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10. SHEEFEMEERE RS PRI K EIEAVERZZ (Insights on thermal
runaway and fire propagation in a lithium-ion battery energy

storage system)
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BFFEA b ORI FE R B PR AR RN - IESDh - SRA TR 8 23R BRI
{HR (TRP) > 1A A SR Hafalih] o sxbTFTErT 17 A itEiflE - §ERAL
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Time Sunday, June 15
16.00-19.00 Registration
17.30-19.30 Welcome cocktail
Time Monday, June 16
08.30 Registration
Room Chiostro
09.20-10.00 OPENING SESSION
PLENARY LECTURE
10.00-11.00 Vladimir Molkov
11.00-11.30 Coffee break and poster viewing
11.30-12.20 HIGHLIGHTED PRESENTATIONS
Hydrogen safety
12.20-14.00 Lunch
Room Chiostro Room 1
14.00- 15.40 Hydrogen safety | Battery safety |
15.40-16.10 Coffee break and poster session
16.10-17.30 Hydrogen safety Il Battery safety Il
Time Tuesday, June 17
Room Chiostro
09.00-10.00 PLENARY LECTPFE
Franco Tamanini
10.00-1030 Session in memory of
: ’ Prof. James G. Quintiere
10.30-11.00 Coffee break and poster viewing
HIGHLIGHTED PRESENTATIONS
11.00-11.50
Wildland fires
Room Chiostro Room 1
i i +
11.50 - 12.50 Fundamentals of Fires and E.xploswns 1 Wildland fires I
Two phase explosion
12.50-14.00 Lunch
Industry-specific
14.00 - 15.40 fire and explosion resea_n:h: renewable Wildland fires 11
energy, aerospace, oil and gas,
nuclear, process industry
15.40-16.10 Coffee break and poster session
Critical and Transient Combustion
16.10-17.10 Industrial risk and sustainability phenomena I + Combustion in extraordinal
environment
19.00-22.30 River Boat standing aperitif dinner
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Time Wednesday, June 18
Room Chiostro
PLENARY LECTURE
09.00-10.00 Akiko Matsuo
HIGHLIGHTED PRESENTATIONS
10.00-10.50 . . )
Fire and explosion modelling in computer codes
10.50-11.20 Coffee break and poster session
Room Chiostro
11.20-12.40 Fire and explosion modelling in computer Deflagration, DDT, detonation, and their
i i codes | mitigation |
12.40-14.00 Lunch
HIGHLIGHTED PRESENTATIONS
14.00-14.50 Deflagration, DDT, detonation, and their mitigation
Room Chiostro
Fire and explosion modelling in computer Deflagration, DDT, detonation, and their
14.50-16.10 " L
codes Il + Evacuation mitigation Il
16.45-19.00 Walking tour of ancient city
Time Thursday, June 19

Room Chiostro

PLENARY LECTURE
09.00-10.00 Mikhail Liberman
1000-1050 Fundamentls o res and exlosions
10.50-11.20 Coffee break and poster viewing
Room Chiostro
11.20-13.00 Fundamentals of fires and explosions Il Fire suppression and mitigation systems
13.00-14.00 Lunch

Room Chiostro

14.00-14.50

HIGHLIGHTED PRESENTATIONS
Hydrogen Safety

Room Chiostro

Material
14.50-15.50 Hydrogen safety IlI flammability and flame retardancy +
Fire Toxicity
15.50-16.10 Coffee break and poster session

16.10-17.10

Room Chiostro

Critical and Transient Combustion

Phenomena Il Battery safety Il

19.30-22.30

Social dinner
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Time

Friday, June 20

12.50-13.30

PLENARY LECTURE
0915-10.15 Albert Simeoni
Greeting and Introduction to the activities of the Italian Fire Corps
10.15-10.35 .
Eros Mannino
10.35-11.00 Coffee break
11.00 - 11.50 HIGHLIGHTED PRESENTATIONS

Battery Safety

Room Chiostro

Battery safety IV Wildland fires 1l

Room Chiostro

Closing session.
Best presentation / poster awards
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Characteristics of Gas Venting and
Detection During Thermal Runaway of;
LiFePOg4 Battery

P.H. Huang? Y. P. Huang?, L.Y. Yeh? H.C. Peng* H.Y.Ts,
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1. Department of Safety, Health and Environmental Engineering,
National Kaohsiung University of Science and Technology (NKUST),
Kaohsiung, Taiwan

2. Taiwan Semiconductor Manufacturing Company, Tainan, Taiwan

*Corresponding author’s email: jrc@nkust.edu.tw
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*  National Kaohsiung University of
'E Science and Technology

Background

» Among various LIB technologies, Lithium iron phosphate (LiFePO4) battery is
extensively used in in energy storage owing to its low cost and large storage capacity.

» However, LiFePO4 battery suffers the same drawbacks of LIB due to their high energy
density, high flammability of electrolytes, and susceptibility to heat.

» Upon heating, the LiFePO4 cell will vent with/without fire:

Thermal runaway test for Cell B
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Background — characteristics and hazards of vent gase

Extensive work have been done, such as review by Wang et al. (2024)%, to characterize the

components and hazards of the off-gases from LIB

The gas vented mainly related to the reactions inside the LIB, including:

* SEl(Solid electrolyte interface)
decompositions

* Anode-electrolyte reactions

Electrolyte boiling

* Cathode decomposition

* Separator melting

¢ Cathode and anode reactions

* Anode-fluorinated binder reactions

* Vent and combustion

The above reactions may take

§ Wang, S., etal., J. Energy
Storage, 84 (2024) 120892.

place simultaneously A

The monitoring of different ventgas | g - Seon ¥ &=

also lead to development of early 6% | skt gecomposition b o0

warngsensare P O ) A e e o e e e o e e TR e
Temperature (°C)

Background — early warning sensors

A patent by Cummings et al. (2020) proposed a thermal runaway automatic
detection system for lithium-ion battery cells or modules based on monitoring the
gas components.

Cummings and Swartz (2017) found that the gas sensor of carbonates can detect
the fault signal around 7-8 mins before the actual occurrence of thermal runaway,
which is around 2 min earlier than the voltage sensor and 7 min earlier than the

-

Li-ion Tamer®

temperature sensor. 20000:9
1000 4
50% € —Methyl Ethyl Carbonate (MEC)
a MEC
'§ & 100 ~—Acetone
g 40% - 2 10 ~~Styrene
2 § ~—Benzene
8 30% 4 g B —Hexane
?’. % o | —s8utadiene
s 20% § ~——Carbon Monoxide (CO)
H g 0.01 - ~—Toluene
§ 10% g o064 ~—Fluorotrimethylsilane
o ——Decane
0% - < 0.0001 -
<2 2-4 4-6 6-8 8-10 >10
Time between Stage 2 and Stage 3 (minutes) 0.00001
Pre-ignition Incipient  Thermal runaway
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Objectives

» What's the characteristics of gas venting from LiFePOy cells subjected to

heat?

*+ Battery expansion before the venting

+ Components of the vent gases

+ Concentration range of the vent gases

* Dynamic variation of vent gases

» Can gas detection reliably detect abnormal cells before runaway?

» Which gas detector is the most suitable one for LiFePO4 cells?

4

Detectors used

No. Maker Model Sensor type Gas Range
1 Riken Keiki SD-D58 GH Semiconductor DMC 0-3000 ppm
2 Riken Keiki GD-70D-EA Semiconductor H, 0-2000 ppm
3 Riken Keiki S5G-8541 Semiconductor H, 0-100 ppm
4 Riken Keiki 5G-8260 Semiconductor VOC 0-1000 ppm
5 Riken Keiki GD-70D Electrochemical cell HF 0-10 ppm
6 Riken Keiki GD-70D-EA Electrochemical cell co 0-150 ppm
7 City Tech. 3EF Electrochemical cell co 0-100 ppm
8 Honeywell SPM Flex Color tape HF o0-20ppm
g Xtralis VESDA VEP-A10-P Light obstruction Smoke S:I::;;:i:uior o-sV
10 Honeywell Bi14LP Light obstruction Fire Smoke  1-3.18%/ft
11 Xtralis Li-ion Tamer® - Carbonate <1ppmj/sec
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Cell A and its modules

» Manufactured by Jiangsu Highstar Battery Manufacturing Co.,
Ltd., China, Model number IFpP36115200-50 with a normal
capacity of 50 Ah, normal voltage of 3.2V and weight 1350 g.

» Module for cell A is supplied from Changs Ascending Enterprise
Co., Ltd., Taiwan.

Safety valve

(Rupture disc)
anode cathode
Connectors
(> 3.6cm on the side
= |
- _
Thim

film 18.5cm Connectors
on top

heater

8 cells in two rows

Cell B and its modules

» Manufactured by Jiangsu Chunlan Clean Energy Academy Co.,
Ltd. Model number IFPP5o0 with a normal capacity of
50 Ah, normal voltage of 3.2V, weight 1380 g.

» Module for cell B is supplied from Taiwan Truewin Technology Co.,

Ltd. Safety valve
(Rupture disc)
Connectors
on side

anode | cathode
Connectors

on top

Cell
(side view)

15cm

8 cells in one row
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Thin-film heater & test chamber

Gas sampling

Polyimide film, temperature rating ~400°C
Each film is laminated with heater 345 W £ 10% - 35Q

Two films per cell

Heating rate setting: 6°C/min

Cell was placed in side a 2-hr fire resistant cabinet with constant
ventilation

YVVVYVY

Temp. ()
e85 888

€
—TC2

Cell AThermal Runaway e /

,"“'J‘

*

g

Temperature ('C)
g &

* Heating led to cell expansion. After reached 250°C,
temperature hold steady for 5min and then strong
venting occurred at 43.35min. Heating was then aborted

8

i —— Detector 1 - H '
and cell cooled down. No visible fire was observed. ey Pl -‘
* At 34.06min, Riken DMC detector had first reading, :;“V:;"‘l’;

followed by Riken VOC detector at 38.2 min.

* All other sensors/detectors had reading only after valve
full open, except for both HF detectors.

Conc. (ppm)/Voltage x100 (V)

o8 888 8B B EEE8888888.

— Detector 3- H2 t 3 I\
——Detector § - HF : |
Detector 6 - CO
——Detector 7 - CO
Detector 8 - HF, SPM Flex
~—— Detector 9 - Smoke, VESDA
~—Detector 11 - Li-ion Tamer

Conc.(ppm)/VESDA (V)

Time (min)
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Time 38 min

Cell AThermal Runaway

Minor valve expansion/distortion was observed near 38.1 min, which was 5 min
before full valve opening

* H2and CO were not detected before valve full open, indicating that thermal
runaway was not yet reached.

* Thus, the detection of carbonate electrolytes can be a useful way of early
detection of LiFePO4 battery under abnormal thermal conditions.

500

* Inthe present study, the detection may : \\ \ Time BT
H H O.
provide up to 5 min window before the i % O PR S RGP B P 19 :

R Aaete L TN ISUN SRV . - Valve expansion

30 1 [ Detector1 - OMC

battery runs into a full venting. —Omman DN

JBL ‘
* White, polymeric materials were also g"” —heai e \?/ !
vented out. FTIR-ATR analysis confirmed £ : .

to be PP/PE/carbonates mixture Al [
S " —::: : Time 43.35 min

— Detecton 70 : { - Full venting

—— Detector § - Smoke, VESOA |+

o = : \
10
S : i T T
o LOAAMMAAA L ALMIMA ALAA. AAMAAAAAA N N
¥ O} M % B 0 e M % 4 %
Time (min)

Cell BThermal Runaway
Heating led to cell expansion. After reached 200°C, strong
venting occurred at 33.11 min. Heating was then aborted
and cell cooled down. No visible fire was observed.

* At 33.43min, Li-ion Tamer detector had first reading, ood _
followed shortly by Riken VOC/H2/DMC detectors at 33.55 s o il |
min. All readings were after valve opening. § ™ —

* Very minor VOC detected near 29 min which was _§’ 600
attributed to the VOC from tape wrapped around heater. %

* VESDA detector recorded smoke at 16.2 min, which was § 1 )
also attributed to fuming from the tape. 3 '

* No visible valve expansion or distortion was observed. | Sp— =i

* Gasdetectors were not useful for early warning of s 0 Oetectors - 8
thermal runaway. é w ff e 2

* No polymeric materials vented : : |t

. Ay
’ ° s 10 2 ; ‘;‘_L“- 2

20
Time (min)
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Comparison of cells after tests

300
Heater temperature at venting of cell Ais B
approximately 50°C lower than cell B. B0 H - Vave open & heaterot i
* The cut sections of both cells showed that the § . | ~00% 4o

PE/PP separator was not only used to
separate anode and cathode sheets but also
covered the electrodes for electrical insulation
from the aluminum casing.

Both separators were analyzed by DSC. Both ~ *
samples exhibited a similar, large fusion peak i
with peak temperature of 163.71°C and 0 1 ) 0 ©
167.96°C, respectively for cell A and cell B. Time (min)

Thus, it is suspected that venting of PE/PP separator from cell A was a result of
higher venting temperature in comparison with cell B.

Itis also likely that cell B valve opening pressure setting is lower than the one of
cell A. Thus, there was no valve deformation and leak of electrolyte in cell B until
valve full opening.

Therefore, gas detection is not applicable for pre-warning of thermal runaway of
cell without minor leaks of electrolyte. This occurs mostly in cells with low venting
pressure/temperature setting.

Heater Temperature ("C)
g

.

.

y /

Cell A Module Thermal Runaway

* The module test follows closely the UL 9540A Module Test Method
+ Cell #2 was heated until temperature reached 300°C. Temperatures
of remaining cells and nearby modules were monitored
» Venting was observed but no visible flame.
* After the test, Cell #1~3 had valve opened
indicating runaway propagated to nearby cells|
* Nearby modules remained intact and cool.
* The module is considered to pass the
UL 9540A Module Test

— =

//

74

NN
\

S,
2

]
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400

ell A Module Thermal Runaway; ¥

eak temperature reached ~400°C. é 250

* The results of gas detection were similar to single ce & i°°

test with DMC, VOC and high-sensitive H2 detectors *
starting to record approximately 20 min earlierthan s

°

valve full opening and temperature runaway, which s
- o 1000 [ —Detector1-DMC |
indicates early leakages. % 2ok
* Li-ionTamer detectors responded at the same time  § | = s
with DMC detector as it was installed close tothe 2 *°
heating module. § wo
* HF was also detected by SPM Flex color-tape g [ —
. . = o
detector approximately 2 min after valve full opening® 4
and reached the full-scale concentration of 20 ppm. £ '* ‘ et
* The electrochemical cell HF detector responded ~4 é % ['| — petectors - co
min slower than the SPM detector and peak e i 2
concentration reached only 2.9 ppm. 8 40 || —Detector9- vesoA
L. N . ¢ ‘ —— Detector 10 - Fire Smoke Detector
* Surprisingly, typical Fire Smoke Detector also worked§ 2 | — oetector11 - iion Tamer

T -

and only 2 min slower than the sensitive VESDA. 0
» Testresults were similar for the other type module.

10 20 30 40 “mes?mi") 60 70 80 %0 f?

4

Cell B Module Thermal Runaway

* Cell #2 was heated until temperature reached 300°C. Temperatures

of remaining cells and nearby modules were monitored
* Venting was observed but no visible flame.
* After the test, Cell #1~4 had valve opened.

* Nearby modules remained intact and cool.
* The module is considered to pass the
UL 9540A Module Test

W
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400

35—t —12 —vas —7ed
ell BModule Thermal Runaway e
Peak temperature reached ~350°C, 50°C lower than § 20
cell Amodule. gm
* The results of gas detection were similar to single cell &
test with NO detection for all detectors prior to valve " 00
opening and temperature runaway. B
* Upon valve opening, all detectors including §m: ——
electrochemical cell HF detector showed positive ':; 66 i SRR
recordings. 2w ‘c’:':;:;:: [
* Again, typical Fire Smoke Detector also worked and % o
only 2 min slower than the sensitive VESDA. % 200 e
* Inmulti-cell modules, full valve opening and thermal &
runaway take place almost at the same time. g | =l
* Itis concluded that gas detection is not applicable for § : ——Detector§-€CO
pre-warning of thermal runaway of cell without § sl e
minor leaks of electrolyte. § 50 | | ——etector10. Fire smoke Detector |
* Testresults were similar for module with 8 cells in . W
two rows. oo - “ s

y/
Cell AModule Cycling Heating Test

» Test aimed to study the effects of cycling heating:
¢  Stagea : 100 °C = cool down
*  Stage 2 : 150 °C = cool down
*  Stage 3 : 200 °C = cool down, but electrolyte leaked
*  Stage 4 : 250 °C => temperature runaway!

* Both DMC/VOC detectors responded well before thermal
runaway. Li-ion Tamer did not respond possibly owing to
its diffusion-controlled sensor.

* All 8 cells had valve opened, even through some cells
experienced only peak temperature of ~120°C

* The safe temperature limit of the LIPF is set to 100°C.

* Pre-warning temperature is set to 80°C

Concentration ppm)

Concentration PpmUVESDA V)
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Conclusions

/ 4

* Minor leak of electrolytes were carbonates, and their detection can be a
pre-warning for abnormal LiFePO4 cells.

* Valve deformation and opening characteristics of LiFePOg cells, which are
unique to each manufacturer, dictate the applicability of gas monitoring as
an early warning method of thermal runaway.

* Temperature remains the preferred choice for thermal runaway pre-
warning indication

* Gas and smoke detectors still can provide passive warning for abnormal
LiFePOy4 cells with venting.

* Simple VOC or Fire Smoke detectors are found to be effective in
comparison with other proprietary detectors

19
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Hsiao-Yun Tsai* , Hsiang-Ching Peng, Li-Yu Yeh, Pao-Hsun Huang, Jeng-Renn Chen
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INTRODUCTION

The pellet of organic peroxide.
Two weeks before the explosion.

On September 22, 2023, a deadly explosion occurred in a
production plant manufacturing golf balls in southern Taiwan.
The incident was initiated from fuming of one of three pallets of
a solid organic peroxide each stacked with 50 paper boxes and
20 kg in each box.

Before the fire department entering the warehouse, explosion
occurred which resulted in 10 fatalities including 4 firemen, more
than 100 injuries, and very extensive damage to the production
building.

The organic peroxide contained 40% of 1,1-Di(tert-butylperoxy)
cyclohexane (DTBCH), 40% of silicon dioxide, and balanced
isoparaffin.

It is classified as type D solid peroxide with maximum storage
temperature 30°C and SADT 60°C.

The warehouse was however not temperature controlled. Clearly,
a thermal runaway occurred in the boxed peroxide.

This work aims to reproduce the initiation of the explosion and
propose possible mitigation measures.

55 min before the explosion.
Melting of PE film was visible.
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Extensive testing, including DSC, ARC, GC-MS, FTIR-
ATR, dust MIE, dust minimum AIT (MAIT), and bomb
calorimeter, were performed on the peroxide samples
taken from three similar batches of the incident batches.
40% of the sample were fine powder with particle size
less than ASTM Mesh No. 200, and remaining being
ASTM Mesh No. 80-200.

DSC analyses showed only medium thermal hazards
with average decomposition energy of 1399.8 J/g.

ARC tests showed onset temperature around 123°C
and the peak adiabatic temperature of 466°C.
Measured dust MIE was less than 10 mJ confirming
that the peroxide powder has high sensitivity to ignition.
Dust MAIT was measured to be 447-512°C, depending
on the batches and particle sizes.

The lowest MAIT is lower than ARC adiabatic

temperature confirming that direct initiation and ignition
of the dust is possible during thermal runaway, leading
to a dust explosion.

Test with 10 g sample in plastic bag reproduced the
ignition:

Heat of decomposition and MAIT varied with addition of
inert solid such as SiO,.

For a fuming peroxide, wetting and cooling by water is
the best practice. Safe disposal is possible by diluting
with inert solid such as sand to < 20wt%.

o Sample | $0-200meh
- Sugie 2_80-200mesh
~o-Sumple 3 $0-200mess

2

o0l 2 3w

Added SI02 Wrse

o G T S o 1 2 3o

CONCLUSIONS

Direct initiation and ignition of Type D solid organic
peroxide is confirmed through ARC, MAIT and small-scale
heating tests.

The organic peroxide explosion incident was confirmed to
be a dust explosion from direct ignition of the fuming dust
during thermal runaway.

Action regarding to fuming and safe disposal is proposed.



