig. 14 Experiment no. 8 (stepwise heating), unfortunately only two cell temperature sensors remained intact in this experiment. (left)
Temperatures and gas pressure during the whole duration of the experiment and (centre) during the main exothermic event. (right) Amount of
released gas into the reactor and temperature rates of the cell case sensors.
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J ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2g2

g� 1

"�
pt

p0

�2
g �

�
pt

p0

�gþ1

g

#vuut ¼ 0:60 (7)

With the universal gas constant R ¼ 8.314 mol J�1 s�1 and
the characteristic venting rate of _nchV2 ¼ 1.39 mol s�1 the mass
ux equation for an isentropic ow gives the minimal cross
section of the vent-port:

A ¼ n
� ch

V2

p0J

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gRMsTV2

max

q
¼ 285 mm2 (8)

and, nally, the diameter of the vent-port:

D ¼
ffiffiffiffiffiffi
4A

p

r
¼ 19:1 mm (9)

This simple calculation shows the main dependencies
between the vent gas temperature, composition and venting
rate on the one side and the required size of the vent port on the
other side. It does not account for complex geometric factors of
the vent port inlet, friction effects and heat exchange between
the vent gas and battery components. Some of those effects are
covered in ISO 4126.

The calculation also does not account for a possible combus-
tion of the vent gases inside the pack. Combustion (deagration)
with air volume inside the pack would cause signicant pressure
and temperature increase in the pack-casing.11

7 Conclusions

Eleven overtemperature experiments were performed with
prismatic metal-can Li-ion cells with a capacity of 50 A h which
were produced in 2009. The experiments were done inside
a custom build gas-tight heatable reactor in nitrogen atmo-
sphere. We used four different methods to heat the cells:
temperature ramp with heating of both cell sides, temperature

Fig. 15 Experiment no. 10 (reactor heating), unfortunately only two cell temperature sensors remained intact in this experiment. (left)
Temperatures and gas pressure during the whole duration of the experiment and (centre) during the main exothermic event. (right) Amount of
released gas into the reactor and temperature rates of the cell case sensors.

Table 3 Characteristics of typical vent-gas components at 800 K. The
average is valid when the gas consists to 1/3 of each component.
Retrieved from NIST Chemistry WebBook23

Cp (J mol�1 K�1) Cv (J mol�1 K�1) g M (g mol�1)

H2 29.65 21.34 1.39 2.02
CO 29.81 21.48 1.39 28.01
CO2 51.46 43.13 1.19 44.00
Average 1.32 24.67
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ramp with heating of one side, stepwise heating and heating of
the whole reactor.

With increasing temperature, the cells experience
a sequence of events eventually nalizing in a exothermic
thermal runaway reaction. An important nding is that some-
times the sequence of events is interrupted by an unforeseeable
internal short circuit. When it occurs, the cell skips the
remaining events and takes a direct route into nal exothermic
reaction. We suspect that the short circuits were caused by
internal mechanical failures which damaged the electrical
insulation inside the heated cells.

For cells with complex internal construction such as the
tested metal-case cells it is important to repeat several test runs
in order to capture the worst case outcome. The variability may
be less an issue for cells with simpler construction such as
pouch-type cells. The characteristics of the nal reaction are:
the nal thermal runaway may start when the hottest point of
the cell exceeds 206 �C, during thermal runaway the cell casing
reaches a maximum temperature up to 594 �C and the cell
releases an overall amount of up to 5.9 mol of vent-gas with up
to 530 �C. When the vent-gas cools down to room temperature
then part of it condensates and the remaining gas phase shrinks
to a value between 2.9 mol and 4.6 mol.

Further ndings are:
� The nal thermal runaway reactions is triggered by either

increasingly exothermic chemical reactions (classied into
group A2) or by joule heat from internal short circuits (classied
into group B1 or B2).

� Most cells belonged to group A2. They showed a preceding
minor venting event (opening of burst plate and overpressure
release from the cell) and – aer further heating – a gradual
onset of exothermic reactions and thermal runaway with
a second major venting.

� In three experiments (group B1) internal short circuits
occurred. The shorts triggered the nal thermal runaway reac-
tion and gas release before the rst minor venting would nor-
mally happen.

� In one experiment (group B2) an internal short circuit
triggered the thermal runaway aer the rst minor venting and
further heating by the sample holder.

� For the tested cell type it is difficult to anticipate an
imminent short circuit of a cell, because it can happen at
temperatures as low as 155 �C and without previous venting, cell
voltage drop or accelerating temperature increase of the cell
casing.

� The cells release signicant amounts of gas during
thermal runaway: up to nv ¼ 5.95 mol (in liter at STP condi-
tions nv ¼ 133 L).

� The gas release rate shows large variation from experiment
to experiment, therefore several test are required for a reliable
result. Up to 1.39 mol s�1 were measured.

� From the measured gas release rate we estimate a venting
port with a diameter of at least 19.1 mm.

� The cell temperature measurements can be used to develop
dynamic and spatially resolved thermal runaway models. Such
models would be useful to determine at which conditions

thermal runaway propagation occurs and to evaluate the effec-
tiveness countermeasures against propagation.

In the next step we focus on newer cells with higher energy
density and much higher maximal temperatures during
thermal runaway. FTIR and GC equipment will be added to the
test bench to quantify the vent gas composition.
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3 Results From Project SafeBattery,

Part 1: Safety Recommendations

3.1 Background

Batteries of EVs are safe at temperatures below ca. 80 ◦C. If a Li-ion cell reaches

temperatures above ca. 80 ◦C the cells start to degenerate and when they reach a

even higher temperatures they may transit into TR [35, 36, 39]. An over tempera-

ture of a cell may be caused by failures inside the cell or by the neighbourhood of

the cell. The most prominent failures inside a cell are internal short circuits. They

can be caused by Li-dendrites, Cu-dendrites, foreign particles and by mechanical

damage to the cell. Over-temperature may be caused by failures outside of the cell:

external fire, overheated or failed adjacent cells, failed electrical connectors with

excessive resistance generating joule heat.

Not only normal operation of large Li-ion batteries in a vehicle but also testing

of batteries in laboratories needs special safety requirements. Damaged cells may

release gas, heat and particles which can be a threat to the personnel. Therefore,

it was decided to measure the TR characteristics of the selected cells early in the

project SafeBattery.

This chapter focuses on safety relevant characteristics of the selected cell during

over-temperature experiments. Fully charged and partially charged cells were tested

in the laboratory of VVR. In the next step safety critical parameters like maximal

temperatures and the gas composition were derived from measured data. These

parameters were used to calculate different scenarios like TR of a cell inside an

enclosure. The scenarios were used to make safety recommendations for testing

laboratories.
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Several staff members from VVR contributed to this chapter. René Planteu, Bern-

hard Rasch, Oliver Korak and Thomas Humitsch did the experimental work in the

laboratory. The author of this dissertation (Andrey Golubkov) was responsible for

the test design, data analysis (except for the vent-gas analysis with GC and FTIR)

and wrote the text of this chapter. The measurement and documentation of the

vent-gas components was done by Christiane Essl.

3.2 Literature Review

3.2.1 Control of battery fire

During TR Li-ion cells reach temperatures above 900 ◦C as shown in the included

publications (chapter 2) and the first literature review (section 1.7). High cell

temperatures may start battery fire [26, 62]. Cases of large battery fires are covered

by media [63–68]. Sun et al. [12] published a review article on case of EV-fire. They

show that fires of EVs may have higher peak heat release rates (PHHRs) than fires

of conventional vehicles.

Fire suppression in laboratory environment may be realized by cooling of the

battery and by restricting access to O2. Sun et al. [12] recommend water as the

most effective coolant but warn that care must be taken when water comes into

contact with high electric potentials inside the battery. Water cools the failed cells

and inhibits TR-propagation to neighbouring cells. Large quantities of water may

be needed, when the water is sprayed on the outside of a battery-pack (>2600 gal,

>12 m3 for a 16 kWh battery) and the firefight operation time may be as long

as 50 min according to experiments by Blum and Long [69]. The cooling is most

effective when water is injected directly into the battery pack [70, 71] and the

amount of water can be significantly reduced (down to only 13 l [72]).

A review of battery fires in EVs and suitable extinguishing agents was compiled by

Bisschop et al. [73]. They cite reports where different additives (F-500®, PyroCool®,

FireIce®, Firesorb®) were tested. Most of those reports conclude that the additives

reduce the amount of required water.

Sun et al. [12] and Bisschop et al. [73] note that distinguishing the visible flames
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Table 3.1: Published explosion ranges of vent-gas - air mixtures.

LEL UEL source

vol% vol%

6.3 30 Somandepalli et al. [74]

5 55 Li et al. [77]

5.79 – Said et al. [78]

4.08 – Chen et al. [26]

6.3 – Baird et al. [27]

(burning of released gas) with CO2 may not be sufficient to stop TR-propagation

from cell to cell. If the fire is distinguished, but the TR-propagation is not stopped

then unburned gases may escape into the surrounding of the battery. If the event

happens in a closed building the unburned gases may accumulate and they may

cause gas-deflagration.

3.2.2 Preventing deflagration of the vent-gas

The vent-gas of Li-ion cells contains high amounts of burnable components [27]. In

fact, of all released components, only H2O and CO2 are not burnable. Combustion

(deflagration) of the burnable released gas with air volume inside an enclosure

would cause significant pressure and temperature increase in the enclosure [74].

Media reports cases where garage doors [68] or windows [75] were possibly damaged

by deflagration of released gas. Mckinnon and Kerber [76] report a deflagration

event during a firefighter operation in a energy storage system (ESS) container.

Mixtures of air and released vent-gas have a wide explosion window. Values for

lower explosion limit (LEL) and upper explosion limit (UEL) are given in table 3.1.

The LEL can be easily reached in an enclosure such as a temperature chamber. The

ignition source could be the hot cell itself. Two strategies to prevent deflagration

of the vent-gas are known:

• Increase the volume of the enclosure. More air lowers the concentration of the

vent-gas. If the concentration stays below 50% of the LEL the enclosure must
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not be treated as explosion-endangered area according to Austrian regulation

§2, BGBl. II Nr. 309/2004[79].

• Decrease the amount of O2 in the enclosure. The air in the enclosure may be

either diluted or completely exchanged with a non flammable gas e.g. N2, Ar

or CO2. The effects of dilution are published by Li et al. [77].

Practical measures to prevent deflagration are missing in the literature.

3.2.3 Control of overpressure inside a cell confinement

During TR the cell releases high amounts of vent-gas in short time. Even if

deflagration can be prevented, it will still cause pressure increase inside a gas-

tight enclosure. The enclosure may burst, when the inside pressure exceeds the

design pressure. To prevent the bursting, the enclosure must be either designed to

withstand high pressure (Like the reactor shown in fig. 1.7) or it must be outfitted

with an overpressure valve or burst plate with sufficient cross-section A for pressure

relief.

The input for the design of the overpressure-relief-device are the specifications of

the confinement and the venting characteristics of the cell. These cell characteristics

include the overall amount, the temperature, the composition and the release rate

of the vent-gas. Literature values for the overall amount and the composition of the

vent-gas are available (see section 1.7). Little literature exists on the release rate

and temperature of the vent-gas. The only publication which reports temperature,

amount and release-rate and which derives the necessary value for A is our own

publication from 2018 (included in section 2.4).

New reports from our group which contain all four vent-gas parameter (including

gas-composition) were published recently by Essl et al. [80] and Essl et al. [81].

3.2.4 Preventing intoxication by released vent gas

Many publications report the composition of the released vent-gas (see section 1.7).

Fernandes et al. [82] included a good review in their paper. Most of the cited

publications report high amounts of toxic CO, but do not recommend specific
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safety measures. The other component which received a lot of attention is HF.

Fluorine is contained in the electrolyte (as the salt – LiPF6) and it can be contained

in the binder.

Only one publication includes recommendations on how to handle released toxic

gases: Diaz et al. [83] focused on toxic gases and identified HF, COF2, acrolein, CO,

HCL, formaldehyde and the electrolyte components with FTIR (Gasmet DX4000,

with a resolution of 4 cm−1). They conclude that up to 379 m3 are contaminated

by gases released from a small LFP based cell with a capacity of 1.1 A h. (This

is probably the same cell type as in our publications section 2.1 and section 2.2.)

According to Fernandes et al. [82] LFP cells release more toxic components than

NMC and LiCoO2 (LCO) cells and the cells release more toxic components in

N2 environment that in air environment. Sadly Diaz et al. skip the details on

the amounts of the gas components and do not comment on the accuracy of

quantification of the halogenated-gases with a FTIR which had relatively low

spectral resolution.

Fernandes et al. [82] also measured HF in a concentration up to 10 ppm in overcharge

tests. They noticed that the HF signal appeared after the main venting of the cell.

The concentration of HF increased and the concentrations of all other components

decreased after the TR finished. They conclude that the HF formation mechanism

was decoupled from the TR reaction and offer a possible explanation: HF could be

formulated when the Li-salt reacts with residual water in the reactor. Fernandes et

al. do not report the overall amount of HF (in mol or L).

Recently Forestier et al. [84] published gas composition released during TR of

small prototype cells (0.6 Ah). They quantify the amount of released electrolyte

C2H4, CH4, OCH2, CO2, CO, HF, POF3 and apply ISO 13571 to asses the toxicity.

Unfortunately their low maximal cell temperatures (420 ◦C) and the low ration

of CO:CO2 indicate that their cell reacted less violent than state-of-the-art cells

(compare to section 1.7 and chapter 2).

Release of fluorinated gaseous compounds was also reported in [70, 85–90].
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3.2.5 Preventing intoxication by electrolyte vapour

Little literature exist on toxicity of the electrolyte and electrolyte-vapour. Elec-

trolyte vapour from cells with damaged casing is carcinogenic, and - at high

concentrations - toxic [91]. Some electrolyte additives like 1,3-Propansulton (PS)

[92, 93] are carcinogenic [94, 95].

Weber et al. [96] and Grützke et al. [97] investigate release of toxic alkyl fluo-

rophosphates from components of discharged batteries. Grützke et al. state that

critical lethal concentrations could be only released from large quantities of material

(>290 kg).

3.2.6 Preventing inhalation of released solid particles

During TR the vent-gas jet carries high amounts of solid material from the cell

to the outside. The ejected material consists of the electrode particles (graphite,

metal-oxide or metal-phosphate) parts of the current collector of the anode (copper

foil) and molten aluminium compounds. The material has high temperature and it

may be ejected with high speed therefore it can damage neighbouring components.

Zhang et al. [30, 32] and Patel et al. [98] report released particles with a broad

distribution of sizes ranging from small particles with 2 µm [98] to bigger parts of

the cell with 8 mm [32]. After the release the particles cool down and settle on the

nearby surface. Patel et al. [98] report a mean particle diameter distribution of

6.5 µm. Such small particles/dust can be easily raised into the air and – since a

large share of them is <4 µm – they can be inhaled deeply into the lungs [99]. Their

admissible concentration in workplace atmospheres is regulated in the Technical

Rules for Hazardous Substances (TRGS) [100].

In addition to the size of the particles also the elemental composition of the particles

is relevant. Zhang et al. [30] found the following elements in settled particles released

by abused Li-ion batteries: C, Ni, O, Cu, Al, Co, Mn and others in smaller quantities.

Liao et al. [56] determined the crystal structures of the released particles with

XRD. The main compounds were graphite, transition metal oxides and LiF. Essl et

al. [80] reports particles containing Al2O3, Li(M)3O4 with M=Ni, Mn, Co, Mn3O4,

and carbon with a broad size distribution ranging from 1 µm to 100 µm. Zhang et
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al. [30, 32] note that the released material is harmful to humans and that it should

be contained, but gives no specific advise for testing laboratory.

3.3 Cell Samples

To answer the above research questions a series of experiments was done with a cell

type which should represent a typical automotive cell. The board of SafeBattery

decided to use cells which were extracted from a Nissan Leaf. The main properties

of the cell (fig. 3.1) are:

Manufacuturer: Automotive Energy Supply Corporation (AESC)

Car Nissan Leaf 2016

Type pouch

Size of the electrode stack 189 mm x 228 mm x 8.3 mm

Mass 870 g

Nominal capacity: 42 Ah

Nominal voltage: 3.65 V

Energy density: 176 W h kg−1

The cell composition is described in detail in the publication of Kovachev et al.

[101]. The open circuit voltage (OCV) curve of the cell is given in fig. 3.2.

If the tested cell is similar to other cell types, then the main findings from experi-

ment results can also be applied to other cell types.

The focus of this work lies on TR characteristics. The specific energy which is

released by the TR mainly depends on the chemical composition of the cathode.

The energy release causes temperature increase and the propagation of the TR

inside the cell. Those effects depend on the specific heat capacity Cp ([102, 103])

and heat conductivity λ ([104–106]) of the electrode stack. In turn, those quantities

depend on the layer thicknesses and composition inside the stack.

Electrode stack composition for the tested cell and references from literature are

compiled in table 3.2. Lain et al. [107] measured the layer thicknesses of nine

commercial cylindrical Li-ion cells. From his publication four high energy density

81



3 Results From Project SafeBattery, Part 1: Safety Recommendations

Figure 3.1: Foto of one of the cells used in experiments described in this report.

cells with capacities >3.0 A h were selected. Loges et al. [104] published electrode

thicknesses of commercial automotive Li-ion cells for EV/plug-in hybrid electric

vehicle (EV) applications. From his publication data of the prismatic hard case

(metal-can) cell and a pouch cell were selected. The comparison shows, that the

layer thicknesses of the tested cell fall into the range of other commercial cells.

Another important quantities are the temperature-rate profile (or the onset tem-

perature) during TR and the heat release of the TR. The TR characteristics of

different cell types are compared in [51] and in section 2.2. Those publications show

that the tested cell with its NMC/LMO cathode has a TR profile which is similar

to other cells with NMC and NCA cathodes.

Based on the comparison to literature values it can be concluded that the general

findings of the two final parts of this work with the selected cell can be transferred

to other automotive Li-ion cells.
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Table 3.2: Thicknesses (µm) and composition of the layers in the electrode stacks of commercial

Li-ion batteries. Comparison of the tested cell to other commercial cells.

selected cell

Kovachev [101] Lain [107] Loges [104]

pouch cylindrical prismatic pouch

Capacity A h 42 3.0 to 4.8 60 50

Energy density W h kg−1 176 245 to 263 n.a. n.a.

Anode

coating 65 45 to 85 57.2 72.8

copper foil 10 10 to 14 9.7 14.2

type graphite graphite graphite graphite

Separator
polymer 17 7 to 10 n.a. n.a.

Al2O3 coating 3 n.a. n.a. n.a.

Cathode

coating 75 44 to 71 65 56.7

aluminum foil 20 10 to 14 15.2 23.7

type NMC/LMO NMC or NCA NMC NMC

3.4 Test-Stand

3.4.1 Cell sample holder

An already existing sample holder for pouch cells was adopted for the first five

experiments in this part of the thesis. The experiments were done with the cell

sandwiched inside a sample holder which consisted of several layers. The stack

consisted of the following elements, beginning with the lowest layer: stainless steel

plate (10 mm), thermal insulation, thermocouples, cell, thermocouples, thermal

insulation, stainless steel plate.

The stiff outer steel plates were compressed by four springs. The plates applied a

uniform force to the layers and to the cell between them. The cell was compressed

with a force of 3 kN in all experiments (this is equivalent to a mechanical pressure

of 70 kPa on the cell surface). The steel plates were equipped with large heaters

(2 x 500 W for each plate). The large heaters were activated to heat the whole

sample-holder up to maximal 400 ◦C.
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Figure 3.2: Charge and discharge OCV of the tested cell.

The function of the thermal insulation sheets was to prevent large heat flow be-

tween the compression plates and the cell: At cell temperatures above a critical

temperature, exothermic reactions inside the cell start and the cell begins to self

heat. To characterize the TR of the cell, the sample holder should not interfere

with the self heating of the sample. The sample should perform the exothermic

reactions as adiabatic as possible therefore insulation layers were put between the

cell and the pressure plates. The thermal insulation sheets also provided channels

for the thermocouple wires.

In the first experiments compressible mineral wool paper (Schuba BFP 120)

with a thickness of 5 mm (uncompressed) and a thermal conductivity of λ =

0.1 · · · 0.22 W m−1 K−1 (uncompressed) was used. In later experiments the com-

pressible mineral paper was replaced with incompressible mica sheets from RS Pro

with a thickness of 1.5 mm and (λ = 0.23 W m−1 K−1). Material data sheets for

both materials are in the appendix: chapter 6.

In the experiments the cell was uniformly heated on its both large areas by the

two steel plates (fig. 3.3). The cell was heated with a steady temperature ramp set

to about 30 ◦C h−1. With a uniform temperature the spatial effects play a lesser

role. This makes it possible to identify average cell temperatures when different

temperature depending events like venting, resistance increase or onset of TR occur.

Steady increase of temperature while maintaining small temperature gradient along
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Figure 3.3: Sample holder used for uniform overtemperature experiments. The electric strip heater

are coloured in red/brown.

the cell also make it possible to extract the self heating profile of the cell. The

profile is essential input to TR modelling.

Type: OT-1205 HT S 240V1P 500W129760 from Chromalox https://www.

chromalox.com/

Heated plate area: AP = 4× (38.1 mm× 305 mm) = 116 cm

Rated power: PR = 4× 500 W = 2000 W at 240 V

Max temperature: 400◦C

Cell case temperature was measured with K-type thermocouples. In most experi-

ments 18 thermocouples were arranged in 3x3 grid on the lower and upper surface

of the cell. Thermocouples were made from IEC Glassfibre Insulated Flat Pair

Thermocouple Cable. Type: KX. Manufacturer RS-PRO, RS Best.-Nr. 236-3836.

Class 2 ±100 V (±2.5 ◦C). The temperature sensing points were made by wire

twisting: fig. 3.4.
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Figure 3.4: Picture of three thermocouple tips, including dimensions.

3.4.2 Reactor

The same reactor setup as for the work in sections 2.3 and 2.4 was used. The reactor

was made from stainless steel. It has an volume of 120.8 l and is rated for 40 bar

at 200◦C. The main body of the reactor is fixed. The gas lines are connected to

the back-side of the reactor. The blind-flange on one side can be opened. A sample

holder stage is attached to the blind-flange. After the blind-flange is unscrewed

from the main body it can be slid open along the rails until sample holder stage

is completely outside of the reactor. The blind flange also provides all electrical

feedthroughs for the sensors, the electrical heating of the sample holder and the

electrical connection to the sample. The main body of the reactor can be heated

to 200◦C and the flange can be heated to 100◦C. Figure 3.5 shows the reactor in

opened and closed state.

At least four thermocouples measured the gas temperature in the reactor at different

heights. Gas-pressure is measured by an industrial pressure sensor: GEMS 3300B06B0A05E000

(range of 0 barabsolut to 6 barabsolut).
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Figure 3.5: Reactor in opened and closed state.

Figure 3.6: Specs. of 3300B06B0A05E000 gas-pressure sensor.
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3.4.3 Plumbing

Outgoing gas-lines connect the reactor to different equipment: fig. 3.7. Gas lines

to the gas analysis and to the vacuum pump are heated to prevent condensation.

Cooling traps and washing flasks are used to collect the condensate.

3.4.4 Gas analysis

The gas composition is quantified with two complementary methods. FTIR is

used to measure all infrared (IR) active gases and GC is used to measure all

permanent gases. The results of the two methods are combined into one table

(fig. 3.8). Depending on expected gas components and their concentration range

the measured results of a method, either FTIR or GC, can be chosen. FTIR results

were compared to the test gas concentrations with the accuracy analysis result of at

least four percent of the measured concentration value (for permanent gases). With

the FTIR it is possible to quantify HF and H2O. GC is calibrated with test gas at

different concentrations and has its benefits at large concentrations of permanent

gases, especially H2, N2 and O2.

Details of our gas-measurement setup and accuracy analysis can be found in the

recent publication by Essl et al. [80].

FTIR

For gas analysis with FTIR we use a Bruker MATRIX-MG01 with a resolution of

0.5 cm−1 and a gas-measurement chamber at a temperature of 190 ◦C. The upstream

gas connection to the reactor is heated to 170 ◦C. Therefore, all IR active gases

that have a condensation temperature below 170 ◦C will stay in gas phase and will

be detected by the FTIR.

GC

For gas analysis with GC we use Agilent microGC 3000 with three columns and

thermal conductivity detector (TCD) detectors: Molsieve (10m x 320µm x 12µm),
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Figure 3.7: Simplified sketch of the whole test stand.

Figure 3.8: Comparison of used GC and FTIR to measure the composition of the ventgas.
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Plot U (8m x 320µm x 30 µm) and OV1 (8m x 150µm x 2,0µm). The GC is

calibrated for: H2, O2, N2, CH4, CO, CO2, C2H6, C2H4 and C2H2.

3.4.5 DAQ system

The data aquisition (DAQ) system is fixed on a mounting plate on top of the blind

flange (fig. 3.5). The short distance between the DAQ system and the electrical

feedthrougs in the blind flange assures good signal quality. The DAQ system consists

of several components from National Instruments. The sampling rate was set to

60 S/s for each channel.

NI cDAQ-9178 8-slot chassis for different I/O Modules. USB 2.0 connection to

the PC with LabView Software.

4 x NI 9212 8 channels for temperature measurements (k-type thermocouples),

build in cold junction compensation, Maximum sampling rate 95 S/s, accuracy

0.29◦C

NI 9208 16 channels for ±20 mA signals, 24 bit resolution, maximum sampling

rate 500 S/s. Used for readout of pressure sensors.

NI 9206 16 differential channels, voltage measurement, Maximum sampling rate

8 kS/s. Used to measure the cell voltage and the voltage of the current-shunt.

NI 9217 4 channels, PT100 RTD or strain gauge analog Input. Measures the

PT100 temperatures. Maximum sampling rate 50 S/s.

3.5 Experiment Sequence

All TR experiments were carried out in a heavy duty test rig (section 3.4). The

experiments were executed with the following base-line steps:

1. Cell is put into the sample holder and mechanically pressurized with 3 kN

2. Sample holder is fixed inside the reactor

3. Reactor is closed

4. Reactor is evacuated

5. Reactor is filled with inert gas (N2) until ambient pressure reached
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6. Gas analysis, check for air leaks with GC

7. All gas-valves are closed. (The reactor is hermetically sealed.)

8. Sample is charged/discharged to either 0%, 30% or 100% SOC (in case of

100% SOC the CC-CV method is used)

9. The data acquisition system is started

10. The cell is heated by the sample holder

11. The heating is manually switched off, when TR of the cell starts. If TR can

not occur (because cell is discharged) then the cell is heated further above

200 ◦C and the hater is switched off between 250 ◦C to 300 ◦C

12. The cell reaches maximal temperature, either by external heating or by

self-heating due to the TR

13. After the heating and TR finishes: wait for 5 min

14. Gas analysis with GC and FTIR

After the experiment the whole reactor is heated from 100 ◦C to 200 ◦C and evac-

uated to 100 mbar to extract the vent-gas and condensate. The removed gas is

guided though a cooling trap and an active carbon filter and exits the vacuum

pump into the fume-hood. The condensate is collected in the cooling trap and

removed after every experiment.

3.6 Analysis Methods

3.6.1 Amount of gas inside the reactor

During the thermal runaway of a cell, gas is released into the sealed reactor. The

amount of produced vent gas is estimated similar to the method described in

section 2.4.

As described in section 2.4 the amount of produced vent gas is calculated with the

ideal gas law

n(t) =
p(t)V

R 〈Tgas(t)〉
(3.1)
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The required pressure is measured with the pressure sensor. The estimation of the

〈Tgas(t)〉 differs slightly from section 2.4: the correction factor cg only corrects the

measured values above 25 ◦C.

〈Tgas(t)〉 = 273.15 + 25 + cg (
1

4

4∑
i=1

T igas(t)− 25) (3.2)

The factor cg compensates the temperature deviations originating from convective

flow between the heated sample holder and the not heated reactor. It is assumed

that the reactor has a temperature of 25◦C. The values of cg typically range between

0.3 for hot-spot experiments with small heaters and 0.8 for heating of the whole

sample holder.

The cg was evaluated for each experiment individually. It is done by observing the

value of n between the start of experiment and the first venting of the cell. At

the beginning of the experiment the reactor and the cell are gas tight sealed. The

heating ramp is started and when the temperature of the cell is high enough, its

seals fail and the cell starts to release gas into the reactor. The amount of gas n

from the start of the heating ramp to the failing of the seals remains constant and

corresponds to (3.1). The value of cg is adjusted, so that the calculated n indeed

stays constant between the start of experiment and the start of gas release.

3.6.2 Amount of released gas

In the thermal runaway experiment the sample holder heats the cell and the cell

releases gas before and after the TR. The sum of the gas releases is the overall

released vent-gas during the experiment:

nV = nV 1 + nV 2 (3.3)

3.6.3 Venting-rate of the gas

The venting rate, or speed of gas release was estimated with the same algorithm as

in section 2.4.
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3.7 Experiments

3.7.1 Experiment T0139

In this experiment the cell was (actually unintentionally) discharged to 0 % SOC

and the heating experiment started with a cell voltage of 3.12 V. The cell was placed

in a sample holder fig. 3.12 and heated with a temperature ramp as described in

section 3.5. The cell was heated for 10 h and up to a maximal cell temperature

of 242 ◦C. Successive current pulses of ±1 A with a duration of 1 s were used to

observe the internal resistance of the cell.

0 s Start of heating ramp

15000 s Average cell temperature 128 ◦C, cell starts to release gas

30000 s Average cell temperature 180 ◦C to 200 ◦C. Cell resistance starts to

increase up to 170 mΩ.

35700 s Experiment is stopped (to prevent damage to the heater elements)

Discussion: An exothermic reaction was not observed. The electrical resistance

increased by three magnitudes. The resistance increase can be explained by different

propositions: (1) evaporation of all electrolyte, thus preventing the ionic transport

or (2) damage to the separator, preventing ionic transport through the separator.

The voltage of the cell started to decrease rapidly at 190 ◦C and the cell deep

discharged to 0.54 V eventually (fig. 3.11).

The cell released 0.41 mol of gas. The cell would probably release additional gas,

if heated further, but the laboratory crew had to stop the experiment because of

late time and concerns about the high temperature of the strip heaters. The gas

composition was measured with the GC (the FTIR was not available) therefore

electrolyte vapour was not quantified.

Visually the cell showed only minor damage (fig. 3.13), but its mass changed by

−15.3 %. The mass reduction was probably caused by evaporation of electrolyte.

The mass fraction is comparable to the amount of electrolyte used for Li-ion cells

(an electrolyte mass fraction of 10% to 16% was found for 18650 cells described in

section 2.1).
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Figure 3.9: Experiment T0139. Plot of all sensor values. The blue curve represents the cell voltage.

The envelope of the cell voltage is proportional to the resistance increase of the cell

as it is cycled with ±1 A pulses. The green line is the absolute gas pressure in the

reactor.
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Figure 3.10: Experiment T0139. Released gas plotted vs. the average cell case temperature.
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Figure 3.11: Experiment T0139. Cell voltage vs. average cell temperature.

Figure 3.12: T0139. (left) Cell placed on the lower part of the sample holder. (right) Cell covered

with a thermal insulation made from mica sheet. Note the protrusions in the mica

sheet for the thermocouples to measure the cell case temperatures at different

positions in a grid pattern.
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Figure 3.13: T0139. (left) Complete test setup. (right) Cell after the experiment.
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Figure 3.14: Experiment T0139. Detected gas components which were released by the cell. Gas

composition was measured only by the GC.
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3.7.2 Experiment T0141

The next experiment was almost a repetition of the previously described T0139.

The difference was, that the cell was properly charged to 30% SOC resulting in

a terminal voltage of 3.67 V at the start of the experiment. The cell was placed

in a sample holder fig. 3.18 and heated with a temperature ramp as described

in section 3.5. Near the end of the experiment at 38 100 s the heater power was

increased to reach higher maximal temperature. The cell was heated for 11 h and

up to a maximal cell temperature of 309 ◦C. As in T0139, current pulses of ±1 A

with a duration of 1 s were used to observe the internal resistance of the cell.

0 s Start of heating ramp

13500 s Average cell temperature 127 ◦C, cell starts to release gas

27000 s Average cell temperature 200 ◦C. Cell resistance starts to increase up to

50 mΩ.

38100 s Increase of heater power to reach higher temperatures

39200 s Experiment is stopped

Discussion: The result of the experiment was very similar to the previous experiment

T0139 with the completely discharged cell. Again, an exothermic reaction was

not observed. The cell showed a slightly different voltage profile upon heating.

The voltage decreased with inflection points at 100 ◦C and 190 ◦C. The voltage

stabilised above 230 ◦C at 3.04 V(fig. 3.17). Again, the electrical resistance increased

by several magnitudes.

The cell released 0.53 mol of gas (fig. 3.16). Again, the cell would probably release

additional gas, if heated further, but unfortunately the crew had to stop the

experiment because of late time. The gas composition was measured with the GC

and FTIR. The amount of electrolyte vapour in the reactor could be measured

(fig. 3.20).

Visually the cell showed only minor damage fig. 3.19, again similar to T0139. The

mass change was not recorded.
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Figure 3.15: Experiment T0141. Plot of all sensor values. The blue curve represents the cell

voltage. The envelope of the cell voltage is proportional to the resistance increase of
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in the reactor.
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Figure 3.16: Experiment T0141. Overall gas release during the TR.
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Figure 3.17: Experiment T0141. Cell voltage vs. average cell temperature.

Figure 3.18: T0141. (left) Cell placed on the lower part of the sample holder. (right) Cell covered

with a thermal insulation made from mica sheet.

Figure 3.19: T0141. (left) Complete test setup. (right) Cell after the experiment.
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Figure 3.20: Experiment T0141. Detected gas components which were released by the cell. Gas

composition was measured by GC and FTIR.

3.7.3 Experiment T0131

The experiment T0131 was the first experiment with a fully charged cell at 100%

SOC and a cell voltage of 4.13 V at the start of the experiment. The cell was placed

in a sample holder fig. 3.27 and heated with a temperature ramp as described in

section 3.5. In contrast to most other experiments ceramic wool was used as a

thermal insulator instead of mica plates. The cell was heated until a TR occurred

after 6.6 h and the cell reached a max cell temperature of 754 ◦C. Again successive

current pulses of ±1 A with a duration of 1 s were applied. Near 18 000 s some fault

currents occurred and the heaters were restarted, causing a slight temperature

drop.

0 s Start of heating ramp

10500 s Average cell temperature 114 ◦C, cell starts to release gas

18000 s Restart of the heaters

23000 s Average cell temperature 200 ◦C. Cell resistance increases up to 1 Ω.

23500 s Cell voltage drops to 1 V (internal short circuit?)
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23638 s Cell voltage drops to 0 V. Pressure starts to rise. Gas temperatures start

to rise. The TR starts.

23640 s Temperature of first cell surface sensor starts to rise rapidly

23643 s Maximal pressure (2.36 bar) and gas temperature (346 ◦C) in the reactor

23644 s The last temperature sensor on the cell surface starts to increase

23660 s Cell surface temperature reaches maximum at 754 ◦C

Discussion: In this experiment the TR of the cell was measured for the first time in

the project SafeBattery. The DAQ and gas analysis could measure the cell surface

temperatures at different locations, the voltage/resistance characteristics, the gas

production and the gas composition (fig. 3.21).

The critical temperature, where the temperature rate of the hottest sensor exceeded

10 ◦C min−1, immediately before the full TR, was at 239 ◦C (fig. 3.23). By the end

of the TR the cell casing reached locally up to 754 ◦C. Cell case temperature sensors

show that the TR propagated through the cell in 7.92 s (fig. 3.22).

The cell voltage dropped and the resistance of the cell increased throughout the

experiment. The resistance of the cell increased sharply before the TR, then the

voltage dropped to 1 V indicating a possible short circuit, before dropping to 0 V

immediately before the TR (fig. 3.26). The cell started to release gas above a

cell case temperature of 114 ◦C and released 0.12 mol before the TR. During the

TR the cell released additional 1.92 mol of gas starting at an average cell case

temperature of 225 ◦C with an rate of 0.9 mol s−1 (22.9 lSATP/s) (figs. 3.24 and 3.25).

The composition of the overall release of gas (2.04 mol) was analysed with GC and

FTIR (fig. 3.29).

Visually the cell showed a high degree of damage: fig. 3.28.
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Figure 3.21: Experiment T0131. Plot of all sensor values. The blue curve represents the cell

voltage. The envelope of the cell voltage is proportional to the resistance increase of

the cell as it is cycled with ±1 A pulses. The green line is the absolute gas pressure

in the reactor.
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Figure 3.22: Same as fig. 3.21, but showing the timespan of the TR

0 100 200 300 400 500 600 700 800

10
−1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

R
a

te
 (

°C
/m

in
)

Cell Temperature (°C)

 

  TK1 ,X: −90 mm
 TK2 ,X: −90 mm
 TK3 ,X: −90 mm
 TK4 ,X: −45 mm
 TK5 ,X: −45 mm
 TK6 ,X: −45 mm
 TK7 ,X: 90 mm
 TK8 ,X: 90 mm
 TK9 ,X: 90 mm
TK10 ,X: 90 mm
TK11 ,X: 90 mm
TK12 ,X: 90 mm
TK14 ,X: −90 mm
TK15 ,X: −90 mm
TK16 ,X: −45 mm
TK17 ,X: −45 mm
TK18 ,X: −45 mm
TK19 ,X: 45 mm
TK20 ,X: 45 mm
TK22 ,X: 90 mm
TK23 ,X: 90 mm
TK24 ,X: 90 mm
114 °C − first venting
225 °C − second venting
239 °C − critical temperature

Figure 3.23: Experiment T0131. Temperature rate plot of the cell cases temperature sensors.
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Figure 3.24: Experiment T0131. Gas release during the TR.
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Figure 3.25: Experiment T0131. Amount of gas vs. average cell case temperature.
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Figure 3.26: Experiment T0131. Cell voltage vs. average cell case temperature.

Figure 3.27: T0131. Thermocouple positions on the lower and upper side of the cell.
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Figure 3.28: T0131. (left) Complete test setup, after the experiment. The sample holder is covered

with particles which were released by the cell during the TR. (right) Damaged cell

after the experiment.
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Figure 3.29: Experiment T0131. Detected gas components which were released by the cell. Gas

composition was measured by both GC and FTIR.

106



3 Results From Project SafeBattery, Part 1: Safety Recommendations

3.7.4 Experiment T0133

T0133 was the second experiment with a fully charged cell: 100% SOC and a cell

voltage of 4.18 V at the start of the experiment. The target of the experiment was

to reproduce the previous experiment T0131. The cell setup was placed in a sample

holder fig. 3.36 and heated with a temperature ramp as described in section 3.5. As

in the previous experiment ceramic wool was used as a thermal insulator instead of

mica plates. The cell was heated until a TR occured after 5.1 h and the cell reached

a max cell temperature of 715 ◦C. Again successive current pulses of ±1 A were

used.

0 s Start of heating ramp

10300 s Average cell temperature 130 ◦C, cell starts to release gas

18000 s Average cell temperature 180 ◦C. Cell resistance increases up to 150 mΩ.

19310 s Cell voltage drops from 4.0 V to 0.6 V (internal short circuit?) One of

the temperature sensors measures an excursion by 30 ◦C for 20 s.

19380 s Cell voltage recovers to 3.6 V.

19397 s Cell voltage drops to 0 V. Gas pressure start to rise. Gas temperature

sensors register start of gas temperature increase. The TR starts.

19400 s Temperature of the first cell case sensors starts to increase

19402 s Maximal pressure (2.6 bar) and gas temperature (487 ◦C) in the reactor

19404 s The last temperature sensor on the cell surface starts to increase

19425 s Cell surface temperature reaches maximum at 715 ◦C

Discussion: In this experiment the TR of a SafeBattery cell was measured for

the second time. The equipment could measure the cell surface temperatures at

different locations, the voltage/resistance characteristics, the gas production and

the gas composition (fig. 3.30).

The critical temperature was at 231 ◦C (fig. 3.32). By the end of the TR the cell

casing reached up to 715 ◦C. Cell case temperature sensors show that the TR

propagated through the cell in 4.28 s (fig. 3.31).

The cell voltage dropped and the resistance of the cell increased throughout the

experiment. In contrast to the previous experiment T0131 the resistance of the cell

did not exceed 150 mΩ, even immediately before the TR. Seconds before the TR

an internal short circuit with voltage drop to 0.6 V was observed. The short circuit
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Figure 3.30: Experiment T0133. Plot of all sensor values. The blue curve represents the cell

voltage. The envelope of the cell voltage is proportional to the resistance increase of

the cell as it is cycled with ±1 A pulses. The green line is the absolute gas pressure

in the reactor.

duration was 70 s and the cell voltage decreased from 4.0 V before the short circuit

to 3.6 V after the short circuit. The short circuit was accompanied by a noticeable

temperature excursion by two temperature sensors. Shortly after recovering the

cell went into a full TR and the voltage dropped to 0 V (fig. 3.35).

The cell started to release gas above a cell case temperature of 130 ◦C and released

0.14 mol before the TR. During the TR the cell released additional 2.17 mol of gas

starting at an average cell case temperature of 212 ◦C with an rate of 0.8 mol s−1

(18.4 lSATP/s) (figs. 3.33 and 3.34). The composition of the overall release of gas

(2.31 mol) was analysed with GC and FTIR (fig. 3.38).

Visually the cell showed a high degree of damage: fig. 3.37, and its mass reduced

by −43.4 %.
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Figure 3.31: Same as fig. 3.30, but showing the timespan of the TR. Note the voltage drop before

the TR, which might have been caused by a short circuit.
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Figure 3.32: Experiment T0133. Temperature rate plot of the cell cases temperature sensors.
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Figure 3.33: Experiment T0133. Main gas release event during the TR.
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Figure 3.34: Experiment T0133. Gas release vs. average cell temperature.
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Figure 3.35: Experiment T0133. Cell voltage vs. average cell temperature.
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Figure 3.36: T0133. Tested cell and the thermocouple positions on the and upper side of the cell.

Figure 3.37: T0133. (left) Complete test setup, after the experiment. The sample holder is covered

with particles which were released by the cell during the TR. (right) Damaged cell

after the experiment.

112



3 Results From Project SafeBattery, Part 1: Safety Recommendations

C2H
2

C2H
4

C2H
6

C4H
10

C6H
10

CH
4

CO
CO

2
D
EC

D
M

CEC
EM

CH
2

H
2O H

F

C3H
8

re
st

0

10

20

30

40

50

0.11

7.88

0.99 1.26 0
3.46

16.61

40.66

2.69
00 0

22.95

7.55

00 0

G
as

co
m

p
os

it
io

n
(v

ol
%

)

Figure 3.38: Experiment T0133. Detected gas components which were released by the cell. Gas

composition was measured by both GC and FTIR.
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3.7.5 Experiment T0140

The intention in T0140 was to measure the temperature inside of the electrode stack

and not only on the outside cell case temperature during TR. Three thermocouples

were prepared: their thick glas-fibre insulation was removed and replaced with

thin Kapton® (Polyimide) tape. The tape was needed to prevent cell internal

short circuit and to prevent leakage current through the thermocouple wire which

would obscure the temperature measurement. Kapton® was chosen because of its

excellent high temperature endurance. It retains reasonable mechanical stability

even when it is heated to 900 ◦C in Ar [108].

The cell was discharged to 0 V and cut open on the sealed seam on the edges of the

cell. Three thermocouples were inserted into the cell stack below the first anode

layer with a distance of 115 mm to each other (fig. 3.39). A few drops of fresh

electrolyte were put into the cell and then the cell was sealed with Kapton® tape

(fig. 3.40). The cell was then put into the reactor and charged to 100% resulting in

a cell voltage of 4.15 V. A temperature ramp was used to bring the cell into TR.

Current pulses of ±1 A were used to observe the internal resistance of the cell.

0 s Start of heating ramp

12000 s Restart of DAQ software.

25000 s Average cell temperature 190 ◦C. Cell resistance starts to increase to

15 mΩ.

26670 s Onset of TR with a temperature rate 12.1 ◦C min−1 near the sensor

TK11 at a sensor temperature of 239 ◦C

26780 s Start of fast TR, temperature increase near adjacent sensors, Average

cell temperature: 214 ◦C, Cell resistance starts to increase to 76 mΩ,

voltage drops to 0 V

26786 s Temperature near the latest sensor starts to rise, gas pressure near

maximum. TR has propagated throughout the cell.

Discussion: In this experiment the TR of a fully charged SafeBattery cell was

measured for the third time. The equipment could measure the cell surface temper-

atures at different locations, the temperature inside the stack at three positions,

the voltage/resistance characteristics, the gas production and the amounts of main

gas components (fig. 3.30).
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The critical temperature, where the temperature rate of the hottest sensor exceeded

10 ◦C min−1, immediately before the full TR, was at 239 ◦C (fig. 3.45). By the end

of the TR the cell casing reached up to 654 ◦C. Cell case temperature sensors show

that the TR propagated through the cell in 4.2 s (fig. 3.31).

The cell voltage dropped and the resistance of the cell increased throughout the

experiment. In contrast to all previous experiments the resistance of the cell did

not exceed 50 mΩ, even immediately before the TR. During the TR the voltage

dropped to 0 V without intermediate voltage plateau as in the T0133 or T0131

which indicated an internal short circuit (fig. 3.47).

The cell started to release gas above a cell case temperature of 100 ◦C and released

0.25 mol before the TR. Note that the cell was manipulated, by cutting open and

by adding foreign electrolyte, therefore the values of first gas release (electrolyte

vapour and decomposition) deviated from previous experiments. During the TR the

cell released additional 1.68 mol of gas starting at an average cell case temperature

of 214 ◦C with an rate of 0.6 mol s−1 (13.8 lSATP/s) (figs. 3.44 and 3.46). The com-

position of the overall release of gas (1.92 mol) was analysed with GC (fig. 3.48).

The experiment shows that inserted thermocouples can be used to measure the

inside temperature during TR. The maximum temperature inside the cell stack

with 821 ◦C was higher than the maximum cell case temperature with 654 ◦C. The

TR started near the centre of the cell and propagated to the edges of the cell.

The difference of the onset times of the inserted sensors are used to calculate

the TR-front propagation speed. The differences were ∆T = 2.0 s, 2.5 s with the

distance of 115 mm between the sensors the propagation results in c‖ = 51 mm s−1

in a preheated cell. Note that the TR started, when the average cell temperature

already reached 214 ◦C. The propagation speed inside such a preheated cell is faster

than in a cell at room temperature, because the material needs less additional heat

to start the local TR reaction.

Visually the cell showed a little less damage than in T0131 and T0133: fig. 3.41,

and its mass reduced by −31.1 %.
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Figure 3.39: Experiment T0140. Cell prepared with internal thermocouples.

Positions of the thermocouples
inside the cell stack

244 mm

115 mm 115 mm

Figure 3.40: Experiment T0140. Sample holder and the cell after the experiment.
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Figure 3.41: T0140. Cell prepared with internal thermocouples.
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Figure 3.42: Experiment T0140. Plot of all sensor values. The blue curve represents the cell

voltage. The envelope of the cell voltage is proportional to the resistance increase of

the cell as it is cycled with ±1A pulses. The green line is the absolute gas pressure

in the reactor. Other: temperature sensors inside the cell.
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Figure 3.43: Experiment T0140. Same as fig. 3.42, but showing the timespan of the TR. Dotted:

inserted temperature sensors. Note that the inserted thermocouple TK20 measured

error-nous values after reaching its peak temperature, probably due insulation

damage.
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Figure 3.48: Experiment T0140. Detected gas components which were released by the cell. Gas

composition was measured only by GC (FTIR was not available).

3.7.6 Summary

Results from the five thermal runaway experiments which were described in sec-

tion 3.7 are compared in several tables (table 3.3, table 3.4, table 3.5). From this

overview the worst case parameters are selected and used as an input for the work-

place safety recommendations in section 3.8. The worst case parameter for fully

charged cells are marked in red and worst case parameter for cells at ≤30 % SOC

are marked in green inside the tables.

The worst case parameter were: the highest cell temperature, the highest amount

of released gas, the lowest temperature when a reaction happened, the highest

amount of released material and highest amounts of toxic/burnable CO and H2.

Note, that the cell in the last experiment (T0140) was treated differently than cells

in previous experiments (opening of the casing, inserted thermocouples, resealing

with polyimide tape). This could have caused less gas release nV and lower maximal

temperature Tmax during its TR in T0140.

121



3 Results From Project SafeBattery, Part 1: Safety Recommendations

Table 3.3: Test conditions and main results. Here SOC∗ is the state of charge, V ∗ is the cell

voltage at the start of the experiment and VTR immediately before the TR (or at the

end of the heating doe T0139 and T0141), TR is yes when a TR occurred, Tcrit is

the temperature of the sensor which was the first to exceed 10 ◦C min−1, Tmax is the

maximal recorded cell surface temperature during the experiment, m∗ and m† are the

cell masses before and after the experiment.

Experiment SOC∗ V ∗ VTR TR Tcrit Tmax m∗ m†

% V V ◦C ◦C g g

T0139 0 3.12 0.54 no — 242 789 668

T0141 30 3.67 3.04 no — 309 871 —

T0131 100 4.13 3.96 yes 239 754 — —

T0133 100 4.18 3.99 yes 231 715 868 491

T0140 100 4.15 3.98 yes 239 654 871 600

Table 3.4: Venting results. Test conditions are same as in table 3.3. Here TV 1 is the average cell

case temperature when first outgasing becomes noticeable, and TV 2 the average cell

case temperature when TR-reactions start to produce nV 2. nv1 is the gas release before

TR, nv2 is the gas release during TR and nv is the overall released gas. ṅV 2 is the

characteristic release rate of the gas during the TR.

Experiment SOC∗ TR TV 1 nV 1 TV 2 nV 2 nV ṅV 2

% ◦C mol ◦C mol mol mol s−1

T0139 0 no 128 0.41 — — 0.41 —

T0141 30 no 127 0.53 — — 0.53 —

T0131 100 yes 114 0.12 225 1.92 2.04 0.9

T0133 100 yes 130 0.14 212 2.17 2.31 0.8

T0140 100 yes — 0.25 214 1.68 1.92 0.6
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Table 3.5: Measured gas composition at the end of each experiment. Test conditions are same as

in table 3.3. The gas composition is given in vol%.

Exp. TR H2 CO2 CO CH4 H2O C2H2 C2H4 C2H6 C4H10 DEC EMC

T0139 no 0.9 52.9 1.9 0.2 — 0 4.5 0.2 — — —

T0141 no 3.9 42 4.5 0.5 15.4 0.1 4 0.3 0 18.2 1.7

T0131 yes 22.3 46.4 14.1 3.2 9.7 0.1 6 1.2 1.3 3.2 1.3

T0133 yes 22.9 40.7 16.6 3.5 7.6 0.1 7.9 1 1.3 2.7 0

T0140 yes 20.5 36.2 11 2.6 — 0.04 2.8 0.6 — — —

Worst case characteristics for the fully charged cells

• critical temperature Tcrit = 231 ◦C

• maximal cell case temperature Tmax = 754 ◦C

• released cell mass ∆m = 377 g

• average cell case temperature when main venting starts TV 2 = 212 ◦C

• overall released amount of gas nV = 2.31 mol

• characteristic gas release rate ṅV 2 = 0.9 mol s−1

• gas composition: as in experiment T0133 with CCO = 16.6 % and CH2 =

22.9 %

• maximal temperature inside the cell Tmax = 821 ◦C

• HF could not be detected

Worst case characteristics for cells with SOC ≤30 %

• no exothermic reactions

• average cell case temperature when cell starts to release gas TV 1 = 114 ◦C

• amount of produce gas if heated up to 309 ◦C: nV = 0.53 mol

• gas composition: as in experiment T0141 with CCO = 4.5 % and CH2 =

3.9 % and high concentration of electrolyte solvents

• HF could not be detected

3.8 Safety Recommendations

This section discusses the safety recommendations based on the five experiments

and on literature.
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3.8.1 Battery fire

Tested cells with SOC ≤30 % show no exothermic reaction when heated up to

309 ◦C. Still, even at 0% SOC the cell has a voltage >0 V and can generate high

short circuit currents which can start a fire. It is recommended to use insulated

tools and to use fuses to prevent external short circuits to the cell.

Fully charged cells experience a TR (exothermic reaction) when overheated. The cell

case reaches temperatures up to 754 ◦C. The cell releases gas (2.31 mol) and particles

with an overall mass of up to 377 g. The released material has a temperature of up

to 821 ◦C (as measured by the inserted thermocouples in T0140). It is likely that

the released heat will ignite nearby burnable material.

Safety measures depend on the size of the device under test (DUT).

• A single cell shows a fast TR reaction: in the presented experiments it took

<8 s to destroy the whole cell and to release the thermal energy. It appears

to be impossible to stop the destruction of the whole cell in the short time

window. Instead, it is recommended to prevent fire spreading from the cell to

neighbouring equipment. Either incombustible material near the cell is used

or tests are done in N2 or Ar atmosphere. Alternatively, hot remains of the

cell and nearby equipment may be cooled by moderate amount of water or

water mist [72].

• Modules with multiple cells need additional attention to safety because the

released heat will accumulate with each cell going into TR. If the initial TR in

the module is caused by overheating of one of the cells, then TR-propagation

from each failed cell to the adjacent cells may occur. The propagation may

be stopped by direct cooling with water [72]. The effectivity of water based

coolants may be increased with surfactants [109].

The run-off water should be treated carefully, especially if only small amounts were

used, because it could contain hydrofluoric acid [110]. Ideally the water should be

neutralised with alkali materials (e.g. with Calcium hydroxide) and the guidelines

from material safety data sheet (MSDS) of HF-solutions should be followed.
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3.8.2 Deflagration of released gas

If the cell releases burnable gas inside an enclosure, LEL may be reached and

deflagration becomes possible. The concentration of vent gas cv inside an enclosure

can be easily calculated with

cv =
nv

ne + nv
(3.4)

here nv is the amount of released gas and ne is the amount of gas in the enclosure

before the TR.

Example: The SafeBattery cell is cycled inside a pressure-tight temperature

chamber with a volume of 360 l at a temperature of 45 ◦C. The chamber is filled

with air. The cell suffers an internal short circuit, transits into a TR and releases

the vent-gas into the chamber (nV = 2.31 mol). Will the resulting gas mixture

exceed the LEL?

The amount of gas inside the chamber before the TR is

ne =
p V

R T
=

100 kPa 0.36 m3

8.314 J mol−1 K−1 (273 K + 45 K)
= 13.6 mol. (3.5)

Then the concentration of vent gas inside the chamber after the TR equals to

cv =
nv

ne + nv
=

2.31 mol

13.6 mol + 2.31 mol
= 7.4% (3.6)

and the resulting cv is slightly above the LEL in table 3.1 and deflagration is

possible.

Three measures to prevent deflagration are recommended:

Use enclosures with high volume so that even if all cells inside the enclosure go

into TR the LEL inside the enclosure is not reached by a safety factor of two

[79].

Fill the enclosure with inert gas such as N2 or Ar to prevent vent-gas combustion.

Monitor the O2 level with an O2-sensor to detect air leaks. Here care must

be taken, if a door is opened and fresh O2 gets access to the potentially fuel
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rich gas inside the enclosure. It is better to flush the enclosure with inert gas,

before opening a door.

Ventilation with high air throughput so that the cv is reduced during the main

exothermic reaction of the cell. To reduce the cv by 50%, the ventilation

throughput needs to be the same as the venting rate of the cell. The cell

used in SafeBattery released up to ṅV 2 = 0.9 mol s−1. This is equivalent to a

ventilation throughput of 22.9 lSATP/s or 83 m3 h−1 .

3.8.3 Overpressure by released gas

If hot gas is released from a cell during a TR into a gas tight confinement (e.g.

closed climate chamber), it will create an overpressure which can damage the

equipment and cause injuries to the personnel (e.g. doors being pushed open by

overpressure).

Example: the cell used in SafeBattery is cycled inside a pressure-tight temperature

chamber with a volume of V = 360 l at a temperature of T1 = 25 ◦C (298 K). The

chamber is filled with N2 to prevent combustion with O2 and is at absolute pressure

of p1 = 100 kPa (in other words, room temperature and room pressure). The cell

suffers an internal short circuit, transits into a TR and releases hot vent-gas into

the chamber (nV = 2.31 mol, TV = 821 ◦C (1094 K), as in the experiment T0133).

What is the maximal gas pressure inside the chamber, immediately after venting?

(For simplicity, additional heat transfer from the cell and released particles is not

considered.)

The amount of gas inside the chamber before the TR is

n1 =
p1 V

R T
=

100 kPa 0.36 m3

8.314 J mol−1 K−1 298 K
= 14.5 mol, (3.7)

at a temperature of T1 = 298 K. Then the amount of gas inside the chamber after

the TR equals to the sum of gas before the TR and the released gas by the cell

n2 = n1 + nV = 14.5 mol + 2.31 mol = 16.8 mol. (3.8)

To simplify the calculation we assume that no heat exchange to the outside

happens, and calculate the mean gas temperature after TR with

T2 =
n1 T1 + nV TV

n2

=
14.5 mol 298 K + 2.31 mol 1094 K

16.8 mol
= 408 K, (3.9)
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Table 3.6: Characteristics of the gas in the enclosure at 400 K and 120 kPaabs. Gas properties

retrieved from NIST Chemistry WebBook [112]. Average calculation is weighted with

n/
∑
n.

n (mol) Cp (J mol−1 K−1) Cv (J mol−1 K−1) γ M (g mol−1)

H2 0.52 29.189 20.873 1.39 2.02

CO2 0.94 41.468 33.057 1.19 44.00

CO 0.38 29.369 21.028 1.39 28.01

CH4 0.08 40.661 32.301 1.26 16.04

H2O 0.18 36.595 27.440 1.33 18.02

C2H4 0.18 53.130 44.705 1.18 28.05

N2 14.5 29.277 20.940 1.40 28.00

weighted average 1.38 27.93

resulting in a gas pressure inside the chamber of

p2 =
n2 R T2

V
=

16.8 mol 8.314 J mol−1 K−1 408 K

0.36 m3 = 158 kPa. (3.10)

This is equal to an overpressure of ∆P = 58 kPa or 0.58% above normal air

pressure. It is likely, that a sealed temperature chamber would not withstand such

an overpressure, and the door would fly open.

It is strongly recommended: Confinements need a venting port to prevent

bursting. The example calculation of the venting port is based on section 2.4.

For a simple specification of the venting port we assume an isentropic flow of

the vent-gas [111]. The gas is released by the failed cell, it mixes with N2 in the

enclosure, then the gas-mix exits through the venting port to the outside of the

enclosure, ideally into a gas extraction pipe. It is assumed that the main obstacle

is the venting port of the battery pack with its limiting cross section A.

To further simplify the estimation only vent-gas components with more than

5 vol% are considered and it is assumed that the gas mixture in the enclosure has a

temperature of Tmix = 800 K. The gas-mix has a mean molmass Ms = 27.93 g mol−1

and the mean isentropic expansion factor γ = 1.38 at a gas-mix temperature

inside the enclosure of Tmix = 400 K (table 3.6). It is assumed that the (absolut)
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burst pressure of the confinement is p0 = 120 kPaabs and the ambient pressure is

pt = 100 kPaabs, meaning pt − p0 = 20 kPa of allowed overpressure caused by the

failed cell during the venting event.

The flow factor Ψ is given by:

Ψ =

√√√√ 2γ2

γ − 1

[(
pt
p0

) 2
γ

−
(
pt
p0

) γ+1
γ

]
= 0.61 (3.11)

With the universal gas constant R = 8.314 mol J−1 s−1 and the characteristic venting

rate of ṅchV 2 = 0.9 mol s−1 the mass flux equation for an isentropic flow gives the

minimal cross section of the vent-port:

A =
ṅchV 2

p0 Ψ

√
γ R Ms Tmix = 139 mm2 (3.12)

and, finally, the diameter of the vent-port:

D =

√
4 A

π
= 13.3 mm (3.13)

This simple calculation shows the main dependencies between the vent-gas temper-

ature, composition and venting rate on the one side and the required size of the

vent port on the other side. For the enclosure configuration of this example it is

recommended to use a venting port with a diameter of at least 13.3 mm. Venting

port diameter for other enclosures with other maximal pressures p0 and volumes V

can be calculated using the equations above. More details for designing overpressure

vents can be found in ISO 4126.

The venting port should lead into the fume hood to reduce hazards of intoxication

and fire. The ventilation system should be Directives for equipment intended for

use in EXplosive ATmospheres (ATEX) certified to prevent deflagration inside the

ventilation.

3.8.4 Toxicity of released vent gas

The gas which is released during overheating and by the TR has toxic components.

In particular released fluorinated gases and CO-gas can be a danger to the per-

sonnel. HF was not detected in the first five experiments (section 3.7) and only
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minimal amounts were detected in the next part (section 4.5). In contrast to HF,

CO was detected in high concentrations by the test-setup. The threshold limit value

(Maximale Arbeitsplatz-Konzentration) (MAK) and LEL values of the main gas

components are summarized in table 3.7. The main risk of intoxication is caused

by CO because of its low MAK and because of its high concentration in the vent-

gas. The MAK value of CO is 30 ppm. The lethal exposure values (taken from the

Gestis database:http://gestis-en.itrust.de/) are 40 000 ppm x 2 min (4 vol% x 2 min),

16 000 ppm x 5 min, 8000 ppm x 10 min, 3000 ppm x 30 min, 1500 ppm x 60 min.

Example: the fully charged cell used in SafeBattery is stored in the laboratory.

The cell suffers an internal short circuit, transits into a TR and releases the

vent-gas into the laboratory (nV = 2.31 mol, CCO = 16.6 %). The laboratory has

a room volume of 40 m2 x 4 m. Will the CO release exceed the MAK levels in the

laboratory? The amount of gas inside the laboratory before the TR is

n =
p V

R T
=

100 kPa 160 m3

8.314 J mol−1 K−1 (25 K + 273 K)
= 6458 mol. (3.14)

The cell releases CO into the room

nCO = CCO nV = 16.6 % 2.31 mol = 0.37 mol. (3.15)

The concentration of the CO in the room is the quotient

CroomCO =
nCO
n

= 57 ppm. (3.16)

Here it is assumed that the CO is distributed homogeneously in the available

room-volume. Even so the CO concentration in the room is well above the MAK

value!

It is recommended to use fixed and wearable gas monitoring and warning

devices. In laboratory of VVR the personnel uses wearable gas monitoring devices

Tango TX1-1 and fixed CO monitoring and alarm system from the company ExTox.

The volume of the room or laboratory should be considered. A bigger laboratory

with a higher room volume dilutes the escaped vent-gas and minimizes the risk

of intoxication. A good laboratory ventilation system with an air exchange rate
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Table 3.7: Electrolyte components and link to Gestis database http://gestis.itrust.de/ or

the MSDS

component MAK LEL CAS number

ppm vol%

CO 30 11.3 630-08-0

CO2 5000 – 124-38-9

H2 – 4.0 1333-74-0

CH4 – 4.4 74-82-8

C2H4 carcinogenic 2.4 74-85-1

C4H10 1000 1.4 106-97-8

C2H6 – 2.4 74-84-0

of at least 10 times the room volume per hour to extract any harmful gases is

recommended.

In SafeBattery cells with ≤30 % SOC released far less CO than charged cells. We

measured max. CCO = 4.5 % in the vent-gas nV = 0.53 mol of a discharged cell

that was heated to 309 ◦C. This would result in a Croom
CO = 3.6 ppm in a room with

160 m3, which is below the MAK value.

3.8.5 Toxicity of electrolyte and electrolyte vapour

When it is necessary to work with leaking cells, it is recommended to either use

respirators which filter organic vapours (e.g. filter 6099 from 3MTM) or to work

inside a fume hood. Eye protection should be used, because on contact electrolyte

components cause serious damage to eyes [87]. Protective gloves should be used, as

described in the MSDS. Additional advises can be found in the publication from

Lebedeva and Boon-Brett [91] and in the MSDS of the electrolyte components

(table 3.8).
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Table 3.8: Electrolyte components and link to Gestis database http://gestis.itrust.de/ or

the MSDS

short long usage CAS

EC ethylene carbonate solvent 96-49-1

PC propylene carbonate solvent 108-32-7

DEC diethyl carbonate solvent 105-58-8

DMC dimethyl carbonate solvent 616-38-6

EMC ethyl methyl carbonate solvent 623-53-0

PS 1,3-Propansulton additive if PC is used 1120-71-4

DTD 1,3,2-Dioxathiolane 2,2-dioxide additive if PC is used 1072-53-3

FEC fluoroethylene carbonate additive 114435-02-8

VC vinylene carbonate additive 872-36-6

3.8.6 Inhalation of released particles

The tested cells in SafeBattery loose up to ∆m = 377 g of material during TR. A

high share of this material consist of electrode particles which are ejected from the

cell to the outside.

As a part of her masterthessis in SafeBattery Gasser [31] analysed the particle size

distribution and the composition of the particles with SEM-EDS. She identified the

following classes of particles AlxOw , NixCoyMnzOw , MnxOw and CxOw . Most of

the particles had a diameter <10 µm and more than the half of the particles were

<2 µm. Particles with <4 µm are treated as alveolene penetrant fraction which can

enter deep into the lungs according to TRGS 900 [100]. Maximal exposure limits

for this size of particles are summarised in table 3.9.

Due the particle content and size, it is highly recommended to use suitable workplace

safety equipment during the work with damaged batteries. It is recommended to use

reusable half face mask with special filters (Respiratory protection: Particle

filter, at least P2, colour code white). The personnel at VVR uses the product

7502 from 3M with a multi-filter 6099 from 3M (Protection type: A2B2E2K2P3).

In addition, one way overalls are used to prevent contamination of clothes by the

particles. Sticky mats are used to remove particles from the soles of the shoes.

The reactor can be cleaned with an ATEX certified industrial vacuum cleaner with

class H filters. Additionally, it is recommended to feed the exhaust of the vacuum
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Table 3.9: Particle composition taken from Gasser [31] and Liao et al. [56] and links to Gestis

database http://gestis.itrust.de/ including the German occupational exposure

limit (TRGS 900) values for the alveolene penetrant fraction

formula source CAS TRGS 900 (mg m−3)

Al2O3 cathode current collector 1344-28-1 1.25

NiO2 cathode active material 12035-36-8 1.25

MnO cathode active material 1344-43-0 0.02

MnO2 cathode active material 1313-13-9 0.02

Mn3O4 cathode active material 1317-35-7 0.02

Co3O4 cathode active material 215-157-2 –

LiF electrolyte salt 7789-24-4 0.2

C anode, conducting black 7782-42-5 1.25

cleaner directly into the ventilation exhaust of the laboratory. The laboratory can

be cleaned with moist cloth.
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4 Results from Project SafeBattery,

Part 2: Hot-Spot Experiments

4.1 Background

Typical Li-ion batteries of electric vehicles (EVs) have a maximal operation tem-

perature of 60 ◦C [113] and specialised Li-ion batteries can be used at 80 ◦C [114]. If

a Li-ion cell reaches temperatures above ca. 80 ◦C the cells start to degenerate and

when it reaches an even higher temperature it may transit into thermal runaway

(TR) [35, 36]. An over-temperature of the cell may be caused by failures inside

the cell or by the neighbourhood of the cell. The most prominent failures inside a

cell are internal short circuits. They can be caused by Li-dendrites, Cu-dendrites,

foreign particles and by mechanical damage to the cell. Over-temperature may be

caused by failures outside of the cell: external fire, overheated or failed adjacent

cells, failed electrical connectors with excessive resistance generating joule heat.

Failing cells release high amounts of heat which in turn may trigger the TR of

adjacent cells [40]. The adjacent cells will generate further heat in their TR-reaction

causing a domino effect of failing cells in an cell stack, the so called thermal runaway

propagation (TP).

Different standards for battery-safety testing are published [115]. To test the re-

silience of battery packs against TP the Global Technical Regulation on Electric

Vehicle Safety (GTR-EVS) is discussed1 at the United Nations Economic Commis-

sion for Europe (UNECE) World Forum for Harmonization of Vehicle Regulations

(WP.29). It contains the testing of TP characteristics and proposes a 5 min warning

time between detection of TR and risk to the car passengers. One central point of

1https://wiki.unece.org/pages/viewpage.action?pageId=3178628
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Figure 4.1: Advantages and disadvantages of different trigger methods. Adapted from [117].

TP testing is the initiation method to trigger the TR of the initial cell which starts

the TP. A similar test standard was recently published by the People’s Republic of

China: GB 38031-2020, Electric vehicles traction battery safety requirements.

Both standard mention different methods to trigger the first cell: by overcharge, by

nail penetration and by overtemperature [116]. Each method has its advantages

and disadvantages such as the need to manipulate the casing of the battery pack

or adding of additional thermal or electrochemical energy to the initial cell or to

the adjacent cells (fig. 4.1).

In this experimental work we focus on triggering the thermal runaway with a hot

spot. The results of the work may be useful in two ways: (first) they can be used

to evaluate the hot-spot method as a standardised trigger method for TP testing

and (second) they may be used to judge if a certain failure mode which creates

a hot-spot is critical to cell safety. Following questions are to be answered: what

are the circumstances (local temperature, heat flow, duration) which trigger a TR?

What are the critical parameter? Does a TR triggered by a hot spot differ from

TR caused with other methods such as overcharge and overheating of the whole cell?

As in the previous chapter several staff members from Virtual Vehicle Research

GmbH (VVR) contributed to this work. René Planteu, Bernhard Rasch, Oliver

Korak and Thomas Humitsch did the experimental work in the laboratory. The

author of this dissertation (Andrey Golubkov) was responsible for the test design,

data analysis (except for the vent-gas analysis with gas chromatography (GC) and

fourier-transform infrared spectroscopy (FTIR)) and wrote the text of this chapter.
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The measurements and documentation of the vent-gas components were done by

Christiane Essl.

4.2 Literature Review

4.2.1 Thermal Runaway Propagation Speed

The TR propagation speed c is the speed of the TR reaction front through a singe

cell or through a stack of cells. If the front moves with a higher speed c, then

the cell is destroyed faster and the heat and gas is released in shorter time. In

a closely stacked module the propagation speed depends on the cells and on the

material which is placed between the cells. Thermally insulating sheets can be used

to prevent or to slow down TR propagation from cell to cell [118].

The measured speed parameter are valuable because they can be used to validate

numerical TR-models. Good TR-models should reproduce the TR-front propagation

inside a cell. There is very little literature on the propagation speed c inside a

Li-ion cell.

Finegan et al. [119] extracted c from in-situ radiographs of a cylindrical 18650-cell

during TR which was caused by an internal short circuit (ISC). The article from

Finegan et al. is the only one which includes both, the in plane speed of c‖ and the

out of plane speed of c⊥ of TR propagation inside a cell. The estimated c‖ ranged

from 200 mm s−1 to 400 mm s−1 and c⊥ ranged from 6 mm s−1 to 8 mm s−1.

Archibald et al. [120] measured TR propagation in a compressed stack of 5 pouch

cells. In their setup the outermost cell was heated until it vent into TR and the

TR propagation to the other side of the cell stack was observed. The whole setup

was in inert atmosphere to prevent effects of fire. Strictly speaking, they measured

the TR propagation of a 5-cell module, but because there were no heat barriers

between the pouch cells and because the casing of poch-cell is only a thin laminate

of plastic and Al-foil, the whole stack can be viewed as one very thick pouch cell.

They found a propagation speed c⊥ of 0.78 mm s−1 to 0.8 mm s−1. The c‖ could not

be estimated with such setup.

The huge anisotropy between c‖ and c⊥ in [119] may be caused by two reasons (1)
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by the anisotropy of the heat conductivity in the wound electrode layers of the

cylindrical cell (jelly-roll) and (2) by the preferred path of the hot-gasses as they

escape from the reaction front inside the cell to the opening (burst plate) of the

cell casing.

The anisotropic heat conductivities λ in a Li-ion cell emerge from the layered

structure of the electrodes. The active electrode material is coated on thin current

collector foils made from aluminum or copper. The metallic foils have a much

higher heat conductivity than the active electrode material, thus λ is much higher

along the plane of the current collectors (in-plane, parallel to the layers, λ‖) in

contrast to through the planes (out-of-plane, perpendicular to the layers, λ⊥) [102,

121]. Published heat conductivities of Li-ion cells are summarized in table 4.1. The

high λ‖ increases the heat transfer (via heat conduction) and promotes the TR

propagation along the electrode stack.

The heat can also be transferred by convection inside the cell. A localized TR

inside a cell will generate hot gases which will flow from the point of generation to

the opening in the cell case. On its way to the opening the gases will exchange heat

with adjacent material. The gas generation and venting can be fast and violent

[119] and the heat exchange along the gas-path may be very effective. The hot

gases may cause very fast TR propagation along the gas-path in the cell.

More literature [13, 122, 123] is available for TR propagation on module level with

metal can cells. Those results are very relevant for EV-applications, but can not

be used to directly estimate c inside a cell (the metallic casing and complicated

internal structure of metal-can cells prevents simplifying a stack of cells as one

large thick cell).

No studies are available on detailed - temporally and spatially resolved - propagation

of the TR-front inside a large Li-ion cells. Experimental data on front-propagation

are important to evaluate numerical TR-models.

4.2.2 Required Heating Conditions for Local Start of a

Thermal Runaway

In many failure cases a cell is subjected to non-uniform over-temperature, such

as by the heating of an adjacent failed cell, by failed electric contacts, by electric
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Table 4.1: Published heat conductivities in Li-ion cells.

λ‖ λ⊥ source

W m−1 K W m−1 K

25.6 0.77 Aiello et al. [121]

– 0.24(3) Gaitonde and Nimmagadda, Amulya Marconnet [106]

– 0.74 to 0.82 Oswald [124]

24.1 1.1 Suresh and Stringfellow [125]

Table 4.2: Published heat TR propagation speeds in Li-ion cells.

c‖ c⊥ level source

mm s−1 mm s−1

200 - 400 6 - 8 cylindrical cell Finegan et al. [119]

– 0.78 to 0.8 pouch module Archibald et al. [120]

arcing or by internal short circuit. Some literature is available for side heating of a

cell (in other words, one flat surface of the cell is uniformly heated).

When the side of the cell is heated slowly (<3 ◦C min−1), then the difference be-

tween side-heating and heating the whole cell can be measured. In our publication

(section 2.4) we report experiments, where a 50 Ah metalcan graphite/LiMn2O4

(LMO) cell was heated on one or two sides with a temperature ramp. In one-side

heating experiments the cell started to self heat >10 ◦C min−1, when the externally

heated side exceeded 281 ◦C. When both sides were heated, the critical temperature

was lower at Tcrit = 246(6) ◦C. (Only group A2 experiment taken into account)

When one side of the cell is brought to high temperature in seconds, then the

time which the cell can sustain at such conditions can be measured. Gao et

al. [122] tested TR-propagation in a stack of prismatic metal-can cells with

graphite/Li(NiMnCo)O2 (NMC) electrodes and a capacity of 37 Ah. In [122, fig.

7] after each subsequent TR the temperature between each failed cell and its yet

fresh adjacent cell reached an intermediate plateau of Tmid = 400 ◦C to 500 ◦C. The

duration of the intermediate plateaus was tmid = 141 s to 376 s. At the end of each

plateau the fresh cell would go into TR as well. Their experiment shows that a fresh

cell can sustain a high side temperature of Tmid for some time ∆t before it transits
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Table 4.3: Sustain capability of high side temperature of Li-ion cells. Here C is the capacity and

E/m the energy density of the cells. Tmid is the intermediate temperature plateau of

one side of a fresh cell in a TR-propagation experiment. tmid is the duration which a

fresh cell can sustain one side at Tmid. The TR starts at Tcrit when the cell is heated

slowly from both sides.

Electrodes casing E/m Tmid tmid Tcrit Tcrit-method src.

– – W h kg−1 ◦C ◦C ◦C

graph./NMC metalcan 165 400 - 500 141 - 376 215 ARC [122]

graph./LCO pouch 177 400 3 - 10 196 5 ◦C min−1 [120]

into rapid TR. The same cell type transits into TR at only Tcrit = 215 ◦C when it

is slowly heated from all sides in accelerated rate calorimetry (ARC) experiments.

Archibald et al. [120] performed a similar TR propagation experiment with a stack

of pouch cells (instead of metal-can cells) with graphite/LiCoO2 (LCO) electrodes

and a capacity of 10 Ah. In [120, fig. 10] they recorded a similar intermediate plateau

at Tmid = 400 ◦C but with a shorter duration of 5 s. In single cell experiments, when

both cell sides were heated with 5 ◦C min−1, the TR occurred already at 185 ◦C to

196 ◦C.

Both results are compared in table 4.3. The temperatures Tmid and Tcrit are similar,

but the tmid is more than 20 times higher for the metal-can cell. This could be

explained by the thicker thermal insulation and heat spreading of the metallic case

compared to the very thin laminated case of a pouch cell.

Some failure cases do not cause over-temperature of a whole cell side but a small

hot-spot on the cell surface (e.g. overheting electric connections, electric arcing).

No studies could be found, which would cover controlled localized heating and TR

of a large Li-ion battery (>10 Ah). Only Zhang et al. [126] briefly mention that

a local temperature of >300 ◦C is required to trigger TR. In many publications

the TR is triggered by nail-penetration or internal short circuit, but then the local

heat generation can not be controlled.
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4.2.3 Gas release from locally overheated cells

Literature review on gas release of Li-ion cells at different state of charge (SOC)

during TR is already included in section 1.7.1. No reports could be found on gas

emission of locally overheated cells. As will be shown later, cells can be locally

overheated without starting a TR, but still causing some gas release of the cell.

No reports could be found on the composition of such gas. A mapping between a

gas-fingerprint and the associated heating type (one side, both sides, local) is also

missing in the literature.

The released gas could serve as early warning of a local overtemperature. If the

gas is detected in a battery pack, the vehicle could switch to an emergency mode

and warn the passenger. It is therefore important to know the gas-fingerprint of

different failure types.

4.2.4 Internal short circuit

Santhanagopalan et al. [127] describe different types of ISC: shorts may occur inside

the stack or at the edges of the stack between electrode active material or the

current collector foils. The outcome of an appearing ISC depends on its resistance.

An ISC with high resistance will only cause limited local heating and continuous

self discharge of the cell while an ISC with low resistance may cause excessive local

heating and may start an TR of the cell [126].

Feng et al. [15] measured temperature response of fresh and dried cell at 100% SOC

in ARC experiments. The dried cell had very low ionic conductivity which pre-

vented high current (and heating) during ISC. The fresh cell contained electrolyte

and high-power-ISC was possible. They compared the temperature rate plots and

calculated that the ISC releases (through joule-heating) 9% of the overall energy

during a TR. Feng et al. state that those 9% are critical, because they are released

in an early stage of heating and lift the temperature into a range where highly

exothermic anode-cathode redox reactions take over and quickly destroy the cell.

Despite the importance of the ISC, only one work was found, where the ISC-current

was actually measured: Koch et al. [128] build a stack of 24 large cells with 43Ah
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each and installed sensors to measure the balancing current between parallel con-

nected cells and initiated a TR on the outermost cell. Up to 80 A of inrush current

into a cell during TR were measured in a 12p2s2 configuration and Koch et al.

calculated internal short circuit resistances of RISC in the range of 20 mΩ to 180 mΩ.

4.3 Experiment Setup

The second experiment series used the same cell type (section 3.3), the same test

stand (section 3.4) and the same experiment sequence (section 3.5).

4.3.1 Updated sample holder

A new sample holder was designed specifically for the size of the tested cell (fig. 4.2).

As before, it consisted of several layers with the addition of an aluminium layer

for better heat spreading. The stack consisted of the following elements, beginning

with the lowest layer: stainless steel plate (10 mm), aluminium plate (10 mm), mica

sheet (1 mm), thermocouples, cell, thermocouples, mica sheet (1 mm), aluminium

plate (10 mm), stainless steel plate (10 mm). The geometry and the dimensions of

the used components are shown the Appendix (page 274).

Another new design element was a hole in the top layers of the sample holder, so

that a hot-spot heater could access the cell surface. The hole could be closed with

a fitting element for experiments without a hot-spot heater.

The stiff outer steel plates were compressed by four springs in order to apply a

uniform force to the layers and to the cell between them. The steel plates were

equipped with large heaters (1000 W for each plate). If necessary, the large heaters

could be activated to heat the whole sample-holder up to max 400 ◦C. The large

heaters were necessary when the cell had to be heated by other means because of

failed hot-spot generator. The role of the aluminium plates was to distribute any

heat from the large heaters to prevent uneven heating.

212 cells connected in parallel and 2 of the 12-cell-compounds connected in series
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Figure 4.2: Updated sample holder.

The function of the mica sheets was to provide some thermal insulation between the

aluminium plates and the cell: At cell temperatures above a critical temperature

exothermic reactions inside the cell start and the cell begins to self heat. Since

the interest in the further development of those exothermic reaction the sample

holder should not act as a heat sink and the exothermic reactions should develop

as adiabatic as possible. To minimise the thermal coupling between the aluminium

plates and the cell an insulation made from mica sheets (λ = 0.23 W m−1 K−1)

with 1 mm was placed between them. The mica sheets also provided channels for

the thermocouple wires which measured the cell surface temperature at different

positions.

141



4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

4.4 Analysis Methods

Methods to calculate the amount of gas and venting rate were already introduced

in section 3.6 and in section 2.4. In this chapter a new method to characterise the

ISC is added.

4.4.1 Internal short circuit current

The current of an ISC inside the cell IISC can not be measured directly. It can only

be measured indirectly by observing its effects on the cell. We use two different

methods to calculate the IISC using a simplified equivalent circuit of the cell: fig. 4.3.

Here UT is the terminal voltage, which can be measured between the positive and

negative tab of the cell, UOCV is the open circuit voltage, which depends on the SOC

of the cell (The dependence is shown in the SOC-open circuit voltage (OCV) curve,

fig. 3.2), Ri is the internal resistance of the cell. In case of an ISC an additional

resistance RISC exists and an internal short circuit current IISC discharges the cell.

For the cell used in Safe Lithium-Based Traction Batteries (SafeBattery), the

UOCV ranges from 3 V to 4.2 V and the Ri at room temperature is assumed with

Ri = 1 mΩ.

UOCV

Ri

+

-

UT UOCV

Ri

RISC

IISC

+

-

UT

Figure 4.3: Electric model of a cell. (left) in normal operation, without an internal short circuit.

(right) with an internal short circuit.
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Delta SOC method

This method derives the IISC from the change of the cell voltage UT . It ignores the

voltage drop caused by the internal resistance of the cell Ri, which can be justified

for small IISC .

In our experiments we record the cell voltage UT , then use it to interpolate the

SOC of the cell from a previously measured SOC-OCV curve (fig. 3.2) (the voltage

drop Ri × IISC is ignored). The current is derived from the time derivative of the

SOC:

IISC = (3600C)
d

dt
SOC(t) (4.1)

Here C is the nominal cell capacity (42 A h). Additionally, a moving average filter

with a time window of 100 s or piecewise linear fitting is applied to the SOC

time-series, to reduce the signal noise before the time derivative is made.

Ri method

For hard ISC with high current IISC the voltage drop Ri× IISC can not be ignored

and UT can not be used to calculate the SOC. Instead, the current is calculated

directly

IISC =
UOCV − UT

Ri

(4.2)

This method is better suitable for ISC with short duration and small SOC change.

4.5 Experiments

An overview of the experiments is given in fig. 4.5. The goal of the experiment

series was to determine the critical amount of heat that is needed to start the TR

when the cell is locally heated at different positions fig. 4.4. The focus was laid on

the following hot-spot positions:

Centre of the cell: in other words, localized heating of the middle of one of the

two large faces of the cell. Here the localized heating represents a failure

case where an internal short circuit would create excessive self-discharge and
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locally restricted joule-heat which could initiate a TR of the whole cell. The

location was chosen because of its approximate rotational symmetry in respect

the Z axis. The symmetry simplifies the interpretation of the experiments.

Negative/ positive tab of the cell: localized heating of one of the two terminals

(tabs) of the cell. Such heating represents a failing electrical connection of the

cell or an error in during the welding of the terminal. In both cases excessive

heat may be injected into the cell via the metallic terminal of the cell.

In addition to the hot-spot heating, one or both pressure plates of the sample

holder could be heated. This was done in some cases, when hot-spot heating failed

to trigger the thermal runaway.

It was found that significantly more local heat input was needed to trigger a TR

than expected: First experiments with the small µ-heater (<200 W) failed to pro-

duce a TR in the centre of the cell (T0146a, T0147a). Instead of TR the µ-heater

created soft internal short circuits, which caused a self discharge of the cells. A

subsequent uniform heating of the discharged cells (T0146, T0147) produced no

TR either. This confirmed the results from previous chapter (chapter 3), showing

again that (fresh, not aged) discharged cells do not exhibit a TR.

It was decided to proceed with tab-heater experiments which used a heater with

higher power (>400 W). Heating the positive tab (electrode) resulted in a TR

(Experiment T0149). Surprisingly, with the same setup, heating the negative tab

failed to start a TR of the whole cell (Experiment T0151).

In the mean time the new medium-heater with higher heating power (>500 W)

was designed. It replaced the underpowered µ-heater. The medium-heater achieved

to start the TR after prolonged heating (T0160) and with assistance of the bottom

heater (T0161). It was decided to increase the electrical power to 900 W (starting

with T0177) and to improve the thermal insulation of the heat conductor to reduce

the heating time (starting with T0178). First TR with short heating time could be

created (T0178). Some technical problems (T0179) with ground fail current had

to be solved. In the final two experiments (T0180 and T0181) the TR could be

started after short heating period and the cells with reproducible results.
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Figure 4.4: Dimensions of the cell and the positions of the heated surfaces in hot-spot tests.
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µ-heater medium heater uniform heatertab heater

T0146a T0146
self-discharge

T0147a T0147
self-discharge

T0149

T0151

T0160

T0161

T0177

T0178

T0179a T0179b T0179

T0180

T0181

T0XXX experiment ID

TR observed

ISC > 100 A estimated

gas composition measured

cycling

Figure 4.5: Overview of experiments in this chapter. Here each number (e.g. T0151) represents

a cell ID. Each yellow hexagon represents an experiment. With some cells several

subsequent experiments were done (e.g. T0146a → T0146). Four different heating

methods were used (µ-heater . . . uniform heater), the methods are described in the

next sections. Some of the experiments ended with the TR of the cell. Sometimes the

TR was accompanied by an ISC. After most experiments the composition of released

gas was measured.
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4.5.1 Uniform heater

Experiment Setup

The experiment setup is similar to uniform heating explained in the previous test

series (section 3.4). The only difference was that a custom sized sample holder with

additional aluminium layers was used (fig. 4.2). Here, the uniform heating was

activated as follow-up experiment, when a TR could not be triggered by a hot-spot.

The cell was heated uniformly from both sides with four heater strips:

Type: OT-1205 HT S 240V1P 500W129760 from Chromalox https://www.

chromalox.com/

Heated cell area: AP = 2× (228 mm× 189 mm) = 862 cm2

Rated power: PR = 4× 500 W = 2000 W at 240 V

Max temperature: 400 ◦C

Here the thermocouple setup of the preceding micro-heater experiments was reused:

22 thermocouples were used on the top and bottom surface of the cell (fig. 4.25).

The hot-spot thermocouples (TK13, TK24) were not reused.

Experiment T0146

This is a follow up to the experiment T0146a (section 4.5.3). In T0146a the TR

could not be started by the hot spot, instead the cell started to discharge slowly.

The self-discharge was caused by the damage from by the micro-heater. The cell

already discharged to 2.85 V when the cell heating was started. During heating it

discharged further. Interestingly the cell voltage recovered to a plateau at 2.5 V

above 80 ◦C. A small exothermic reaction could be seen at 19 000 s when the voltage

dropped from 2 V to 0.5 V (fig. 4.8). A strong exothermic reaction could not be

detected during the uniform heating up to 256 ◦C (fig. 4.6).

Conclusion: The hot-spot attempt created an internal short-circuit with relatively

high resistance. The joule heat from the ISC could not start a TR. Instead the cell

discharged as explained in section 4.5.3. The experiment also shows that at least
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Figure 4.6: Experiment T0146. Full duration of the experiment.

up to 256 ◦C a TR of the discharged cell does not occur.

The cell released 0.44 mol during the experiment (fig. 4.7). The gas composition

was measured with FTIR and GC: fig. 4.9.
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Figure 4.7: Experiment T0146. Gas release by the cell vs. average cell temperature.
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Figure 4.9: Experiment T0146. Detected gas components which were released by the cell. Gas

composition was measured by FTIR and GC.

Experiment T0147

This is again a follow up, this time to experiment T0147a (section 4.5.3). Again, a

TR could not be started by the micro hot spot. After T0147a the cell discharged

in the course of 5 days to a value of 3.18 V. Then the experiment T0147 started

and the cell was heated uniformly. During heating the cell voltage stayed above

3 V until 170 ◦C. Then, the voltage started to drop and stabilized at 0.7 V above

210 ◦C. Above 260 ◦C the voltage dropped to 0 V (fig. 4.12).

Small exothermic reaction were seen when the voltage dropped from 3 V to 0.7 V

at 19 000 s and from 0.7 V to 0 V at 24 000 s. Temperature was held constant after

the cell reached a maximum temperature of 278 ◦C (fig. 4.10). Conclusion: Again,

heating up to 278 ◦C of a discharged cell did not start a TR. The experiment also

shows a voltage plateau with 0.7 V between 170 ◦C and 260 ◦C. Only above 260 ◦C

some effect caused a complete discharge to 0 V. One such effect could be melting

of the separator at 260 ◦C.

The cell released 0.81 mol during the experiment (fig. 4.11). The gas composition

was measured with FTIR and GC: fig. 4.13.
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Figure 4.10: Experiment T0147. Full duration of the experiment.
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Figure 4.11: Experiment T0147. Gas release by the cell vs. average cell temperature.
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Figure 4.12: Experiment T0147. Voltage of the cell vs. average cell temperature.
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Figure 4.13: Experiment T0147. Detected gas components which were released by the cell. Gas

composition was measured by FTIR and GC.
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4.5.2 One sided heater

Experiment Setup

The experiment setup is the same as in uniform heating explained in the previous

section (section 4.5.1) with the difference that not both but only the bottom

plate of the stack was heated. One-sided heating with the bottom plate was

used, when the TR could not be started with a hot-spot heater and when attaching

the heater strips to the top plate was not possible.

Type: OT-1205 HT S 240V1P 500W129760 from Chromalox https://www.

chromalox.com/

Heated cell area: AP = (228 mm× 189 mm) = 431 cm2

Rated power: PR = 2× 500 W = 1000 W at 240 V

Max temperature: 400 ◦C

Experiment T0179

This is a follow up to the experiment T0179b (section 4.5.5) which itself is a follow

up to T0179a (section 4.5.5). In the two preceding experiments the TR could not

be started by the hot spot, although some damage was done to the cell. In T0179,

to finally trigger the TR of the previously tormented cell, it was decided to heat

the whole lower pressure plate. It was also decided not to wait for the next day but

to start immediately after the hot-spot experiment T0179b failed to trigger the

TR; therefore the cell could not self-discharge in the meantime.

Pulses (±1 A) were applied to measure the internal resistance of the cell. Tempera-

tures on the bottom and top side of the cell surface were measured (fig. 4.14). The

heating of the bottom side could start a TR (fig. 4.21).

Discussion: Since the cell was already damaged by the previous attempts to start a

TR this results are not fully representative for a pristine cell. The cell was heated

from below. Immediately before the start of the TR the bottom surface of the cell

had a temperature from 231 ◦C to 257 ◦C while the upper (unheated) surface had a

lower temperature ranging from 189 ◦C to 216 ◦C. Surprisingly, although the lower
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surface was heated and had a higher temperature, the start of TR was detected

on the upper unheated surface, at the outermost temperature sensor TK10. The

TR then propagated on the top layer from the outside to the inside in 3 s and

subsequently from the top layer to the bottom layer in 6 s (fig. 4.16). By the end of

the TR the cell casing reached up to 561 ◦C.

It is unclear why the TR started on the cooler upper side and away from the

hot-spot. One possible explanation is that the upper side was damaged by the

previous hot-spot attempt (T0179a) and that subsequent discharge and charge of

the cell (done between the experiments T0179a and T0179b) produced Li-plating

in this area. Li-plating could have lowered the onset temperature (>11.3 ◦C min−1)

to 214 ◦C.

Another explanation would be a short circuit in the upper layer, but it is unlikely

that a short circuit triggered the TR on the top side: the cell resistance grew to

Ri > 500 mΩ before the TR, therefore even if the resistance of the short circuit

point would have an optimal value of Risc = 0.5 Ω the overall current would be

Iisc = 4 A and the joule heat at the point of short circuit would be only Psc = 8 W.

Such small additional heat is insignificant compared to 1000 W from the bottom

heater.

During heating of the bottom side, the cell started to release gas above an average

cell case temperature of 120 ◦C and released 0.25 mol before the TR. During the

TR the cell released additional 1.41 mol of gas starting at an average cell case tem-

perature of 220 ◦C with a characteristic rate of 0.5 mol s−1 (11.3 lSATP/s) (figs. 4.18

and 4.19). The vent-gas composition was measured after the TR ( fig. 4.20). Note

that in this experiment a small amount of HF with a concentration of 40 ppm was

detected.

0 s Start of heating

10000 s Avg. cell temperature 167 ◦C, cell resistance starts to increase (envelope

of the cell voltage starts to expand)

10900 s Avg. cell temperature 180 ◦C, cell resistance increases beyond 0.5 Ω. Cycler

is switched off because maximal voltage limit is reached during a charge pulse.

13565 s Avg. cell temperature 220 ◦C, voltage drops from 3.8 V to 0 V.

13566 s Outermost sensors (TK10, TK9) on the top side of the cell, starting at

temperatures between 203 ◦C and 223 ◦C start to increase rapidly. TR starts.
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Figure 4.14: T0179. Positions of the thermocouples on the cell surface. The hot spot was not

switched on here.

13567 s TR has propagated through the upper layer.

13573 s TR has propagated from the top layer to the bottom layer. Pressure and

gas-temperature in the reactor reach their maximum values.
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Figure 4.15: T0179. Full duration of the experiment. Note the two distinct temperature strains

for the lower (heated) and upper (not heated) cell surface. Other: temperature inside

the heat conductor of the hot-spot (not activated).

13550 13555 13560 13565 13570 13575 13580 13585 13590
0

100

200

300

400

500

600

Time (s)

T
e
m

p
e
ra

tu
re

 (
°C

)

 

 
 TK1, D: 8 mm
 TK2, D: 13 mm
 TK3, D: 22 mm
 TK4, D: 31 mm
 TK5, D: 41 mm
 TK7, D: 80 mm
 TK8, D: 100 mm
 TK9, D: 70 mm
TK10, D: 90 mm
TK11, D: 10 mm
TK12, D: 11 mm
TK13, D: 16 mm
TK15, D: 15 mm
TK16, D: 16 mm
TK17, D: 21 mm
TK18, D: 20 mm
TK19, D: 20 mm
TK21, D: 40 mm
TK22, D: 50 mm
sample holder
reactor gas
other
120°C − first venting
176°C − max. reactor−gas
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upper (not heated) cell surface. Other: temperature inside the heat conductor of the

hot-spot (not activated).
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Figure 4.17: Experiment T0179, time duration of TR.
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Figure 4.18: Experiment T0179, Gas release by the cell vs. average cell case temperature.
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Figure 4.19: Experiment T0179, Gas release by the cell vs. time.
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Figure 4.20: Experiment T0179. Detected gas components which were released by the cell. Gas

composition was measured by FTIR and GC.
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Figure 4.21: Experiment T0179, cell after TR experiment.

4.5.3 Hot spot, micro heater

Experiment Setup

In this setup the cell was heated by a small hot-spot located in the centre of the

large upper surface of the cell. To access this area the upper steel plate, aluminium

plate and mica sheet had an opening (25 mm × 25 mm) made so that the micro

heaters had access to the cell surface. The micro-heater elements were attached to a

lever and the lever was pressed to the surface of the cell by small springs (figs. 4.22

to 4.24).

The heater consisted of three micro-heater elements which were electrically con-

nected in parallel. Heater parameter are:

Type: FLE 100 576 from Bach RC https://www.bachrc.de/

Heated cell area: AH = 3× (3 mm× 7 mm) = 27 mm2

Rated power: PR = 3× 30.8 W = 92.4 W at 24 V

Max temperature: 500◦C

An overall number of 24 thermocouples were used on the top and bottom surface

of the cell and two thermocouples (TK13, TK24) were placed between the heater

and the cell (fig. 4.25).
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Figure 4.22: Fully assembled sample holder used for hot-spot micro-heater experiments. Cell in

blue. Aluminium plates in light grey, steel plates in dark gray.

Figure 4.23: Details of the micro-heater elements.
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Figure 4.24: Foto of a typical test setup with the hot-spot micro-heater.
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heater experiments.
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Experiment T0146a

In T0146a a hot-spot experiment was done but the local heating of the cell did not

trigger a TR. The surrounding cell material was heated to a maximum temperature

of 84 ◦C (figs. 4.26 and 4.27). One working thermocouple (TK13) measured the

temperature directly between the heater and the cell but the measured values

fluctuated and were not reliable (probably because voltage from the heater was

picked up by the thermocouple). The cell surface temperature directly below the

heater (at 1800 s) is estimated as 550 ◦C (fig. 4.28). The direct power measurement

of the hot spot heater failed, instead measurements with a multimeter were taken

in even intervals. From the multimeter measurements the mean heater-power was

estimated as 50 W. After a heating duration of 1525 s the heater failed and the

experiment was stopped.

Discussion: The cell released a small amount of gas, 0.02 mol during the experiment

(fig. 4.29). The gas composition was not measured.

Examination of the cell after the experiment revealed a hole in the cell that was

caused by the heater. At least three electrode layers were damaged (fig. 4.32). The

damage resulted in a slow self discharge of the cell: after the experiment the voltage

decreased from 4.17 V to 2.8 V in 18 hours. During the actual hot-spot experiment

the voltage dropped to 4.07 V (fig. 4.30). The derived average self discharge current

was ISC = 4 A (fig. 4.31) and a resistance of the short circuit of RSC = U
ISC

= 1.02 Ω.

Such a short circuit generates Joule-heat with PSC = 16 W.

The experiment shows that event strong (fig. 4.33) damage to the cell does not

necessarily trigger a TR or a hard ISC.
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Figure 4.28: T0146a, all sensors. Other: temperature measurement of the thermocouple TK13

which was sandwiched between the micro-heater and the cell surface.
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Figure 4.29: T0146a, gas release by the cell during the micro hot-spot experiment
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Figure 4.30: T0146a, voltage of the cell during the micro hot-spot experiment. Note that the
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165



4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

0 500 1000 1500 2000 2500 3000 3500 4000 4500
0

1

2

3

4

5

6

7

Time (s)

V
o
lt
a
g
e
 (

V
)/

 C
u
rr

e
n
t 
(A

)

 

 

current
cell voltage x 1
mooving average filter x 1

Figure 4.31: T0146a, Voltage and the derived self discharge current of the cell. The current is

calculated for the later part of the experiment, where the voltage measurement had

no fluctuations.

Figure 4.32: T0146a, cell sample after the failed attempt to trigger a TR with the micro heater.

The heating caused a hole of the upper layers and the self-discharge of the cell.
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Figure 4.33: T0146a. The upper cell layers after the hot-spot experiment. The heater melted a

hole through the first cathode layer (Cu current collector foil) and through the first

anode layer (Al current-collector foil). Note the circular feature of the following less

damaged layers.
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Experiment T0147a

In experiment T0147a the same setup as in T0146a was used. More Kapton tape

was put around the micro-heater to prevent failing of the device and to minimize

the influence to the thermocouples. The micro-heater was ramped up slowly, then -

after it became evident that the TR could not be started event with the maximal

rated power of the heater - the heater was intentionally overloaded and kept at high

power with 200 W at average. At the heated point, directly below the heater device

the cell surface reached temperatures up to 550 ◦C for a short time. During the

experiment the hot-spot reached an equilibrium temperature of 460 ◦C (figs. 4.34

and 4.35). Other cell surface temperatures in the vicinity of the hot-spot increased

very slowly up to 140 ◦C with a temperature ramp of approximately 10 ◦C h−1.

The temperature distribution of the cell slowly converged to a steady state with a

balance of injected heat-flow by the micro-heater and the heat drain to the cooler

sample holder and reactor components without any incline to transit into a TR.

Discussion: the cell was heated with a higher power than T0146a and therefore

released a higher amount of gas (0.26 mol) during the experiment (fig. 4.36). The

gas composition was not measured.

Examination of the cell after the experiment revealed a very pronounced hole

that was caused by the heater. The cell was perforated up to the first anode layer

exposing the copper foil (anode current collector). It is possible that further three

layers below the heater were damaged. (fig. 4.38). Again, the damage resulted in

a slow self discharge of the cell: the voltage decreased from 4.01 V to 3.17 V in

5 days. During the actual hot-spot experiment the voltage dropped from 4.17 V to

4.01 V (fig. 4.37). A discharge current of IISC = 3 A (fig. 4.39) and a resistance

of the short circuit of RISC = UOCV
IISC

= 1.34 Ω was calculated. Such a short circuit

generates Joule heat with PSC = 12 W.

The experiment shows again that even strong damage to the cell does not necessarily

trigger a TR or a hard ISC. The cell temperature at the hot spot reached values

that should start an exothermic TR reaction, but the size and heating power of the

small heated area were apparently not sufficient to spread the chemical reaction

beyond the perimeter of the hot-spot.
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Figure 4.34: T0147a. Power of the heater element and temperatures on the cell surface at different

distances to the hot-spot. Highest temperatures were measured by TK13 and TK24

which were located between the micro heater and the cell surface. Second highest

temperatures were measured by TK20 and TK17.
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were sandwiched between the micro-heater and the cell surface (TK13 and TK24).

−1.22

0

1.22

2.44

3.66

4.88

6.1

7.32

8.54

A
m

o
u
n
t 
o
f 
g
a
s
 (

lit
e
r,

 S
A

T
P

)

0 2000 4000 6000 8000 10000 12000 14000
0

0.05

0.1

0.15

0.2

0.25

A
m

o
u
n
t 
o
f 
g
a
s
 (

m
o
l)

Time (s)

0.26 mol

Figure 4.36: T0147a, gas release of the cell during the micro hot-spot experiment.
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Figure 4.37: T0147a, voltage of the cell during the micro hot-spot experiment. Note that the

damage causes a self discharge of the cell and a voltage drop from 4.17 V to 4.01 V

in 12 000 s. The outliers were caused by measurement errors.

Figure 4.38: T0146a, cell sample after the failed attempt to trigger a TR with the micro heater.

The heating resulted in a hole of the upper layers of the cell and in self discharge of

the cell.
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Figure 4.39: T0147a, Voltage and the derived self discharge current of the cell. The current is

calculated for the part of the experiment where voltage had no fluctuations.

4.5.4 Hot spot, tab heater

Experiment Setup

Here the cell was sandwiched inside the stack as described above. The opening

(25 mm× 25 mm) was closed with a fitting part and the cell was heated at one of

the tabs. The tabs are the terminals, which are used as the high current electrical

connections of the cell (fig. 4.40). The motivation of this test was to simulate a

faulty electrical connection with high resistance, which would heat the cell through

the tab (fig. 4.41).

The tab was clamped together with a heating element (and a copper plate for

improved lateral heat transfer) between two small insulated steel plates. The heater

injected heat into the attached tab and into adjacent region of the cell stack

(fig. 4.42). Either the positive tab or the negative tab could be connected to the

heater.

The tabs (terminals) of the cell were very short, with a length of approximately
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negative tab
(positive terminal)

positive tab
(negative terminal)

Figure 4.40: Cell with highlighted tab areas which could be heated.

only 5 mm. This decreased the contact area to about 175 mm2. Heater parameter

were:

Type: FLE 100 638 from Bach RC https://www.bachrc.de/

Heated tab area: AH = (5 mm× 35 mm) = 175 mm2

Rated power: PR = 900 W at 230 V

Max temperature: 1000 ◦C (for the heated part) 500 ◦C for electrical connectors
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Figure 4.41: Sample holder used for tab heating experiments.

Figure 4.42: Detail of the tab heater. The black part is the heat generating ceramic element. The

blue part is the cell.
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Experiment T0149

In T0149 the positive tab of the cell was heated. Temperatures were measured on

cell surface and at the heated tab (fig. 4.43). The cell transited into a TR after it

was heated for 186 s with a heating power of 448 W (fig. 4.44). The heater injected

a heat of 83 kJ into the tab. This is equivalent to 23 W h or to 15% of the stored cell

energy. Two thermocouples (TK23, TK24) were clamped between the heater and

the tab and could measure the tab temperature throughput the experiment. The

TR originated directly at the positive tab and propagated throughout the cell in

14.5 s (fig. 4.52). The cell released 2.39 mol with an rate of 0.3 mol s−1 (6.4 lSATP/s)

during the experiment (fig. 4.49). The vent-gas composition was measured after

the TR: fig. 4.51. Following events could be identified (fig. 4.45):

491 s Start of the tab heating.

630 s Maximum tab temperature at 432 ◦C caused by heating by the hot-spot

device. Cell voltage starts to decrease, probably because of an ISC. The

voltage decreases from 4.16 V to about 3.6 V.

635 s Maximum tab temperature at 453 ◦C caused by combined heating by the

hot-spot device and the joule heat from ISC. Cell voltage recovers by 23 mV.

Gas pressure and gas temperature in the reactor starts to rise because the

cell starts to release hot gas into the reactor. Cell case temperatures at the

measurement points adjacent to the positive tab start to rise. The TR starts.

651 s Tab at 453 ◦C. Maximum overpressure inside the reactor.Temperatures of

cell case sensors at most remote locations from the positive tab starts to rise.

Cell voltage is at 0 V. The TR has propagated throughout the cell.

Discussion: The TR can be initiated by tab heating. It is surprising, that - immedi-

ately before the start of TR - the temperature gradient between the heated tab at

430 ◦C and the adjacent cell case temperature-sensor (TK20) at 44 ◦C is very high

with ∆T of 385 ◦C. Although the sensor was quite close (66 mm) to the hot spot,

it could not detect an out-of-specification over-temperature and it could not sense

the imminent start of the TR (fig. 4.48). In a real battery pack it would mean that

a hot spot can only be detected when a temperature sensor happens to be placed

directly in its vicinity. It would be unpractical to place temperature sensors all

over the battery pack, at each point of a potential hot-spot. Therefore, hot spots
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should be detected by other means than by individual temperature sensors.

It is also surprising, that the highest cell case temperature 658 ◦C was not reached

near the position of the hot-spot, but further away on the other side of the cell (by

TK13).

An ISC before the rapid TR started at 630 s was unlikely, because the voltage

did not change from the start of experiment (4.1684 V) to the point immediately

before TR (4.1662 V). On the other hand, from 630 s to 635 s the measured voltage

dropped from 4.16 V to 3.6 V and the temperature of the tabs increased from

432 ◦C to 455 ◦C. The voltage drop and the temperature increase in this 5 s-interval

could be caused by an ISC. The current of the ISC can be estimated from the

voltage decrease. The Delta SOC method (section 4.4.1) gives an unrealistically

high current of more than 20 kA. Instead, the Ri method is used (section 4.4.1). The

ISC current is calculated with IISC = ∆U/Ri = 560 A which seem more reasonable

(fig. 4.50). The associated heat release at the point of the ISC is

EISC = ∆t IISCUT = 5 s× 560 A× 3.6 V = 10 kJ (4.3)

If we further assume that this energy was released in the vicinity of the tab (30%

of the cell), the local temperature increase can be calculated with

∆T =
EISC

30 %M Cp
= 38 ◦C (4.4)

using the cell mass M = 0.87 kg and the specific heat capacity which is assumed

as Cp = 1000 J kg−1. The resulting ∆T = 38 ◦C is comparable to the measured

temperature increase of the tab between 630 s to 635 s with ∆Ttab = 455 ◦C −
432 ◦C = 23 ◦C. The temperature calculation justifies the overall assumptions and

the ISC current of approximately IISC = 560 A.

The additional temperature input of ∆T = 38 ◦C may have triggered the rapid TR

at 635 s.

The cell released 0.02 mol before the TR and additional 2.38 mol of gas during the

TR with a rate of 0.3 mol s−1 (6.4 lSATP/s) (fig. 4.49). The vent-gas composition

was measured with the GC and FTIR (fig. 4.51).
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Figure 4.44: T0149. Power of the heater element and temperatures on the cell surface at different

distances to the positive tab. Temperatures are color-coded according to the distance

from the hot spot.

177



4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

0 200 400 600 800 1000 1200 1400 1600 1800
0

100

200

300

400

500

600

700

Time (s)

T
e
m

p
e
ra

tu
re

 (
°C

) 
/ 
V

o
lt
a
g
e
 (

V
) 

/ 
P

re
s
s
u
re

 (
b
a
r 

a
b
s
)

 

 

Voltage x 100
cell surface
sample holder
reactor gas
other
Reactor Pressure x 100
266°C − max. reactor−gas

Figure 4.45: T0149. All sensors values. Whole experiment duration. Other are the two temperature

sensors (TK23, TK24) clamped between the heater and the positive cell tab.
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Figure 4.46: T0149. All sensors values. Time span of the TR. Other are the two temperature

sensors (TK23, TK24) clamped between the heater and the positive cell tab.
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tab. Time span of the TR. Other are the two temperature sensors (TK23, TK24)

clamped between the heater and the positive cell tab.
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Figure 4.48: T0149. Placement of the ceramic heater (black part) and the adjacent cell case

sensors. The two nearest cell case sensors (TK10 and TK11) were placed 66 mm

away from the heated area. The cell itself is not shown here, it is placed later on top

of the shown components.
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Figure 4.49: T0149. Gas release by the cell.
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Figure 4.50: T0149. Voltage of the cell and ISC of the cell.
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Figure 4.51: Experiment T0149. Detected gas components which were released by the cell. Gas

composition was measured by FTIR and GC.

Figure 4.52: T0149. The cell after TR. Note the wrinkles that originate at the hot spot device on

the tab. Note also that the cell reached its highest temperature on the remote side

further away from the hot-spot. The square in the middle is only an impression from

the imperfect filling of the hole for the central heater.
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Experiment T0151

In T0151 the negative tab of the cell was heated (fig. 4.43). Unfortunately there were

several issues with this experiment. After discharge, the cell could only be charged

to 18.2 A h instead of to the full capacity of 42 A h (figs. 4.54 and 4.55) although

the voltage of 4.2 V was set correctly in the constant-voltage phase. During the TR

experiment setting the heater above 80% of power caused several electric faults

which triggered the circuit breaker of the supply. The negative tab was heated up

to 750 ◦C in a period of 6 hours without causing a TR (fig. 4.57). The adjacent cell

case temperatures (at TK10, TK20) reached a maximum of 199 ◦C. The average

heating power was 567 W (fig. 4.57). The cell voltage started at 4.17 V and slowly

discharged to 4.08 V (fig. 4.59).

Conclusion: It is unclear, why the cell could not be fully charged. Temperatures of

the tab were nominal during the charging process.

The TR could not be triggered. Possible causes for failing to trigger the TR are:

the cell was degraded and stored only 42% of nominal capacity, or the interface

between heater and tab was not sufficient, or the material in the vicinity of the tab

was degraded during the extended heating and could not perform the exothermic

TR-reaction.

The cell released 0.7 mol of vent-gas during the experiment (fig. 4.58). The vent-gas

composition was measured with the GC (fig. 4.62). The gas-composition fingerprint

has a higher resemblance to the vent-gas released by a TR (e.g. to fig. 4.51) than

to the gas released from a completely discharged cell (e.g. to fig. 4.9). Therefore,

the gas producing chemical reactions must have been similar to the reaction in full

TR, but only a fraction of the cell was affected, as only 0.7 mol was released (in

contrast, a full TR of a cell e.g. T0149 produced 2.39 mol).

Pulses with ±1 A were applied and the measured resistance Ri of the cell increased

from 1 mΩ to 2.5 mΩ by the end of the experiment. The voltage of the cell decreased

and the associated average self discharge of the cell was estimated with Delta SOC

method (section 4.4.1) to IISC = 0.5 A (fig. 4.60).

After the experiment the cell was deep discharged, dismantled and the heated area

at the negative tab was inspected. The cell showed heavy damage with a radius of

about 70 mm around the heated spot (fig. 4.61).
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Figure 4.53: T0149. Positions of the thermocouples.
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Figure 4.57: T0151. All sensors values. Whole experiment duration. Other is the one working
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cell tab.
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Figure 4.58: T0151. Gas release by the cell.
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Figure 4.59: T0151. Voltage of the cell.
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Figure 4.60: T0151. Voltage and the internal short circuit current IISC of the cell.
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Figure 4.61: T0151. (left) Cell after the experiment. (right) details of the area near the heated

tab in the dismantled cell.
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Figure 4.62: Experiment T0151. Detected gas components which were released by the cell. Gas

composition was measured by GC.
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4.5.5 Hot spot, medium heater

Experiment Setup

This setup is comparable to the micro-heater setup described in a previous section

(section 4.5.3). As above, the cell is sandwiched inside the sample holder stack and

the centre of the cell is accessed though a cut-out in the upper plates. In contrast

to the micro-heater setup the medium-heater has a much higher power. Since the

larger heater does not fit into the cut-out, a heat conductor transfers the heat from

the ceramic heater to the surface of the cell (fig. 4.63). The contact area between

the heat conductor and the cell is AH = 19 mm× 19 mm = 361 mm2. Copper (99%,

E-Cu, 2.0060) was chosen as the material for the heat conductor, because of its

superior heat conductivity (388 W m−1 K−1 at 20 ◦C). In later experiments the sides

of the conductor and the upper side of the heater were covered with mica sheets to

prevent heat loss to the ambient.

Thermocouples were put into the heat conductor in known positions with the inten-

tion to calculate the heat flow inside the conductor from ∆T of the thermocouples

(fig. 4.64). The heat flow could not be calculated, because the thermocouples were

not sufficiently accurate and because ∆T was to small.

Heater parameter are:

Type: FLE 100 638 from Bach RC https://www.bachrc.de/

Heated cell area: AH = (19 mm× 19 mm) = 361 mm2

Rated power: PR = 900 W at 230 V

Max temperature: 1000 ◦C (for the heated part) 500 ◦C for electrical connectors

Later the single heater was changed to three smaller with heaters which were

connected in parallel:

Type: GLZ 100 058 from Bach RC https://www.bachrc.de/

Heated cell area: AH = (19 mm× 19 mm) = 361 mm2

Rated power: PR = 3× 270 W · · · 330 W = 810 W · · · 990 W at 230 V

Max temperature: 1000 ◦C (for the heated part) 500 ◦C for electrical connectors

188

https://www.bachrc.de/
https://www.bachrc.de/


4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

Figure 4.63: Sample holder used for hot-spot medium-heater experiments.

In the experiments with the medium-heater setup different thermocouple arrange-

ments on the top and bottom of the cell were used. The positions are described in

the descriptions of the individual experiments.
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Figure 4.64: Detail of heat conductor.

Experiment T0160

In this experiment the thermocouples were distributed in a grid pattern with two

extra thermocouples on the cell surface near the hot spot (fig. 4.65). The heating

with the medium heater produced a TR of the cell. This experiment had two

phases.

In the first phase the heater was set to 70% power. The heat conductor reached

600 ◦C and the cell case temperature adjacent to the hot spot reached a maximum

of 250 ◦C and did not increase further. Then the heater was switched off and the

cell was let to cool down (fig. 4.67).

In the second phase the heater was set to full power (electric consumption of

the heater element: 561 W) and caused a TR after a heating duration of 4030 s

and reaching a heat conductor temperature of 763 ◦C (fig. 4.66). The cell reached

a maximum cell case temperature of 675 ◦C. During the TR the heat conductor

perforated several layers of the cell (fig. 4.75). Following events could be identified

in the second phase (fig. 4.67, fig. 4.68 and fig. 4.70) at the timestamps:

6880 s Heater set to 100% power

7500 s Heater temperature reaches a plateau at 763 ◦C. Cell voltage starts to

decrease with 25 mV min−1.
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8000 s Most adjacent cell case temperature sensors (TK24, TK25) to the hot

spot reach 300 ◦C. Some temperature fluctuation of unknown origin. Further

temperature increase with 1 ◦C min−1.

10650 s More temperature fluctuations near the hot spot.

10807 s Cell temperatures near the hot spot (TK24) reach 400 ◦C. Start of TR in

a circle with a radius of 55 mm around the heater on the upper layer of the

cell. Venting of the cell starts (increase of gas pressure and gas temperature

inside the reactor)

10810 s TR has propagated through the upper layer of the cell. (All sensors on

the upper side of the cell case above 400 ◦C)

10818 s TR has propagated from the upper layer to the lower layer of the cell.

(All sensors on the lower side of the cell case above 400 ◦C) Maximum of gas

pressure and gas temperature in the reactor.

Discussion: The experiment finally shows that the TR can be started by sufficient

heating of small area on a cell surface. The high amount of temperature sensors

made it possible to track the propagation of the TR throughout the cell. The

cell was heated at the centre of its top side on the large face. The heat spread

through the cell from the heat injection (interface to the heat-conductor) to the

heat sinks. The heat sinks were the upper and the lower pressure plate with their

high heat capacities and their high areas accessible to convective cooling. The heat

flow created temperature gradients along the cell. The most intriguing temperature

gradient spanned in two dimensions along the top layer of the cell. Before the TR it

was governed by a combined effect of heat spread in-plane (in the x-y plane) along

the layers of the pouch cell and the cooling by the pressure plates. During the TR,

exothermic reactions in the cell freed significant amount of additional heat.

To simplify the discussion from now on it is assumed that the temperature is

rotationally invariant to the out-of-plane axis (z axis), with the axis origin at the

hot spot.

The evolution of the temperature gradient in the upper layer of the cell is shown

in a rainbow plot: fig. 4.70. Immediately before the TR the temperature has a

maximum near the heater at 380 ◦C and falls of to 120 ◦C with increasing distance

to the heater. The whole bottom layer of the cell has a homogeneous temperature

of only 90 ◦C.
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When the TR starts the first exothermic reaction happens in the area directly

adjacent to the heater (fig. 4.69). It releases a small amount of heat causing a

temperature increase by 25 ◦C every second. This relatively small heat release seems

to trigger the main exothermic reaction which surprisingly starts at some distance

from the heater. The main reaction starts on the upper layer of the cell along a

ring with a radius of 55 mm centred at the heat conductor. Along this starting

ring the temperature increases with up to 200 ◦C s−1. The TR propagates further

inside the upper layer from the ring to the edges of the cell and then through the

electrode layers from top to bottom throughout the cell. The duration of the out-of

plane propagation from top to bottom throughout the cell is 8 s.

At the end of the TR - before the cell starts to cool down - the upper layer reaches

a maximum of 553 ◦C near the centre and 648 ◦C along the ring. The bottom layer

reaches a more uniform temperature between 500 ◦C to 600 ◦C.

Near the heater the main exothermic TR reaction caused a temperature increase by

only 173 K and by a much more significant 528 K along the ring (55 mm away from

the heater) as shown in (fig. 4.70). This means that the material located inside the

ring in the upper layers released less heat. The volume in the circle in the upper

layers is therefore named inert zone.

The photo fig. 4.75 of the upper side of the cell after TR shows the highest damage

outside of the ring and less damage near the heater. It confirms that the TR caused

a maximum surface temperature far from the heater.

Pulses with ±1 A were applied to measure the internal resistance Ri. Probably

due to bad electric contacts a high resistance was measured with Ri = 5.5 mΩ

at the start of experiment. Before the TR the measured resistance decreased to

Ri = 3.5 mΩ. The self discharge of the cell was estimated with Delta SOC method

(section 4.4.1). Immediately before TR the self discharge transformed to a short

circuit current with approximately IISC = 100 A (fig. 4.72).

The cell released 2.72 mol with a rate of 0.5 mol s−1 (11.4 lSATP/s) during the exper-

iment (fig. 4.71). The vent-gas composition was measured after the TR (fig. 4.73).

The composition was similar to gas release from uniformly heated cells (e.g. T0133:

section 3.7.4). This means that the exothermic TR reactions caused by hot-spot

heating and uniform heating were similar.
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Time span of the TR. Two cell surface sensor groups are distinguishable: top (start
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the heat conductor.
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Figure 4.73: Experiment T0160. Detected gas components which were released by the cell. Gas

composition was measured by FTIR and GC.

Figure 4.74: T0160. Cell after the TR experiment. The heat conductor perforated several layers

of the cell during the TR experiment.
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inert zone,
R = 55 mm

Figure 4.75: T0160. Upper side of the cell after the TR experiment. The annotation marks the

starting ring where the rapid TR originated.

Experiment T0161

The experiment setup was almost the same as in T0160. Different from T0160, all

cell temperature sensors were placed on the upper surface, in a line pattern, instead

of a grid pattern, in order to get a better spatial resolution of the inertisation

effects inside the starting ring (fig. 4.76). The cell was heated with a centre heater

with a power of 407 W (72% of rated power) for over 5 hours, but a TR could

not be started. The center-heater could not be set to higher than 72% because

of issues with ground-fault current. To start the TR it was decided to switch on

additional flat heaters which heated the lower pressure plate. From this moment

the cell was not only heated by the hot spot on the upper surface of the cell, but

also by the lower pressure plate, which heated the whole lower surface of the cell.

The combined hating could start the TR after 6 hours.

Unfortunately the first two hours of experiment data were lost.

-7200 s Center-heater set to 72% power

4308 s Measured average cell case temperature drops from 162 ◦C to 152 ◦C. This

may be caused by the bursting of the presumably bloated cell. The effect is
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described in section 2.4 .

11400 s Heat conductor temperature reaches a plateau at 630 ◦C. Cell surface

sensor near hot spot (TK2) stagnates at 280 ◦C. Cell voltage down to 4.0 V.

Decision to switch on additional flat heaters with 1 kW on the lower pressure

plate.

14000 s Increase of Ri by a factor of approximately 100. Average cell temperature

208 ◦C.

14900 s Cell voltage drops from 3 V to 0.25 V.

15015 s Start of fast gas release, therefore probably start of rapid TR. Before that,

the cell has already released 1.03 mol of gas. Cell surface sensor near hot spot

(TK2) at 337 ◦C. Average cell temperature 250 ◦C.

15019 s Temperature sensor on the top surface at a distance of 80 mm from the

centre starts to increase sharply. Other sensors follow.

15029 s All cell surface sensors are above 400 ◦C. (TR has propagated through

the upper layer of the cell.)

Discussion: In comparison to the previous experiment (T0160) the center-heater

had to be operated at a lower power of 407 W instead of 561 W. The TR could not

be triggered with the lower power. Therefore, the required power to start the TR

must lie between the two power values. In T0161 TR could only be achieved by

additional heating with the flat heaters, which rose the overall cell temperature

by 50 ◦C to 70 ◦C. The unsuccessful centre-heater created an inert zone with the

radius of 80 mm before the TR could happen as seen in the rainbow plot (fig. 4.81)

and in the fotos of the cell after TR (fig. 4.86).

The self discharge of the cell was estimated with Delta SOC method (section 4.4.1).

Before 14 000 s the cell showed a self discharge of up to 7 A. After 14 000 s the

internal resistance of the cell increased to Ri > 800 mΩ, thus preventing further

increase of self-discharge current. The subsequent voltage drops were probably

caused by chemical degradation of the cell (figs. 4.84 and 4.85). The small ISC

probably did not contribute significant heat to start the TR.

The cell released 1.03 mol before the TR and additional 1.77 mol of gas during

the TR with a rate of 0.5 mol s−1 (11.6 lSATP/s) (figs. 4.82 and 4.83). The vent-gas

composition was measured with the GC (fig. 4.87).
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inside the heat conductor.
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Figure 4.82: T0161. Gas release by the cell.
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Figure 4.83: T0161. Gas release by the cell vs. average cell-surface temperature.
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Figure 4.84: T0161. Self discharge current of the cell.
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204



4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

Figure 4.86: T0161. Cell after the TR experiment. In the opened cell a inert zone can be seen in

the first upper layers.
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Figure 4.87: Experiment T0161. Detected gas components which were released by the cell. Gas

composition was measured by GC.
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Experiment T0177

Starting at experiment T0177 an isolating transformer was installed to prevent

ground fault currents of the heater elements. The center-heater could be continuously

operated with 900 W. The power was sufficient to start a TR after less than a hour

of heating. Temperature sensors were applied on the upper and lower surface of

the cell positioned equidistantly along a line from the hot spot to the cell edge

(fig. 4.88).

19 s Center-heater set to 100% power

200 s - 1600 s Sporadic thermal excursions of the most adjacent cell case tem-

perature sensor on upper surface (TK22) starting at 180 ◦C, 220 ◦C, 240 ◦C

and 260 ◦C

500 s Cell voltage starts to decrease slowly

700 s Heat conductor reaches a steady state temperature of 800 ◦C

3026 s Most adjacent sensor on the upper side, TK22, measures 322 ◦C, voltage has

dropped to 3.93 V. Start of rapid TR: Voltage start to drop rapidly, reactor

pressure starts to increase, temperature sensors in a range of 30 mm to 70 mm

on upper surface start to increase first, followed by the other sensors.

3033 s The TR has propagated through the upper layer of the cell.

3037 s Maximum pressure in the reactor

3041 s The TR has propagated from the upper layer to the lower layer of the cell.

Cell voltage arrives at 0 V.

Discussion: Here the TR could be started by the center-heater alone and in shorter

time than in previous experiments. The TR started again at the ring, on the upper

surface of the cell (fig. 4.93). Because of the shorter time, the radius of the starting

ring was 30 mm, which is smaller than in previous experiments. The TR reaction

propagated to the lower surface of the cell in 7 s, appearing first again at a distance

of 30 mm to the centre (fig. 4.94).

The self discharge current of the cell was calculated with the delta SOC method

(section 4.4.1). The cell showed continuous self discharge between 10 A to 20 A with

four distinct short-circuit spikes with 60 A, 100 A, 100 A and 215 A with durations

about 50 s (fig. 4.96). The short circuit spikes correlated with the temperature

excursions measured by the temperature sensor adjacent to the heating device
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Figure 4.88: T0177. Positions of the thermocouples and the hot-spot on the cell surface.

(TK22). The last spike had the highest magnitude with IISC = 250 A and appeared

10 s before the TR. It could have triggered the TR reaction.

The appearance and extinction of the short circuit spikes can be explained in two

steps. In a first step an initial damage to the material allows higher short circuit

current to flow. In a second step the short circuit damages (burns off) the current

collectors near the fault and the short circuit dies off. This process is repeated

several times as the damaged zone increases around the heater, until the final short

circuit exceeds a critical heat input and triggers the full TR of the cell.

The cell released 0.3 mol before the TR and additional 2.06 mol of gas during the

TR with an rate of 0.4 mol s−1 (8.9 lSATP/s) (fig. 4.95). The vent-gas composition

was measured with GC and FTIR (fig. 4.97).
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Figure 4.89: T0177. Power of the heater element and temperatures on the cell surface at different

distances to the hot spot. Temperatures are color-coded according to the distance

from the hot spot.

0 500 1000 1500 2000 2500 3000 3500 4000
0

100

200

300

400

500

600

700

800

900

Time (s)

T
e
m

p
e
ra

tu
re

 (
°C

) 
/ 
V

o
lt
a
g
e
 (

V
) 

/ 
P

re
s
s
u
re

 (
b
a
r 

a
b
s
)

 

 

Voltage x 100
cell surface
sample holder
reactor gas
other
Reactor Pressure x 100
593°C − max. cell housing
229°C − max. reactor−gas

Figure 4.90: T0177. All sensors values. Whole experiment duration. Other is temperature sensor

inside the heat conductor.
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Figure 4.91: T0177. All sensors values. Time span of the TR.
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Figure 4.92: T0177. All temperature values. Colour-coding according to distance from hot-spot.

Time span of the TR. The two cell surface sensor groups are distinguishable: top

(start at >105 ◦C) and bottom (start at <105 ◦C).
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Figure 4.93: T0177. Rainbow plot showing the temperatures on the top side. Time span of the

TR.

0 20 40 60 80 100 120
50

100

150

200

250

300

350

400

450

500

550

T
e
m

p
e
ra

tu
re

 (
°C

)

Distance (mm)

 

 

3020 s
3021 s
   .
   .
   .
3050 s

Figure 4.94: T0177. Rainbow plot showing the temperatures on the bottom side. Time span of

the TR.
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Figure 4.95: T0177. Gas release by the cell.
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211



4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

C
2
H

2
C

2
H

4
C

2
H

6

C
4
H

10
C

6
H

10

C
H

4

C
O

C
O

2

D
E

C
D

M
C

E
C

E
M

CH
2

H
2
O

H
F

re
st

0

20

40

0.
11

6.
53

0.
57

1 0

2.
96

10
.8

1

33
.0

4

3.
61

00 1.
02

23
.5

3

6.
95

0

9.
88

G
as

co
m

p
os

it
io

n
(v

ol
%

)

Figure 4.97: Experiment T0177. Detected gas components which were released by the cell. Gas

composition was measured by FTIR and GC.

Figure 4.98: T0177. Cell after the TR experiment. In the opened cell a inert zone can is annotated

in the first upper layers.

212



4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

Experiment T0178

This experiment was similar to the previously described T0177. Temperature

sensors were applied on the upper and lower surface of the cell (fig. 4.99). The

main difference was to add 1 mm of mica-sheet as insulator to the heat conductor

on all surfaces except for the interfaces to the ceramic heater and the cell. The goal

of this modification was to minimize heat loss and to increase the heat flow into

the cell. With this final modification the TR could be started in a short time after

175 s of heating by the medium heater.

134 s Center-heater set to 100% power

285 s Temperature fluctuations start to appear near the adjacent sensor TK23.

Adjacent cell case sensor at 300 ◦C.

300 s Voltage drops from 4.17 V to 4.16 V. Max cell case temperature at 370 ◦C.

Temperature rise in adjacent sensors accelerates.

306 s Gas pressure starts to increase, adjacent temperatures are above 400 ◦C,

voltages starts to decrease, heat conductor temperature at 630 ◦C. Rapid TR

starts near the hot spot.

312 s TR has propagated through the upper layer of the cell.

320 s TR has propagated to through the cell all the way down to the lower layer.

Pressure reaches a maximum.

Discussion: Here the TR could finally be achieved after short heating time. In

contrast to previous experiments, where a longer heating period was needed, an

inert zone could not be detected. The TR originated directly at the hot-spot on

the top layer of the cell. The TR spread along the top layer with initially 5 mm s−1

and accelerated to above 20 mm s−1 (fig. 4.104).

The TR-front arrived at the bottom layer of the cell on the whole bottom area

at the same time. One puzzling feature appeared with no explanation yet: on the

bottom layer the maximal temperature at the centre - directly below the hot-spot -

was only 400 ◦C, whereas the rest of the cell reached temperatures above 500 ◦C.

The cell released 0.02 mol before the TR and additional 2.26 mol of gas during the

TR with an rate of 0.4 mol s−1 (9.8 lSATP/s) (fig. 4.106). The initial gas release with

0.02 mol was smaller than in previous experiments. This can be explained by the

shorter heating time and by the smaller area which was at elevated temperature,
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Figure 4.99: T0178. Positions of the thermocouples and the hot-spot on the cell surface.

before the TR started.

The vent-gas composition was measured with GC and FTIR (fig. 4.108). In this

experiment a small amount of HF was measured with a HF-concentration in the

vent-gas of cHF = 53 ppm.

The cell resistance was measured by applying ±1 A pulses. From start to imme-

diately before TR the cell had the nominal resistance of Ri = 1 mΩ. At 295 s to

320 s the cell voltage UT dropped from 4.1767 V to 4.163 V (fig. 4.107) and an

associated internal short circuit current could be calculated using the Ri method

(4.4.1): IISC = 13.7 A.
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Figure 4.100: T0178. Power of the heater element and temperatures on the cell surface at different

distances to the hot spot.
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Figure 4.101: T0178. All sensors values. Whole experiment duration. Other is temperature sensors

inside the heat conductor.
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the heat conductor. Different stages of the TR are annotated.
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Time span of the TR. The two cell surface sensor groups are distinguishable:

temperatures on the top size rise first, temperatures on bottom side follow with a

10 s-delay.
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Figure 4.106: T0178. Gas release by the cell.
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Figure 4.108: Experiment T0178. Detected gas components which were released by the cell. Gas

composition was measured by FTIR and GC.

Figure 4.109: T0178. Cell after the TR experiment.
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Experiment T0179a

In T0179a the setup as in Experiment T0178 was used. The intention was to

reproduce T0178. The ceramic heater failed due to overheating, before a TR could

be triggered. The cell reached a maximal temperature of 114 ◦C and cooled down

subsequently (fig. 4.110). The cell was discharged and the reactor was opened.

Damage to the heater was observed. The heater was repaired and the cell was then

reused in the next hot-spot experiment T0179b.

The cell released a small amount of gas: 0.02 mol during heating. The cell voltage

and cell resistance stayed constant at UT = 4.18 V and Ri = 1 mΩ.
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Figure 4.110: T0179. All sensors values. Other are temperature sensors inside the heat conductor.

Experiment T0179b

Same setup and the same cell as in Experiment T0179a was used. The cell was

recharged before the experiment. Unfortunately the heater failed again due to

overheating, before a TR could be triggered. The cell reached a maximal tempera-

ture of 90 ◦C and cooled down subsequently (fig. 4.111). The cell released again

a small amount of gas: 0.03 mol during heating. Gas samples ware taken and the

composition was measured. Because only small amount of gas was released, the

concentration of the cell-gas in the reactor was very low with only 0.4 %, therefore

the measured concentration values were unreliable. High shares of H2, CO2, CO,

CH4, H2O (fig. 4.113) were identified. This was the second composition measure-

ment of gas which was released by a local hot-spot before TR. In comparison to

gas release of T0151 (section 4.5.4)), higher relative amounts of H2 seemed to have

been released.

The cell discharge was calculated with the Delta SOC method (section 4.4.1). The

cell experienced a slight self discharge with IISC = 0.3 A.

Subsequently, it was decided to give up the hot-spot heating and to heat the bottom

plate instead. The results of this are covered in the experiment T0179 (section 4.5.2).
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Figure 4.111: T0179b. All sensors values. Other are temperature sensors inside the heat conductor.
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Figure 4.112: T0179b. Voltage UT and self discharge current IISC of the cell.
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Figure 4.113: Experiment T0179b. Detected gas components which were released by the cell.

Gas composition was measured by FTIR and GC. Only 0.03 mol were released

by the cell therefore the concentration of vent-gas in the reactor was low (0.4 %)

and - in comparison - the amount of not identified rest gas relatively high. Most

probably too low N2 concentration was measured by GC and the residual error of

N2-concentration was incorporated into the rest value.
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Experiment T0180

This experiment was a repetition of the previous experiment T0179a. Same setup

was used, except for removal of thermal insulation near the electric contacts of the

ceramic heaters, to prevent overheating. Thermocouples were placed in a similar

layout as before (fig. 4.114). The cell was cut open on the sides immediately

before charging and the hot-spot experiment. This was needed to improve the

temperature measurement near the hot spot. The openings were done to channel

the release of vent-gas away from the hot spot. The idea was to prevent disturbance

of temperature measurement from nearby flow of hot vent-gas. The TR could again

be achieved in short time (405 s).

80 s Centre heater set to 100% power

460 s Voltage starts to drop slowly. Temperature fluctuations start to appear near

the adjacent sensors (TK14). (TK14 measures a short temperature spike with

a maximum of 168 ◦C.)

480 s TK14 is at 150 ◦C. Voltage starts to decrease with 40 mV s−1. Pressure starts

to increase. Begin of rapid TR.

481 s Readings of the most adjacent cell temperature sensors (TK14) start to

increase sharply followed by the other sensors on the upper side of the cell.

486 s The TR has propagated through the upper side of the cell.

491 s The TR has propagated through the cell layers from top to bottom and

arrives at the center of the bottom layer.

492 s Peak of the gas pressure.

493 s The TR has propagated through the whole cell. Voltage at 11 mV.

Discussion: The results of this experiment were very similar to T0177. The TR

originated directly at the hot-spot and propagated through the upper layer and

subsequently to the bottom layer. The propagation speed on the upper layer ranged

between 10 mm s−1 and 20 mm s−1 (fig. 4.119).

The final temperature distribution at the bottom layer shows again the puzzling

effect: the low maximal temperature in the centre. On the bottom-side, sensors

measured a maximum temperature of 400 ◦C near the centre and a maximum

temperature above 630 ◦C towards the edges.
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Figure 4.114: T0180 and T0181. Positions of the thermocouples and the hot-spot on the cell

surface.

The cell resistance was measured by applying ±1 A pulses. From start to imme-

diately before TR the cell had the nominal resistance of Ri = 1.3 mΩ. The self

discharge/short circuit current was calculated with the with Delta SOC method

(section 4.4.1). The cell started to self-discharge at 410 s with 28 A. With time the

IISC increased up to a value of 136 A 10 s before the TR (fig. 4.122).

The cell released 0.05 mol before the TR and additional 2.38 mol of gas during the

TR with an rate of 0.3 mol s−1 (7.3 lSATP/s) (fig. 4.121). The vent-gas composition

was measured with GC and FTIR (fig. 4.123).
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Figure 4.115: T0180. Power of the heater element and temperatures on the cell surface at different

distances to the hot spot. Temperatures are color-coded according to the distance

from the hot spot.
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Figure 4.116: T0180. All sensors values. Whole experiment duration. Other are temperature

sensors inside the heat conductor.
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Figure 4.117: T0180. All sensors values. Time span of the TR. Other are temperature sensors

inside the heat conductor.
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Figure 4.118: T0180. All temperature values. Colour-coding according to distance from hot-spot.

Time span of the TR. The two cell surface sensor groups are distinguishable:

temperatures on the top size rise first, temperatures on bottom side follow with a

5 s-delay. Other are temperature sensors inside the heat conductor.
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Figure 4.119: T0180. Rainbow plot showing the temperatures on the top side. Time span of the

TR. The propagation speed along the top side is annotated.
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Figure 4.120: T0180. Rainbow plot showing the temperatures on the bottom side. Time span of

the TR.
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Figure 4.121: T0180. Gas release by the cell.
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Figure 4.122: T0180. Voltage and self discharge/short circuit current of the cell.
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Figure 4.123: Experiment T0180. Detected gas components which were released by the cell. Gas

composition was measured by FTIR and GC.

Figure 4.124: T0180. Cell after the TR experiment.
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Experiment T0181

This experiment was a repetition of the previous experiment T0180. Same test-setup

was used. Cell was cut open at the edges as in T0180 prior to the start of experiment

(fig. 4.125). The thermocouple setup was the same as in T0180 (fig. 4.114). The

TR could again be achieved in short time (396 s). The results were reproducible

compared to T0180.

222 s Centre heater set to 100% power.

500 s Voltage starts to decrease with 0.2 mV s−1.

616 s Voltage starts to decrease with 600 mV s−1. Pressure starts to increase. Begin

of rapid TR.

617 s Readings of the most adjacent cell temperature sensor (TK11, TK14) reach

167 ◦C to 189 ◦C and start to increase sharply followed by the other sensors

on the upper side of the cell.

621 s The TR has propagated through the upper side of the cell.

624 s The TR has propagated through the cell layers from top to bottom and

arrives at the centre of the bottom layer. Peak of the gas pressure.

626 s The TR has propagated through the whole cell. Voltage at 4 mV.

Discussion: In this final experiment the overall behaviour of the cell during TR was

similar to T0180. Same effects could be observed. The TR started on the upper side

of the cell at the heated area. The TR propagated along the upper side (fig. 4.130)

and through the layers to the bottom side (fig. 4.131). Again only a comparable

small temperature increase on the lower side of the cell beneath the heat conductor

was observed.

The cell resistance was measured by applying ±1 A pulses. From start to imme-

diately before TR the cell had the nominal resistance of Ri = 1 mΩ. The self

discharge/short circuit current was calculated with the with Delta SOC method

(section 4.4.1). The cell started to self-discharge at 510 s with 20 A. The IISC in-

creased up to 80 A 10 s before the TR (fig. 4.133).

The cell released 0.06 mol before the TR and additional 2.25 mol of gas during the

TR with an rate of 0.4 mol s−1 (8.8 lSATP/s) (fig. 4.132). The vent-gas composition

was measured with GC and FTIR (fig. 4.134).
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Figure 4.125: T0181. Cell before the TR experiment. Note the cut of the cell case. During TR

the cell released the majority of the vent-gas through the cut. The mica sheet and

temperature sensors on top of the cell were reused from experiment T0180.
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Figure 4.126: T0181. Power of the heater element and temperatures on the cell surface at different

distances to the hot spot. Temperatures are colour-coded according to the distance

from the hot spot. Other are temperature sensors inside the heat conductor.
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Figure 4.127: T0181. All sensors values. Whole experiment duration. Other is temperature sensors

inside the heat conductor.
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Figure 4.128: T0181. All sensors values. Time span of the TR. Other are temperature sensors

inside the heat conductor.
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Figure 4.129: T0181. All temperature values. Colour-coding according to distance from hot-spot.

Time span of the TR. The two cell surface sensor groups are distinguishable:

temperatures on the top size rise first, temperatures on bottom side follow with a

4 s-delay. Other are temperature sensors inside the heat conductor.
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Figure 4.130: T0181. Rainbow plot showing the temperatures on the top side. Time span of the

TR. The propagation speed along the top side is annotated.
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Figure 4.131: T0181. Rainbow plot showing the temperatures on the bottom side. Time span of

the TR.

0

12.2

24.4

36.6

48.8

61

A
m

o
u
n
t 
o
f 
g
a
s
 (

lit
e
r,

 S
A

T
P

)

0 200 400 600 800 1000 1200 1400 1600 1800

0

0.5

1

1.5

2

2.5

A
m

o
u
n
t 
o
f 
g
a
s
 (

m
o
l)

Time (s)

0.06 mol

2.31 mol

Figure 4.132: T0181. Gas release by the cell.
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Figure 4.133: T0181. Voltage and the internal short circuit current IISC of the cell.
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Figure 4.134: Experiment T0181. Detected gas components which were released by the cell. Gas

composition was measured by FTIR and GC.
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Figure 4.135: T0181. Cell after the TR experiment. Note the remaining material directly below

the heat conductor. A pillar with a heights of 1 mm to 2 mm remains at the area

which was directly below the heat conductor.

4.6 Discussion

4.6.1 TR propagation speed

A typical failure mode of a Li-Ion cell is a three step process: (1) an internal

short circuit creates a hot-spot inside the cell (2) the hot spot starts a localized

TR (3) the TR propagates through the cell until all cell material is consumed

(fig. 4.136). In the experiments, step (1) was simulated by the external heater but

steps (2) and (3) were the same as in a real world scenario. The results of the

experiments give approximate speeds for in-plane (c‖ = 13.8 mm s−1) and out-of-

plane ( c⊥ = 0.84 mm s−1) propagation of the TR-front (table 4.4). The spatial

speed of the TR determines the speed of consumption of a battery pack. A faster

consumption speed generates higher heat release rate and higher gas release rate.

The electrode stack through which the TR propagates has anisotropic heat con-

ductivities: the in-plane conductivity (λ‖ = 25.6 W m−1 K−1) is higher than the

out-of-plane heat conductivity (λ⊥ = 0.77 W m−1 K−1). The λ values of the cells

used in here were provided by Aiello et al. [121]. The λ-anisotropy causes a faster

in-plane propagation and a slower out-of-plane propagation of the TR.

The ratios of the measured λ and c (for averages of the hot-spot experiments) are

of the same order of magnitude:

λ‖
λ⊥

= 33.2
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In-plane TR propagation
along upper layer of the cell

Out-of-plane TR propagation
through the layers from top to bottom

Heat conductor for hot spot

Li-ion cell

244 mm

8.42 mm

Figure 4.136: (left) TR-front propagating in-plane starting at the hot spot followed by (right)

TR-front propagating out-of-plane through the layers of the electrodes from the

top layer to the bottom layer of the cell.

c‖
c⊥

= 16.4

The c⊥ is in good agreement with measured propagation speed by Archibald et al.

[120] because comparable cell type was used. The c differs to results from Finegan

et al. [119], because of their different casing type (cylindrical hard case, with one

burst plate on top, high gas flow inside the cell).

The out-of-plane propagation speed shows a slight dependency on the average

temperature of the cell. The speed is higher in a preheated stack, because less heat

is needed to start the reaction at the front (fig. 4.137).

238



4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

Table 4.4: In plane (‖) and out-of-plane (⊥) TR propagation speed. Tavg is the average cell

temperature immediately before the TR.

Experiment/Source Type Tavg (◦C) c⊥ (mm s−1) c‖ (mm s−1)

T0179 temperature

ramp, one side

heated

220 1.40 –

T0177 hot-spot 124 0.94 15

T0178 hot-spot 98 0.70 12

T0180 hot-spot 67 0.80 13

T0181 hot-spot 83 0.90 15

Average hot-spot 0.84 13.8

Values from literature

Archibald et al. [120] overheat pouch

module

25 0.78-0.8 –

Finegan et al. [119] nail-

penetration,

cylindrical cell

25 6 - 8 200 - 400
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Figure 4.137: Speed of TR front vs. average cell temperature immediately before the TR.

4.6.2 Required conditions to start a TR with local heating

This section summarizes the findings on how to trigger a TR with a hot-spot. The

hot-spot experiments covered a wide range of heating power and heating duration

and hot-spot set-ups as shown in table 4.5.

A hot spot located in the centre of the cell could only trigger a TR when sufficient

heating power (Ph > 561 W) and/or sufficient heating duration (th > 175s) resulted

is a hot-spot temperature of Th above 639 ◦C. A plot of required heating power

and temperature at the hot spot is shown in fig. 4.139. With some effort (using

high power, high temperature heater with 900 W and capable of withstand up to

1000 ◦C, and with insulating the heat conductor to prevent heat losses) a TR could

be reproducibly started in 400 s as shown in the final two experiments T0180 and

T0181.

In those experiments the ceramic heater increased the temperature of the heat

conductor from room temperature to 812 ◦C - 937 ◦C in only 400 s. Those high

temperatures then triggered a TR which originated at the direct vicinity of the

heat-conductor to Li-ion cell interface. The TR-front then propagated through the

upper layer and then from the upper layer to the bottom layer, as described in the

previous section.

In experiments with long heating times and lower heat flow into the cell (T0160,

T0161, T0177) the heat created an inert zone with radius ri centred at the hot

spot. In those cases the TR started only after prolonged heating at the perimeter
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Figure 4.138: Size of the inert zone immediately before the TR compared to the necessary heating

time.

of the inert zone. The TR-front then propagated from the perimeter to the outside

edges of the upper layer and subsequently from the upper layer to the bottom layer.

Correlation of required heating time and the final size of the inert zone are shown

in fig. 4.138.

In experiments with low heating power (T146a, T147a) or insufficient heating time

(T0179a, T0179b) a TR could not be started. Instead, the heater created a soft

short-circuit which slowly discharged the cells.

In the experiments T0149 and T0151 the heater was attached directly to the cell

tab. In the first tab-heating experiment T0149 the heater was attached to the

positive tab and the TR started after short time (186 s) with a Ph of 448 W. Such

low heating power would not start a TR if it was applied with a centre heater. The

low power heater could start a TR on the edge of the cell because the heat could

not spread as efficient as from the centre of the cell. In T0151 the results from

T0149 could not be reproduced. A TR could not be started, maybe because of a

failed heat interface between the ceramic heater and the negative tab or because of

incomplete charge of the cell.

Unfortunately no literature exists on deliberate hot-spot heating causing a TR,

therefore a comparison to published results is not possible.

241



4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

T
ab

le
4.

5:
H

ot
-s

p
ot

te
st

co
n

d
it

io
n

s
an

d
re

su
lt

s.
H

er
e

S
O

C
is

th
e

st
at

e
of

ch
ar

ge
at

th
e

st
ar

t
of

ex
p

er
im

en
t,
P
h

is
th

e
el

ec
tr

ic
al

p
ow

er
of

th
e

h
o
t

sp
o
t

h
ea

te
r

(o
r/

a
n
d

th
e

b
o
tt

o
m

h
ea

te
r

w
it

h
1
0
0
0

W
),
t h

is
th

e
d
u
ra

ti
o
n

o
f

h
ea

ti
n
g

u
n
ti

l
th

e
T

R
st

a
rt

s
(o

r
u
n
ti

l
th

e

ex
p

er
im

en
t

is
te

rm
in

a
te

d
,

w
h
en

a
T

R
co

u
ld

n
o
t

b
e

st
a
rt

ed
),
T
h

is
th

e
te

m
p

er
a
tu

re
in

si
d
e

th
e

h
o
t-

sp
o
t

d
ev

ic
e

im
m

ed
ia

te
ly

b
ef

or
e

th
e

T
R

st
ar

ts
(o

r
it

s
m

ax
im

u
m

te
m

p
er

at
u

re
if

T
R

d
o
es

n
ot

st
ar

t)
,
V
0

is
th

e
ce

ll
vo

lt
ag

e
at

th
e

st
ar

t
of

th
e

ex
p

er
im

en
t

a
n

d
V
T
R

im
m

ed
ia

te
ly

b
ef

o
re

th
e

T
R

,
S

O
C

im
m

ed
ia

te
ly

b
ef

o
re

th
e

T
R

ca
lc

u
la

te
d

(f
ro

m
U
O
C
V
/
S
O
C

cu
rv

e
u

si
n

g
V
T
R

),
r i

is

th
e

ra
d
iu

s
o
f

th
e

in
er

t
zo

n
e

im
m

ed
ia

te
ly

b
ef

o
re

th
e

T
R

,
T
m

a
x

is
th

e
m

a
x
im

a
l

re
co

rd
ed

ce
ll

su
rf

a
ce

te
m

p
er

a
tu

re
d
u
ri

n
g

th
e

ex
p

er
im

en
t.

E
x
p

er
im

en
ts

w
h

er
e

T
R

h
a
p

p
en

ed
a
re

h
ig

h
li

g
h
te

d
.

E
x
p

er
im

en
t

V
0

S
O

C
H

ea
te

r
se

tu
p

P
h

t h
T
h

T
R

V
T
R

S
O
C
T
R

r i
T
m
a
x

V
%

W
s

◦ C
V

%
m

m
◦ C

T
01

46
a

4.
17

10
0

µ
-h

ea
te

r
50

15
25

30
5

n
o

—
—

—
84

T
01

47
a

4.
17

10
0

µ
-h

ea
te

r
18

3
11

50
0

53
8

n
o

—
—

—
14

0

T
01

49
4.

17
10

0
p

os
.

ta
b

44
8

18
6

43
2

ye
s

4.
17

99
.4

30
65

8

T
01

51
4.

17
10

0
n
eg

.
ta

b
56

7
20

00
0

75
1

n
o

—
—

—
19

9

T
01

60
4.

18
10

0
m

ed
iu

m
h
ea

te
r

56
1

40
30

76
3

ye
s

4.
09

93
55

67
5

T
01

61
4.

15
10

0
m

ed
.

+
b

ot
to

m
h
ea

t.
40

7
+

10
00

15
10

8
63

9
ye

s
3.

96
73
.1

80
57

6

T
01

77
4.

18
10

0
m

ed
iu

m
h
ea

te
r

90
0

30
15

79
7

ye
s

3.
97

74
.4

30
59

3

T
01

78
4.

18
10

0
m

ed
.

h
ea

t.
in

su
la

te
d

90
0

17
5

67
7

ye
s

4.
18

10
0

10
66

4

T
01

79
a

4.
18

10
0

m
ed

.
h
ea

t.
in

su
la

te
d

90
0

19
5

49
7

n
o

—
—

—
11

4

T
01

79
b

4.
17

10
0

m
ed

.
h
ea

t.
in

su
la

te
d

82
0

14
0

62
0

n
o

—
—

—
90

T
01

79
4.

16
10

0
b

ot
to

m
h
ea

te
r

0
+

10
00

—
—

ye
s

3.
85

59
.7

—
56

1

T
01

80
4.

18
10

0
m

ed
.

h
ea

t.
in

su
la

te
d

90
0

40
5

81
2

ye
s

4.
18

10
0

15
63

8

T
01

81
4.

18
10

0
m

ed
.

h
ea

t.
in

su
la

te
d

90
0

39
6

93
7

ye
s

4.
18

10
0

15
68

6

242



4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

0 400 800 1,200

400

600

800

1,000

Heater power (W)

H
ot

-s
p

ot
te

m
p

er
at

u
re

(◦
C

) TR
no TR

Figure 4.139: Local conditions required to start a TR in the centre of the cell. (Not including

tab-heater experiments T0149 and T0151.)

4.6.3 Gas release by locally and uniformly started TR

A Li-ion cell releases different amounts of gas with different compositions in the

course of an over-temperature experiment. When a TR is triggered by a overtemper-

ature (hot-spot or uniform heating), then the gas release of the cell is divided into

release before the full TR (nv1) and gas release during the main TR reaction (nv2).

The overall released amount of gas throughout the experiment is nv = nv1 +nv2. In

some experiments the composition of nv1 could be measured, because the the cell

was not brought into TR and nv1 was not followed by release of nv2. The source of

nv1 depends on type of heating. In experiments where the cell was uniformly heated

(one side or both side heating) low temperature reactions released nv1. In hot-spot

experiments medium temperature reactions released nv1. When a TR could be

started, then high temperature reactions released additional nv2. The collected gas

compositions are fingerprints of chemical reactions that take place at the different

temperatures (fig. 4.140):

Low temperature gas release 25 ◦C to 300 ◦C: In one experiment (T0141) a cell

at 30 % was uniformly heated up to 309 ◦C. It released a small amount of gas
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4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

(0.53 mol), with the main component CO2, H2O and electrolyte vapour. Such

gas emissions are produced by electrolyte decomposition and evaporation.

The cell did not went into TR.

Medium temperature gas release 300 ◦C to 500 ◦C: During hot spot experiments

the hot-spot creates a localized over temperature by direct heat input or by

creating a short circuit before the full TR starts. In one experiment (T0151)

the negative tab was heated up to 752 ◦C while the nearest cell surface sen-

sor reached 199 ◦C. Inbetween the sensor position and the tab cell material

reached medium temperatures between those two values. The cell released

0.7 mol with the components similar to those in low temperature gas release,

but with higher amounts of H2 and CO.

Local over-temperature causes chemical reactions of the cathode and anode

material in the vicinity of the hot spot as well as electrolyte evaporation and

decomposition. Thus, the reactions are locally restricted, and the local cell

temperatures stay below the temperatures that occur later in the actual TR.

In other words, those reactions are spatially restricted medium-temperature

decomposition reactions, whereas the reactions during the TR are spatially un-

restricted high-temperature decomposition reactions. The medium-temperature

reactions are responsible for the creation of the inert zone which is described

in section 4.6.2.

High temperature gas release >500 ◦C may eventually occur, when the cell en-

ters full TR. Here the gas is produced by high-temperature reactions which

consume the whole cell (except for the inert zone). The gas composition

shifts further to higher concentrations of H2 and CO. The amount of released

gas by the high temperature reactions is defined as nv2. During TR signifi-

cant amounts of nv2 are released in short time (e.g. 2.38 mol for experiment

T0180). The gas-release rate ṅv2 is proportional to the speed with which the

TR reaction consumes the cell.

An overview of released amounts of gas is shown in table 4.6 and in fig. 4.142.

The gas composition of nv is shown in table 4.7. The collected data from hot-spot

experiments shows the following trends of gas release:

1. The amount of gas produced by the medium-temperature decomposition
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Figure 4.140: Gas compositions (mol%) released at different stages of TR.
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4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

reactions nv1 increases with the injected heat by the central heater. Here

heat is the product of heating time and electrical heater power. The graph

fig. 4.141 shows this correlation.

2. When TR happens, and when only the hot-spot heater is used to heat the

cell, then the cell releases an average of nv = 2.38(9) mol gas.

3. The released gas has high concentration of H2, CO2 and CO. In later experi-

ments small amounts (<50 ppm) of HF were detected.

It is not yet clear why small amounts of HF were detected in some experiments

but not in others. Quantifying the amount of HF is difficult because of its low

concentration, and because it may react with the particles which were ejected by

the cells and with the surfaces inside the reactor and in the stainless steel pipes, as

the gas is transported from the reactor to the FTIR [129].

In case of TR the overall gas release nv shows no significant dependence on the

triggering type. Both – hot-spots and uniform heating – cause release of mainly

H2, CO2 and CO. The amount of nv was 2.38(9) mol for hot-spot triggered cells

and 2.1(2) mol for uniform heated cells. The characteristic gas release rate of ṅv2

was 0.4(1) mol s−1 for hot-spot triggered cells and 0.8(1) mol s−1 for uniform heated

cells. Uniform heated cells release the gas faster, because the preheating of the cells

causes higher propagation speed of the TR throughout the whole cell.
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Figure 4.141: Data from hot-spot experiments. Comparing the first nv1 to the injected heat by

the hot-spot heater Ph · th. In experiment T0161 the additional heating with the

flat heater caused a larger amount of nv1.
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Figure 4.143: Data from experiments, where a TR could be triggered by a hot-spot. Comparing

the first nv1 and second nv2 venting as well as the overall amount of released gas

nv = nv1 + nv2 to the size of the inert zone ri. In experiment T0161 the additional

heating with the flat heater caused a larger amount of nv1.
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4.6.4 Internal Short Circuit

Definition and theory

Even if the temperature of local overheating is insufficient to start a TR, it can

still be sufficient to create an ISC. The short circuit current can not be measured

directly, but can be calculated from the voltage response of UT as detailed in

section 4.4.1: it causes self discharge of the cell resulting in observable voltage

decrease.

A high-power/high-temperature hot-spot may generate, local evaporation of elec-

trolyte, melting and possibly shrinking of the separator, chemical reactions in the

anode and cathode, melting of the current collector foils, displacement of the layers

if force is applied and of course it may cause a ISC. To facilitate the discussion of

the measured ISC some simplifications must be made: (1) it is presumed that the

thicknesses of the layers do not change and that the layers are not mechanically

damaged by the hot-spot and (2) the ISC is presumed to be an electron-conductive

connection between the anode and cathode coating and (3) it is presumed that the

conducting area is spatially restricted to the area below the hot-spot heater. Other

– less restricted – types of ISC are listed in [127].

With the above presumptions a simple electrical model which represents the ISC

can be created (fig. 4.144). In this model the undamaged part of the cell acts as

a voltage source with an internal resistance Ri. When an ISC occurs, the current

loop is closed by the RISC and a current IISC starts to flow and the cell starts to

self-discharge.

The resistance of the ISC is governed by the geometry of the ISC and by the

electrical conductivity of the damaged separator and by the resistance of the

cathode and anode coating (fig. 4.144) as well as the internal resistance of the

cell Ri. The short circuit current depends on the cell voltage UT , damaged area

AISC , number of damaged separator layers nISC as well as the thicknesses dj and

electronic conductivities κj of the damaged layers.

The thicknesses of the layers in the electrode stack of the cell used in SafeBattery

were published by Kovachev et al. [101]. The electrical conductivities are taken from

literature. Only few publications could be found which report specific electrical

conductivity of cathode layers κcat in Li-ion batteries. The reported values range
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4 Results from Project SafeBattery, Part 2: Hot-Spot Experiments

from 0.06 S m−1 to 27 S m−1 (table 4.8). Anode conductivities are much higher due

to conductive nature of graphite and σand = 0.05 Ω cm (κand = 20 000 S m−1) is

assumed [130]. The purpose of the separator is to electrically isolate anode and

cathode, therefore a κ = 0 is assumed for a pristine cell.

It is further assumed that, when the separator is damaged by the hot spot, it will

become conductive and its conductivity will increase above zero to some value

X which is yet to be calculated for each experiment κ†sep = X. The number of

damaged separator layers nISC and the damaged are in a layer AISC is estimated

for each experiment individually.

With the κj and the thickness dj of the individual layers (anode, cathode, separator)

(table 4.9) and with known nISC and AISC , the resistances of the ISC are given

by:

Rcat =
dcat

nISC AISC κcat
, (4.5)

Rsep =
dsep

nISC AISC κsep
, (4.6)

Rand =
dand

nISC AISC κand
(4.7)

The internal short circuit current IISC can be derived from the electric circuit in

fig. 4.144 with

IISC =
UOCV

Ri +Rcat +Rsep +Rand

. (4.8)

Under normal conditions the separator is not electrically conductive, κsep = 0 and

Rsep = ∞ resulting in a zero current IISC = 0. In a damaged cell the separator

becomes conductive (κ†sep > 0) allowing a non-zero current IISC > 0.

In our experiments the IISC was estimated from the change of UT . The estimated

IISC from experiments where TR occurred ranged from 13.7 A to 560 A (table 4.11).

In a different setup Koch et al. [128] measured short circuit currents which are in

the same order of magnitude ranging from 23 A to 207 A (calculated from Rtr and

Vcell in [128]).

With given IISC the resistance and specific electric conductivity of the damaged

separator can be calculated with eq. (4.8) and eq. (4.6). The calculation was done

for all experiments, where an IISC > 0 was estimated. The results are summarized

in table 4.10. Following conclusions are drawn from the calculation:
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• The electrical resistances of the anode and cathode coating at the damaged

area as well as the internal resistance of the cell are negligible compared to

the resistance of the damaged separator: Rand +Rcat +Ri � R†sep
• In case of TR the R†sep was lower than 57 mΩ

• In case of TR the electrical conductivity of the damaged separator κ†sep was

in the range of 0.3 mS m−1 to 15.8 mS m−1

• The measured resistances of the ISC were much higher than the internal

resistance of the cell RISC � Ri. Therefore, it will be very difficult to detect

the ISC by measuring the change of the overall impedance Z of the cell.

Example calculation with data from experiment T0160:

Z∗ = Ri = 0.0035 Ω , (4.9)

Z† =
Ri RISC

Ri +RISC

= 0.0032 Ω , (4.10)

Z†/Z∗ = 0.91 (4.11)

Here ISC reduces the impedance of the cell by only 9%. Such a small impedance

change is hard to distinguish in real world environment, because the impedance

Z is also influenced by temperature, SOC and current flow through the cell

and because the electric sensors used to calculate Z have limited accuracy

and resolution.

Although the analysis of the ISC had the shortcoming by many assumptions and

the rough calculation of IISC it is still valuable in giving a first estimation for R†sep
during a short circuit. The analysis is a starting point to understand the IISC as it

may well contribute to the TR as shown in the next section.
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Figure 4.144: Cross section of an electrode stack (cathode, separator, anode) and an electrical

model of the ISC. External heat damages the material in the hot-spot area. The

damaged separator becomes electrically conductive for the electrons and a current

driven by the cell voltage flows through the damaged area. The hot-spot area is not

damaged mechanically.

Table 4.8: Published values for the electrical specific electrical conductivity of the cathode layers

κcat. Here PVDF is polyvinylidene fluoride, LA132 is composed of polyacrylonitrile,

VCF are chemical vapour deposit carbon fibres and CNTs are carbon nano tubes.

material binder conducting agent κcat (S m−1) source

LiFePO4 (85 wt.%) PVDF (5 wt.%) graphite (10 wt.%) 6.4 [131]

LiFePO4 (85 wt.%) PVDF (5 wt.%) carbon black (10 wt.%) 0.38 [131]

LiFePO4 (85 wt.%) PVDF (5 wt.%) acetylene black (10 wt.%) 0.057 [131]

LiCoO2 (94 wt.%) LA132 (3 wt.%) acetylene black (3 wt.%) 1.8 [132]

LiCoO2 (94 wt.%) LA132 (3 wt.%) VCF (3 wt.%) 10 [132]

LiCoO2 (94 wt.%) LA132 (3 wt.%) CNTs (3 wt.%) 27 [132]
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Table 4.9: Thicknesses and assumed electrical conductivities of the undamaged cell layers

layer thickness (µm) κ (S m−1)

cathode 65 5

separator (undamaged) 20 0

anode 65 20000

Table 4.10: Electric parameters of the cells during the hot spot experiments. Here Ri is the cell

resistance, RISC is the ISC resistance, AISC is the damaged area of one separator layer,

nISC is the number of damaged separator layers, Rcat and Rand are the resistances

of the cathode and anode in the short circuit path, R†sep is the resistance of the

damaged separator in the short circuit path (eq. (4.8)), κ†sep is the calculated electrical

conductivity of the damaged separator (eq. (4.6)). Experiments, where a TR occurred

are highlighted .

Exper. Heater setup Ri RISC AISC nISC Rcat Rand R†sep κ†sep
mΩ Ω mm2 µΩ µΩ Ω mS m−1

T0146a µ-heater — 1.02 400 5 65000 16 0.95 10.5

T0147a µ-heater — 1.34 400 5 65000 16 1.27 7.8

T0149 pos. tab — 0.01 3000 42 100 0.026 0.01 15.8

T0151 neg. tab 2.5 8.15 3000 42 100 0.026 8.15 0.02

T0160 medium heater 3.5 0.04 2827 42 107 0.027 0.04 4.2

T0161 medium heater 800 0.57 2827 42 107 0.027 0.57 0.28

T0177 medium heater — 0.02 2827 42 107 0.027 0.02 8.4

T0178 med. heat. insulated 1 0.3 2827 42 107 0.027 0.3 0.55

T0179b med. heat. insulated 1 13.89 2827 42 107 0.027 13.89 0.014

T0180 med. heat. insulated 1.3 0.03 2827 42 107 0.027 0.03 5.6

T0181 med. heat. insulated 1 0.05 2827 42 107 0.027 0.05 3.4
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Role of the internal short circuit

The measured IISC are shown in table 4.11. The experiments can be grouped into

three categories depending on the test conditions and measured IISC and Ri:

(Group LH) Localized Heating, no TR: this are cases when the localized heating

was not sufficient to start a TR. This was the case, when the heater power was

to low (such as in T0146a and T0147a) or when the heating was interrupted

before TR (such as in T0179a and T0179b). Here neither the heating nor

the joule heat from the IISC could create a sustaining TR-front. In those

cases moderate self discharge currents ≤4 A were measured. The cells showed

heavy damage with several punctured layers and it was surprising, that the

damage did not cause higher currents.

(Group LHT) Localized Heating, with TR: this are cases, where localized heat-

ing triggered a TR which consumed the whole cell. In those cases high IISC

were calculated. Here both the heating and the joule heat from the IISC

played a role in starting a local TR and in being a source of a sustaining

thermal runaway front. The calculated IISC immediately before the TR varied

between 13 A to 560 A. The local short circuit created heat dissipations which

were in the same order of magnitude as the external heating with joule-heating

powers up to 2 kW.

(Group WHT) Whole cell Heating, with TR: this are cases, where the whole

surface of the cell was heated until full TR reaction. Here only small self-

discharge was measured and internal short circuits were not observed. The

heating damaged the electrolyte and separator of the whole cell, increasing

the Ri of the cell by two to three magnitudes (from 1 mΩ to 5 mΩ at room

temperature to 500 mΩ to 800 mΩ when heated above 180 ◦C) before the TR

reaction. The high Ri prevented any significant current flow. In those cases

the TR was caused solely by the external heat input.

Figure 4.145 compares the experiments where external heat was injected locally

in the centre of the cell (by the setups µ-heater, tab-heater and medium heater).

The graph visualises the contribution of the heat-release of the ISC and compares

the heat release to the external heating. The comparison suggests that the heat

release by the ISC should be taken into account when cells with local damage are
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Table 4.11: Short circuit characteristics. Here Ri is the cell resistance, RISC is the resistance,

IISC is the current and PISC the local heating power of the ISC, Ph is the power

of the external heater, TR indicates if the cell went into thermal runaway, Group

indicates into which group this experiment is categorized.

Experiment Heater setup Ri RISC IISC PISC Ph Group

mΩ Ω A W W

T0146a µ-heater — 1.02 4 16 50 LH

T0147a µ-heater — 1.34 3 12 183 LH

T0149 pos. tab — 0.01 560 2333 448 LHT

T0151 neg. tab 2.5 8.15 0.5 2 567 LH

T0160 medium heater 3.5 0.04 100 409 561 LHT

T0161 med. + bottom heat. 800 0.57 7 28 407 + 1000 WHT

T0177 medium heater — 0.02 250 992 900 LHT

T0178 med. heat. insulated 1 0.3 13.7 57 900 LHT

T0179a med. heat. insulated 1 — 0 0 900 LH

T0179b med. heat. insulated 1 13.89 0.3 1 820 LH

T0179 bottom heater 500 1.92 2 8 1000 WHT

T0180 med. heat. insulated 1.3 0.03 136 568 900 LHT

T0181 med. heat. insulated 1 0.05 80 334 900 LHT

simulated. Overall, the experiments show that sufficient localized heating can create

significant short circuits with high local joule-heat release which contributes to the

triggering of TR.

On the other hand, if the whole cell is heated, then the whole electrochemical

system of the cell is damaged. The damaged system can not power high currents

and ISC does not occur, even if the cell is heated until TR starts. For the tested

cell in SafeBattery, uniform heating did not create an ISC. The experiment results

suggest that the ISC need not be taken into account, if the whole cell is uniformly

heated until TR.
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Figure 4.145: Experiments using the µ-heater, tab-heater and medium heater. Comparison of

external heating and local power dissipation by the ISC.
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This thesis describes thermal runaway (TR) tests of Li-ion batteries of different

types and sizes meant for usage in mobile and automotive applications (electric

cars). It includes development of test stands, experiment methods and analysis

methods. The results of safety tests are presented and discussed with consideration

of automotive applications.

The thesis consists of four publications and two reports. The first two papers

deal with small cylindrical cells with capacities between 1.1 A h to 3.3 A h. The

third and fourth papers cover a prismatic metal-can cell with a significantly larger

capacity of 50 A h. The remaining two reports focus on a large pouch cell with 42 A h.

In the first publication (section 2.1) thee types of consumer Li-ion batteries with

the format 18650 with different cathode materials were evaluated in TR tests. The

cells were charged to 100% state of charge (SOC) and brought into TR by external

heating. All tests were performed in a pressure-tight reactor in an argon atmosphere.

In agreement with literature [133], the cell containing LiFePO4 (LFP) showed the

best safety characteristics. The LFP cell had the highest onset temperature (195 ◦C),

the smallest temperature increase during the thermal runaway (210 ◦C), the lowest

amount of produced gas (50 mmol) and the lowest percentage of toxic CO in the

gas (4%). Unfortunately, it was also the cell with the lowest working voltage (3.3 V)

and the lowest energy content (3.5 W h).

Batteries with higher energy content (5.5 W h to 9.6 W h) performed worse in safety

tests. The onset temperature shifted down to 170 ◦C and 150 ◦C, the temperature

increase during thermal runaway rose to 500 ◦C and 700 ◦C, the amount of gas

released was 150 mmol and 270 mmol, and significant percentages of CO (13% and

28%) were found for the Li(NiMnCo)O2 (NMC) and NMC/LiCoO2 (LCO) cells,
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respectively.

All cells released high amounts of H2 and hydrocarbons. These gases are highly

flammable. Even though the gas could not burn in the inert atmosphere inside the

reactor, the surface of the high-energy cells reached temperatures of up to 850 ◦C

during the experiments.

In the second publication (section 2.2) two types of 18650 cells, Li(NiCoAl)O2 (NCA)

and LFP, were charged to different SOC before being tested in over-temperature

experiments. The main findings of this work were:

• The cell material and cell design (e.g. high energy density vs. high power

density) have a high influence on the maximum cell temperature and on

the released gases in TR conditions (table 5.1). Charged NCA cells showed

a drastic TR behaviour. NCA cells could reach maximum temperatures of

1075 ◦C and they released up to 317 mmol of gas (equal to 7.1 L at standard

conditions). Charged LFP cells exhibited a less pronounced TR: maximum

cell temperatures as high as 448 ◦C were observed and the LFP cells released

up to 61 mmol of gas.

• Discharged cells showed no TR upon heating up to 250 ◦C. Both cell types

needed to be at least partially charged in order to go into TR.

• The severity of the TR increased with increasing SOC.

• The TR reactions produced high amounts of CO, H2 and CO2 thus making

the gas flammable and potentially toxic. The gas composition depended on

the cell type and SOC. NCA cells produced more CO and H2 than LFP

cells. Discharged cells generated mainly CO2. Increased SOC led to increased

amounts of CO and H2.

• The SOC and the cell type had less effect on the onset temperature, as long

as no Li plating occurred. Overcharge may cause metallic Li deposition on

the anode which compromises the thermal stability. The onset temperature

of overcharged cells decreased dramatically from 140 ◦C to values as low as

65 ◦C!

• In three experiments, the absolute amounts of gases from NCA cells were

quantified. It is shown that it is theoretically possible to explain the absolute

amounts of the measured gases with a set of chemical degradation reactions
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Table 5.1: Comparison of the two tested cell types. Cell specifications and averaged experimental

results.

LFP NCA

Voltage (50% SOC) V 3.32 3.68

Nominal Capacity A h 1.1 3.35

Cell mass g 38.87 45.40

Max continuous discharge A 30 6.7

Cycle life >1000 >300

Minimal SOC for a pronounced thermal runaway % 50 25

Onset temperature θo (100% SOC) ◦C 140 139

Maximal temperature θm (100% SOC) ◦C 440 911

Produced gas nidealsum (100% SOC) mmol 32 277

Detected CO2 (100% SOC) % 48.3 20.0

Detected CO (100% SOC) % 9.1 44.8

Detected H2 (100% SOC) % 29.4 25.7

Impact of overcharge weak strong

and with known amounts of initial material in the cell.

• It is proposed that the main reactions in charged cells are combustion of

carbonous material and Li oxidation. Both are strong exothermic reactions

which contribute to the energy release during the TR of a Li-ion battery.

The amounts of O2 and Li available to degradation reactions depend on

the SOC as well as on the amount and type of active cathode and anode

material. Higher SOC increases the O2 release of the cathode and the amount

of intercalated Li in the anode. In over-charged cells these amounts increase

further and deposition of highly reactive metallic Li may occur on the anode.

• It is proposed that both, the cathode and anode side participate in the

reaction system. Therefore, experiments with only one electrode may not

cover the full picture.

The third paper (section 2.3) compared the safety of different automotive battery-

technologies (lead acid, nickel metal hydride (Ni-MH) and Li-ion batteries). The

TR of lead acid batteries is driven by high charging current/voltage at high temper-
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atures. It is easily detectable with temperature or gas sensors and can be mitigated

by reducing the electric load. Ni-MH batteries show very good safety records. No

literature on possible TR reactions of Ni-MH batteries could be found.

The TR of Li-ion cells is initiated by over-temperature or overcharge. Their main

TR reaction can be quite dramatic and can easily end with a battery fire. The

severity of the Li-ion TR reaction is proportional to the amount of electrochemical

energy inside the cell. Cells with higher energy density reach higher maximal

temperatures and release more vent-gas. Charged cells can go into TR but dis-

charged cells show no TR reaction. In Li-ion battery packs special care must

be taken to prevent hot-spots, foreign object intrusion, dendrites inside the cells

and overcharge. Thermal barriers between the cells may be used to prevent TR

propagation from cell to cell. Battery packs need proper gas venting (exhaust) sys-

tems so that in case of failure harmful gases are directed to the outside of the vehicle.

The fourth publication (section 2.4) describes an experiment series of eleven over-

temperature experiments that were performed with large prismatic metal-can Li-ion

cells which were charged to 100% SOC. The cells had a LiMn2O4 (LMO) cathode

and graphite anode and a capacity of 50 A h. This was not the newest technology;

they were produced in 2009. The experiments were done inside a large custom build

gas-tight heatable reactor in nitrogen atmosphere. Four different heating methods

were used: temperature ramp with heating of both cell sides, temperature ramp

with heating of one side, stepwise heating and heating of the whole reactor.

With increasing temperature, the cells experienced a sequence of events eventually

finalizing in an exothermic TR reaction. An important finding was that sometimes

the sequence of events was interrupted by an unforeseeable internal short circuit

(ISC). When it occurred, the cell skipped the remaining events and took a direct

route into final exothermic reaction. It is suspected that the short circuits were

caused by internal mechanical failures which damaged the electrical insulation

inside the heated cells.

For cells with complex internal construction such as the tested metal-case cells it is

important to repeat several test runs in order to capture the worst case outcome.

The variability may be less an issue for cells with simpler construction such as

pouch-type cells.
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The characteristics of the final reaction were: the final TR started when the hottest

point of the cell exceeded 206 ◦C, during TR the cell casing reached a maximum

temperature up to 594 ◦C and the cell released an overall amount of up to 5.9 mol

of vent-gas with up to 530 ◦C. When the vent-gas cooled down to room temperature

then part of it condensed and the remaining gas phase shrunk to a value between

2.9 mol to 4.6 mol.

Further findings were:

• The final TR reactions are triggered by either increasingly exothermic chemical

reactions (classified into group A2) or by joule heat from ISCs (classified into

group B1 or B2).

• Most cells belonged to group A2. They showed a preceding minor venting

event (opening of burst plate and overpressure release from the cell) and -

after further heating - a gradual onset of exothermic reactions and TR with

a second major venting.

• In three experiments (group B1) ISCs occurred. The shorts triggered the final

TR reaction and gas release before the first minor venting would normally

happen.

• In one experiment (group B2) an ISC triggered the thermal runaway after

the first minor venting and further heating by the sample holder.

• For the tested cell type it is difficult to anticipate an imminent ISC of a cell,

because it can happen at temperatures as low as 155 ◦C and without previous

venting, cell voltage drop or accelerating temperature increase of the cell

casing.

• The cells released significant amounts of gas during TR: up to nv = 5.95 mol

• The gas release rate showed large variation from experiment to experiment,

therefore several test were required for a reliable result. Up to 1.39 mol s−1

were measured.

• From the measured gas release rate a venting port with a diameter of at least

19.1 mm was estimated.

• The cell temperature measurements can be used to develop dynamic and

spatially resolved TR models. Such models would be useful to determine at

which conditions TR propagation occurs and to evaluate the effectiveness

countermeasures against propagation.
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The final parts of this work include two reports (project Safe Lithium-Based

Traction Batteries (SafeBattery)) in which 20 TR-experiment were done with

42 A h pouch cells. The cells were produced in 2016 and had a graphite anode and

NMC/LMO cathode.

The first report (chapter 3) focuses on workplace safety requirements for cell-abuse

test laboratories. The first experiments proved that fully charged cells with SOC

100 % had a critical temperature1 of Tcrit = 231 ◦C, a maximal cell temperature

of Tmax = 754 ◦C and a gas release of nV = 2.31 mol with gas concentrations

CCO = 16.6 % and CH2 = 22.9 %. In contrast to fully charged cells, cells with SOC

≤30 % showed no exothermic reactions and released less gas (nV = 0.53 mol) when

externally heated up to 309 ◦C. Their vent-gas contained less CCO = 4.5 % and

CH2 = 3.9 % but high concentration of electrolyte solvents instead.

To prevent damage to laboratory equipment and hazards to personnel several

measures must be taken:

• To prevent fire spreading from the cell to neighbouring equipment either

incombustible material near the cell is used or tests can be done in inert

atmosphere. TR propagation to neighbouring cells may be stopped by direct

cooling with water/surfactants mixture.

• To prevent deflagration either the enclosure must be large enough so that

the vent-gas does not reach the lower explosion limit (LEL) or the enclosure

is filled with inert gas or ventilation with a throughput comparable to the

gas release rate of the cell is used (e.g. 80 m3 h−1).

• Confinements need a venting port to prevent bursting. An enclosure which

can withstand an overpressure of 20 kPa would need a venting port with a

diameter of 13.3 mm for safe gas release of the tested cell.

• To prevent intoxication personnel should wear gas monitoring and warning

devices. Additional fixed CO monitoring and alarm system should be installed

in the laboratory. The laboratory ventilation system should have an air

exchange rate of at least 10 times the room volume per hour to extract any

harmful gases.

• To prevent injuries from leaking electrolyte and electrode particles of damaged

cells respirators for organic vapours and particles or a fume hood should be

1Tcrit is the temperature when temperature increase becomes higher than dT/dt > 10 ◦C min−1
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used. Eye protection and appropriate gloves should be worn.

The second report (chapter 4) focuses on triggering a TR with a hot-spot heater.

Same cell type as in the first report was investigated. Fully charged cells were

tested in a series of experiments with increasing heating power which was applied

locally at either the centre of the cell or on the tabs. Surprisingly high power was

required to initiate a localized TR (heater power Ph > 561 W), heating duration

th > 175 s).

The main findings were:

• In experiments with low heating power or insufficient heating time a self

sustaining TR could not be started. Instead, the heater created a soft short-

circuit which slowly discharged the cells.

• In experiments with long heating times and lower heat flow into the cell the

heat created an inert zone with radius ri centred at the hot spot. In those

cases a self sustaining TR started only after prolonged heating. The self

sustaining TR front originated not at the hot spot but at the perimeter of

the inert zone. A correlation of required heating time and the final size of

the inert zone was found.

• In experiments with high heating power the TR could be started quickly in

400 s. In these cases the self sustaining TR originated at the hot-spot and the

TR-front travelled away from the initial hot-spot and consumed the whole

cell.

• The speed of the TR-front depends on the direction: it is higher along the

electrode sheets and lower perpendicular to the electrode sheets. High in-

plane conductivity facilitates an in-plane front speed of c‖ = 13.8 mm s−1

whereas the lower out-of-plane conductivity results in lower out-of-plane speed

c⊥ = 0.84 mm s−1.

• The amount and composition of vent-gas released by a TR was the same for

the triggering methods hot-spot or uniform heating.

• Gas that was released during the creation of the inert zone had a composition

with higher H2 and CO concentrations than gas from heated cells at SOC

≤30 % but lower H2 and CO concentrations than gas from TR of cells at

SOC 100 %.
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• When local heating was not sufficient to start a self sustaining TR, an internal

ISC of ≤4 A was estimated.

• When local heating started a TR, different ISC currents ranging from 13 A

to 560 A were estimated for the different experiments.

The final conclusion is that Li-ion batteries are safe up to a critical temperature

which depends on the cell type and SOC. If cells are overheated above a critical

temperature self-accelerating exothermic reactions release gas, heat and particles.

This work shows which temperatures and gases-releases must be expected from a

failed cells and gives suggestions on how to cope with the released gas and heat in

automotive and laboratory environment.
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Current battery packs for electric vehicles have reached the target to enable ranges

>400 km. The next target is to reduce the battery pack cost below 100 $/kWh.

The cost of conventional Li-ion cells can be reduced by minimizing the amount

of electrolyte and by using cathodes with high capacity or high voltage cathodes

with cut-off voltages above 4.3 V. Such incremental changes may have medium

influence on the TR parameter of a single cell. Other promising developments

include all-solid-state cells and Li/S cells.

In solid-state cells the liquid electrolyte is exchanged with a not burnable solid state

matrix such as sulfide glasses or ceramics [134]. The anode is pure Li-metal while

the cathode particles can be the same as in conventional Li-ion cells. Advantages

of all solid state cells are higher energy density, operation at high temperature and

the lack of burnable electrolyte. The lack of burnable electrolyte should improve

safety performance, but the cells could theoretically still show a TR reaction. In an

overheated all solid state cell the O2 released by the cathode could come in contact

with molten Li as sketched in fig. 6.1. The molten Li and O2 could react in a highly

exothermic reaction to Li2O. Therefore the overtemperature behaviour of all solid

state cells should be tested before mass market introduction.

Li/S batteries use other active materials than conventional Li-ion batteries. The

anode active material, graphite (or graphite/silicon composite), is replaced with a

thin Li metal layer. The cathode material (metal-oxides or metal-phosphates) is

replaced with sulphur/graphite composite. An aprotic liquid electrolyte is used,

e.g. 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) with 1M lithium bis-

(trifluoromethanesulfonyl)-imide (LiTFSI) conductive salt [135].

Li/S cells have a better gravimetric energy density and do not require expensive

materials such as Co or Ni for their cathodes. They could enable applications
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6 Outlook

Figure 6.1: Sketch of a theoretical TR reaction in a solid state cell.

where weight is premium but volume is available such as electric planes and drones.

Possible risks in case of over temperature are exothermic reactions of molten Li

and molten S with ambient air and the liquid electrolyte.

In a quick survey experimental results on over temperature behaviour of all solid

state cells and Li/S cells could not be found. Their safety behaviour may be funda-

mentally different compared to current state of the art Li-ion cells and should be

addressed in future research.

The safety of the whole battery pack of an electric vehicle (EV) is one step up from

the safety of a single Li-ion cell. One important failure case is the TR of one cell

inside the pack. The failed cell emits heat, gas and solid material into the battery

casing. The heat may start a TR-propagation from cell to cell and it can damage

the electric insulation on a first location. The hot gases may cause overpressure,

and a vent-gas jet may puncture the pack-casing. Ejected material may cause an

insulation fault on a second location in the pack. Two insulation failures may cause

a short circuit and electric arcing inside the pack. Future research topics include the

interaction of the ejected debris and the electrical components, heat withstanding

battery casings and cell to cell propagation of the TR.
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Feuerungs- und Schornsteinbau 
Hochbau, Keramik 
Günter Schulz GmbH & Co. KG 
Lohweg 4 A, D-06632 Balgstädt 

Produktinformation 
www.schuba-shop.com 

 

126200930101_126-200930102_Biolösliches_Faserpapier  Revision: C Gültig seit: 20.09.11 Seite 1 von 1 

 

Produkt  Biolösliches Faserpapier Schuba®BFP 120, d = 5 mm 

Artikel-Nr. 126-20093 01 02 

Produkt-
beschreibung 

Flexibles biolösliches Faserpapier, Rollenbreite 1000 mm, Papierdicke 5 mm; 
erhöhte Biolöslichkeit auf Basis von Calcium-Magnesium-Silicat;  ausgezeichnete 
thermische Stabilität in normalen, oxidierenden Atmosphären; aufgrund der hohen Bi-
olöslichkeit erfolgt jedoch ein chemischer Angriff, besonders in feuchten Atomsphären 
in Verbindung mit Säuren und Laugen 

Besondere Merkmale: hohe Temperaturbeständigkeit, geringe Schwindung, ausge-
zeichnete Temperaturwechselbeständigkeit, gute mechanische Festigkeit, einfache 
Bearbeitung, gute Dämmeigenschaften, ohne organische Bindemittel; 
Gefahrstoffklassifizierung entfällt aufgrund der hohen Biolöslichkeit 

Technische  
Daten 

Klassifikationstemperatur 1200 °C ASTM-Gr. / 

Abmessungen / 1000 5 mm 

Al2O3-Gehalt > 1 % 

SiO2-Gehalt 61 - 67 % 

Fe2O3-Gehalt 0,6 % 

CaO 30 - 40 % 

MgO-Gehalt 30 - 40 % 

Wärmeleitfähigkeit bei 

 400 °C 0,10 W/mK 

 600 °C 0,15 W/mK 

 800 °C 0,22 W/mK 

Schwinden nach 24 h bei  1200 °C > 4 % 

Kaltdruckfestigkeit bei 
Raumtemp.* / N/mm² 

* bei feuerfesten Massen nach Aushärtung 

Rohstoffart Calcium-Magnesium-Silicat  

Dichte / Materialbedarf 150 kg/m³ 

Gewicht 0,75 kg/m² 

Bindungsart /  

max. Korngröße / mm 

Bedarf Anmachwasser / Liter / 100 kg

Gebindegröße ab 1 m² 

Verarbeitungs-
richtlinie 

/ 

/ 

/ 

/ 

Sicherheits-
hinweise 

Reizungseffekte 
Geringe mechanische Reizung von Haut, Augen und oberen Atemtrakt kann bei Aus- 
gesetzt sein auftreten. Diese Wirkungen sind gewöhnlich vorübergehend. Bereits be- 
stehende Erkrankungen von Haut und Atemwege, Dermatitis, Asthma oder chroni- 
scher Lungenerkrankungen können verschlimmert werden. 

Lagerung Trocken lagern! 
Die technischen Angaben sind Mittelwerte aus Reihenprüfungen, ermittelt aus laufender Produktion. Sie stellen keine zugesicher-
ten Eigenschaften dar und können nicht als Grundlage für eine Gewährleistung herangezogen werden. Technische Änderungen 
vorbehalten. Es gelten ausschließlich unsere Allgemeinen Geschäftsbedingungen. 
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EN 

RS Stock number 785-0827 

RS, Professionally Approved Products, gives you professional quality parts across all products categories. Our range has 
been testified by engineers as giving comparable quality to that of the leading brands without paying a premium price. 

Description 
Mica is a laminate designed for providing outstanding electrical insulation at 
high temperatures. It is environmentally safe and non-toxic, certified by UL-
94V-0 (E67143M) and conforming to IEC 371-3-3 
 
Applications 
A special low smoke and blister free grade. It fully resists the extreme high 
temperature cycles and can be easily cut or punched. 
 
Availability 
Various sheet sizes, 0.1 – 1.5mm thick 
 
Storage 
Unlimited shelf life in a dry place at room temperature 

RS, Professionally Approved Products, gives you professional quality parts across all products categories. Our range has
been testified by engineers as giving comparable quality to that of the leading brands without paying a premium price.
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