Controlling Lithium
Battery Fire Propagation:
New Strategies

Accident analysis of the Beijing lithium
battery explosion which killed two
firefighters

Battery fire Near LaSalle County Nuclear Power Plant
Contained urred when Beijing firefighters were responding

iron phosphate battery connected to a rooftop
firefighters were killed and one injured. CTIF can

Federal regulators warn of risks to
firefighters from electrical vehicle fires WSPYNEWS 1 20,2021 Upcatea Ju 21,2021 4 CIkK Here 10 SUbmia News T or Sty

e
Gov. Pritzker issues disaster proclamation after
Morris lithium fon battery industrial fire
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Electric Vehicle Sparked Fire at Virgi
Damage: Officials
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Those Nearby Ablaze  One dead as explosion rocks
CATL plant in China
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Evs are the future, but safely is stil an issue.

Jan 8 (Reuters) - One person was killed and six were seriously injured in an
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GM Is Buying Back
Fire ...

The outlet speculates it may be an issue similar to the "folded anode tabs"
problem that plagued Hyundai's Kona EV. The fix in Hyundai's case ...
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Share:
EVs are certainly the future of driving, but they are not assa peop s

China,an elctic bus cught freatone of the prking lots Thevias 11 ¥ foo
Eventful China YouTube channel.

Shenzhen Dynanonic.

Published date: 1 An explosion occurred on 20 January at a factory operated by lithium
Afire iron phosphate (LFP) battery material producer Qujing Lintie, a majority-

owned subsidiary of Chinese lithium-ion battery material producer
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Why are lithium ion battery fires so pernicious?

While rare, Lithium ion battery fire pose unique challenges to suppression _ \/ NV oo
DEC/AEMC

* Lithium ion cells undergoing thermal runaway can provide their own oxygen as a reactant DQ

SEI Decomposition: (CHzi)z an Li3C03+L‘3H..+L‘03

Carbonate combustion & Lithium rx with binder and electrolyte :

5
50; + GH405(EC)
-CH,-CFp- + Li— 2" LiF 4 -CH=CF- @ CMC-OH + Li—*%_. cMC-OLi

* Battery TR releases hazardous and flammable gases and electrolyte

* Cells can achieve temperatures of >600C, transferring heat to adjacent cells T ———————————

ignition, C: second re-ignition)

* Electrolyte can cause external fires on other cells Courtesy SWRI

* Gas release increases potential for HV discharge o

Cell gas release shifts Pashen
curve down and to the left;
substantially reducing Vg

* Once external oxygen is consumed, flammable gases can reignite with reintroduction of 02

ZhVe>10 kv

p Z
A vasw

» Stranded energy /damaged cells can cause reignition events

* Battery packs in EV’s and ESS applications can be difficult to access

* It is often difficult to remotely assess the state of a battery cell

10" 107 107
pd (em Tor) pdl 760 cm.Torr

* Difficult to determine “End of Event” Courtesy Jeremy Riousset, FIT
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XEV Thermal Runaway Regulations cB
CHINA EV Safety & EV Battery Safety Regulation: GB 18384 2020, GB 38031 2020, GB 38032 2020 | "™ ™™ ™mm=rw®

New regulation released 12 May, effective 1/1/2021. |
AUTOMOTIVE THERMAL INCIDENT WARNING 1 B
China leading, with EU following: —

e Vet saey (3

5272 Battery pack or system shall have occupants’ protection analysis and
validation under thermal propagation per 8.2.7.2. The battery pack or system s
;hall provide an alarm of thermal event 5 min prior to the hazard occurrence % U5, DEPARTMENT OF TRANSPORTATION
in passenger compartment. The hazard is caused by thermal propagation " AL Y RAFHC SAFETY AR TRATON
triggered by single cell thermal runaway. MATIONAL HIGHAY TRATTIC SATETY ACHISTRAT!
LABORATORY TEST PROGEDURE
For
5 Minute Warning Requirement: D ISR ST
P Ll I
 Initiate thermal runaway -

* Detect and alert occupants
* Allow occupants to safely exit vehicle within 5 minute window

UN GTR 20 (EV Safety) cites requirement to protect occupants; does not contain pass/fail requirements yet
Developing Thermal propagation test procedure

NA: FMVSS only specifies requirment to limit electrolyte leakage, retain batteries and isolate HV
Harmonizing with GTR; FMVSS draft for public comment planned release Q2 2022

Fire Industry Association — Guidance issued in 2021

Fire Industry Association

Guidance on Li lon Battery Fires

Amphenol
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Anatomy of Cell Failure and available detection technology:

Anatomy of Cell Failure
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Causes: Elevated Heat N Safe T PACKAGE THERMAL RUNAWAY |
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v
DEGRADED PERFORMANCE
*SOC DEPENDENT

Reference from Sinovoltaics

Indicator: Detection Technologies:

*  Voltage/Current drop *  Voltage monitoring (slow / not effective for parallel strings)

. Heat generation *  Temperature sensing (slow / not enough sense points)

*  Gas generation *  Gas sensing (need to prevent cross sensitivity / drift)

*  Pressure in pack airspace e Pressure sensing (cell v air volume/venting; pack shell breach)
*  Swelling of cell *  Force sensing (deconfound thermal/intercalation; signal/noise)
*  Smoke generation *  Particulate / Smoke sensing (need particulate products)

Each sensor technology has strengths & weaknesses

Amphenol
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Detecting Explosive Gases

Cell venting :

* Venting products include 4 combustible gases above their Lower Explosion Limit (LEL)*
* Electrolyte leakage can release Ethyl/Methyl based compounds with low vaporization temperatures.

Priority Secondary

S0C iy B Am i H, 0o, co CH, CH, CH,
No. cell (%6) ra ro @ (mmal) () (%)
1 NCA 0 — 3m — &5 17 4.6 —
2 NCA o 160 36 44 52 18 4.7 —
3 NCA [ 160 315 45 55 13 @6 —
4 NCA 0 161 214 44 38 09 6.2 —
5 NCA 0 150 243 14 59 6.6 —
6 NCA 25 150 739 5.9 67 w@.7 - Gas Concentration (in % voll
7 NeA 50 140 o0 a5 157 3.8 04 L s o Lt G Yool
g NCA 75 140 [ — 217 20.8 3 05
9 NCA 100 144 [ — 273 19.7 24 — 2% LeL poiane = 22 00
10 NCA 100 138 596 0.5 34 17.5 7 0% -
11 NCA 100 136 o33 2.9 244 2.7 03 Example of Combustion
12 NCA 112 144 — 19.2 252 18.8 — BLEL e
13 NCA 120 a0 e - 281 20.8 — | |
14 NCA 127 a0 ETe] — 317 16.2 03
15 NCA 132 80 943 17 262 18.9 — (Natural Gas)
16 NCA 143 65 1075 20.1 303 = — Methane (CHi)
17 LFP [ — 25 (%1 55 1.5 %
18 LFP 25 195 23 (31 ETI #5.3 02 | l
1% LFP 50 130 28 (31 32 6.2 — o%
20 LFP 75 149 36 &3 41 2.6 1
21 LFP 100 140 440 7.1 3z 48.3 05 - Tastich
22 LFP 115 155 308 62 &1 3 2.2 [%1
23 LFP 130 a0 448 — 58 3011 55.8 = —

RSC Advances (2015) 5, 57171; Thermal runaway of commercial 18650 Li-ion batteries with LFP and NCA cathodes — impact of state of
charge and overcharge.

Combustible gases concentrations are far above the Lower Explosive Limit (LEL) (4% for H2, 4.4% for CH4, 12.5% for CO, 2.7% for Ethylene (C2H4), 3% for Ethane (C2H6)
Volume of pack vapor space and diurnal pack breathing will influence the concentration over time through air exchange/diffusion.

Cell Venting, even without fire, releases explosive gases into pack vapor space, where any ignition source could cause explosion

Amphenol
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Hazardous Gas Release during venting

Cell venting gases:
* Venting products include respiration hazards gases in harmful concentrations in space around vehicle

Name H phrase in case ofleakage PACIeveis(1.2.3) “ Volume of evaporated solvent", mil
"

Dimethyl carbonate (DMC) H225: Highly flammable liquid andvapour 11,120,700
Ethyl methyi carbonate (EMC) H225: Highly flammable liquid andvapour e PAC-2 level PAC-3 level
Diethyl carbonate (DEC) H226: Flammable liguid andvapour. 12,140,810 n
Propylene carbonate (PC) H319: Causes serious 34,370,2200 DImEthyl carbonate (DMC) ’ 25 149
Ethylene carbonate (EC) H319: Causes serious 30,330,2000 CAS # 616-38-6 Can be
(y-BL) H336: May cause or dizziness: n/a hi df
Acetonitrile (AN), 6.6 19.2 achleved from
Ethers CAS # 75-05-8 1 cell only
1,20 (M) H225. Highly flammable liguid and vapour nia
*
1,2-Dimethoxyethane (OME)  H360FD: May damage fertility. May damage the 13, 140,840 _ Volume of eva PO rated electrolyte r
unborn child
1.2 Diethoxyethane (DEE)  H380FD: May damage fertility. May damage the n/a ml
unborn child
Tetrahydrofuran (THF) H351: Suspected of causing cancer. 100, 500, 5000 PAC-2 level PAC-3 level
(ERPG)
[2-Methyl-Tetrahydrofuran (2-Me- H318: Causes serious eyedamage 444,260
THF)
i XK Sk sk
1.3-Dioxolane (1.3-DL) H360: May damage fertility or the unbom child. 60, 190, 1000 Hydrogen fluoride (H F), 12.3 (20-5) 22.1 (36-9)
4-Methyl 1,3-Dioxolane (4-Me-  H225: Highly flammable liquid andvapour. na CAS # 7664-39-3
1,3-00)
R 1'3'?)5’3‘3”9 (el H225: Highly flammable liquid and vapour. na * Volume, solvent/electrolyte evaporates into, is defined as vehicle + 1-m clearance; 61.5 m?3 in this study
- ot ** Dependent on the stoichiometry of LiPF,; hydrolysis - 1:5 (1:3)
ers
European
Acetonitrile (AN H331: Harmful finhaled 13,50, 150 (AEGL) | N.P. Lebedeva, L. Boon-Brett, Considerations on the Chemical Texicity of Contemporary Li-Ien Battery Electrolytes and Comanissiun
T sulfone (TMSO) H302: Harmful if swallowed. 41,45 400 Their Components, Journal of the Electrochemical Society 163 (2016) A821

PAC stands for Protective Action Criteria
PAC-2: Irreversible or other serious health effects that could impair the ability to take protective action

PAC-3: Life-threatening health effects

Release of HF gas from electrolyte vapor release poses imminent risk to respiration
proximate to the failing cell

Amphenol
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Li-ion cell TR gas release from various electrochemistries

Total gas released during thermal runaway for 100% SOC cells

LFP (50 mmol
afiveniin NCA (130 mmol) LCO/NMC (265 mmol) NMC (150 mmol) (50 mmol)

oy,
‘CJ\”“;'\? €02 WHZ WC2H4 BCPHG

Data adapted from: RSC Advances 7.39 (2017): 24425-24429.

RSC Advances 4.7 (2014): 3633-3642.

* Maijority of total gas released during thermal runaway is CO, H,
* Hydrogen release much higher than background concentration
* Gas concentration is 100 times background level

Amphenol
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Gas sensor Selection Process

Sensor Technology Principle Gases Accuracy Selectivity Temperature Life Expectancy (> 10 years) |Comments
Photoionization Detector Photons break molecules into positive ions, bombarded non selective VOC's Good Good Good high current required
() (PID) with UV photons; io rm electrical current
Z Metal Oxide Semiconductor |Heated catalyst interacts with gas, creating can suffer from drift
e {cMos) and poisoning of the
+ catalyst
8 Electrochemical (EC) Oxidation or reduction reaction generates electrochemical  |Selective vOC's Catalyst can be
—_— reaction poisoned
Ll Pellistor small "pellets" of catalyst loaded ceramic whose resistance |Semi selective VOC's Goods Catalyst can be
ﬂ . changes in the presence of gas poisoned
Photoacoustic the measurement of the effect of absorbed C02,VvOC's Very Good Very Good particulate and
= electromagnetic energy (particularly of light) on matter by humidity sensitive
v == \ means of acoustic detection.
[ < Thermal conductivity ) electrically heated filament in a temperature-controlled H2, He, VOC's Very good Good Very Good Very good cross sensitive to
) 3 cell. Under normal conditions there is a stable heat flow helium
%D 3 from the filament to the detector body. When an analyte
— elutes and the thermal conductivity of the column effluent
© ’ is reduced, the filament heats up and changes resistance.
f This resistance change is often sensed by a Wheatstone
bridge circuit which produces a measurable voltage.
5. Tunable diode laser technigue for measuring the concentration of certain C02,CO,VOC's Very Good Very Good Good Very Good substantial current
“'."-‘__\ spectroscopy species such as methane, water vapor and many more, in a draw when light source
| gaseous mixture using tunable diode lasers and laser active
N L~ \ absorption spectrometry.
O — Non dispersive infrared White light or narrow band light source projected downan  |CO2, VOC's Very Good Very Good Good Very Good substantial current
_ . ectroscopy optical chamber at a n IR sensor with selective band filter draw when light source
\% tuned to absorption frequency of gas. Intensity of receieved active
light is inversely proportional to gas concentration

From the available technologies, it is critical to understand sensor response to analyte, cross sensitivity, signal to
noise ratio as well as aging properties.
TC and Spectrosopy measure physics behavior, not chemical behavior.

Amphenol



Pressure Sensor: Poor performance

v' Small, inexpensive, and ubiquitous
v" Durable

- Too sensitive to Pack volume/venting effects

Weak signal to noise ratio

- Must have fast ASIC to observe (<20 msec typ pressure rise)
Cannot detect slow phase 1 TR venting

Cannot detect specific gases

High risk of Type 1/Type 2 faults

CO2 Sensor: very good performance
5 to 8 second response time

Durable, stable in long term applications

No cross sensitivity issues

Strong signal to noise ratio

Low risk of Type 1/Type 2 faults

Higher power consumption

Cost

Larger sensor footprint

N N NN

H2 Sensor: Excellent performance

<1 to 3 second response time (faster than pressure)
Durable, stable in long term applications

Strong signal to noise ratio

Only cross sensitive to He, not present in packs
Low risk of Type 1/Type 2 faults

Low power consumption

Lowest cost

Small sensor footprint

AN N NN NN N

Amphenol T
Auto OEM testing observations / Summary:

Pressure response to single cell TR

Initial Vient Fully evolved TR

Normalized Pressure

Inital cell venting.

Hydrogen v Pressure, Temperature during TR

h2o
e ﬂ

) ® 100 120 w o w W
Tempersture ——pressure  —— ydrogen

Gas sensors have substantial advantages in detecting even small cell TR venting

Amphenol
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TR plasma plume VElOCity: Velocity flow field within pack

Ejecta plume velocities:

(Srinivasan, ECS 2020)

* LG HG2 18650 cells in pack arrangement

* Velocity profile modeled and verified with HS camera

* Ejecta plume velocity can exceed 200m/s and can even approach Mach

* Plume velocities and superheated gas substantially accelerate gas diffusion
within the vapor space of a pack/enclosure

*  From Johns Hopkins studies, DMC electrolyte ejected from cells can be a
source of external fire for adjacent cells during TR as it recondenses, Shmsiementary Fisure' S8 et Row:aibng teer daneikas predicted bylCED Smuiaifon:
creating complications in preventing TR cascade, as secondary ignition of
electrolyte creates external heat source that can trigger other cells into TR

Pressure Contours

Temperature Contours

H2 sensor location not critical
Testing performed in large format traction battery pack: iy st Yol o el o
Multiple tests performed with sensor proximate to trigger cell and at ! f(
maximum distance from trigger cell (approximately 2m)

* Gas sensor response characteristics support conclusions of Srinivasan’s
study

* Sensor location within the enclosure space has little to no impact on
response time

* Response data within measurement error

Sensors anywhere in “airspace” of pack can detect within seconds - = -

Amphenol
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Gas evolution and cascading TR

Relationship between signals and environment:

*  Ratio of cell SOC/SOH(thermal capacity) to free air volume will drive sensor location,
response characteristics (ie, smaller cells with lower SOC’s venting will generate less
gas to detect in large dilution volumes

. Superheated plume will initially drive gases to top of enclosure space, CO2 will cool and cascad | ng TR
settle, hydrogen will try to escape via leaks/permeation

. Large enclosure spaces can be simulated with small number of cells and appropriate i ‘ FE T e =
venting/dilution volume - y——

. Leveraging NREL experience and modeling to optimize sensor placement for large volume
applications

R PR

Cascading TR:

*  Shown at right, prismatic cells in cascading TR in traction pack of approx. 150L

*  Concentration of H2 (yellow) continues to rise after consuming available oxygen in the
pack with each incremental cell venting

*  Gastemperatures throughout the pack increase and sensor data limited by electronics
overtemperature condition

*  Gases can linger within enclosure for extended period

. Once above LEL, diurnal temp changes can affect oxygen available for gas combustion E) 200 - - = 00 a0

Time [seconds]

Pressure [mBar]

“C] and H2 concent
-

DI e

Multiphysics sensors with high concentration calibrations can track performance of TR
countermeasures

Amphenol
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State of the Industry for Thermal Propagation countermeasures

On vehicle:

v
v

NN NN NN

“Livestream” data to secure server
Aggressive HX

v" Coolant

v' refrigerant
Load dump from affected modules
Phase change materials that absorb heat
Disable regen braking contribution to pack charging
Disable charging
Thermal isolation
On board extinguishing agents (busses)
Dielectric coolant
Access port

Off vehicle:

A NENENENEN

ISO bath (ISO 17840 / SAE J2990)

E lance

Lots of water

Fire blanket

First Responder Survey Recommendations

A=

INTERNATIONAL



ISO 17840-3:2019 Road vehicles — Information for first and second

responders — Part 3: Emergency response guide template (K. Vollmacher)

INTERNATIONAL

EMERGENCY RESPONSE GUIDES (ERG’S)

The ERG template provides a format for filling in the following necessary and useful emergency information:

* Relevant information for a vehicle involved in a traffic accident (including immobilisation, disabling of hazards,
access to occupants, shut-off procedures, handling of stored propulsion energy);

¢ Information in case of fire or submersion; and

* Information regarding towing, transportation and storage.

This document is applicable to passenger cars, buses, coaches, light and heavy commercial vehicles according
to ISO 3833.

The proposed template can be beneficial for use also for other types of vehicles (e.g. trains, trams, airplanes),
although this is out of the scope of this document.

MONITOR HV BATTERY TEMPERATURE
FOR AT LEAST 24 HOURS

Summary: fire 5 exmosed t high heat o 1+ qanerating neat o1 gaces, use e
* Uses standard documentation and “EuroRescue” smartphone app to access database o

* Enforced by EuroNCAP vehicle ratings

ERG quality/content varies across industry

Procedures / recommendations vary across OEM'’s
Current immersion recommendations may work well for
some passenger cars, won’t work for HVOR applications

Y V VY




SAE J2990 /I1SO 17840 First Responder Training

Andrew Klock, NFPA / Kurt Vollmacher EU

* In US, 300k trained; >800k need training
* Over 300k in EU still need training
* Training Cites SAE J2990

With the increasing prevalence of electric (EV) and hybrid vehicles all over the world, it is important for the first and second responder communities to be educated on
the various unique safety risk these vehicles may present. Since 2010, the National Fire Protection Association's (NFPA) Alternative Fuel Vehicle Safety Training Program
has teamed up with major auto manufactures, subject matter experts, fire, law enforcement and safety organizations in order to address these safety needs. Through
our years of research and work in this field we have developed a comprehensive curriculum for first responders when dealing with alternatively fueled vehicles which
include instructor led classroom courses, fnteractive online learning, an Emergency Field Guide, and informational/educational videos.

Here are a few important takeaways on EV and hybrid fire safety for first responders:

1. When suppressing a vehicle fire involving an EV or hybrid, water is the recommended extinguishment agent. Large amounts of water may be
required, so be sure to establish a sufficient water supply before operations commence.

2. Aswith all vehicle fires, toxic byproducts will be given off, so NFPA compliant firefighting PPE and SCBA should be utilized at all times.

3. DO NOT attempt to pierce the engine or battery compartment of the vehicle to allow water permeation, as you could accidentally
penetrate high voltage components.

4.  Following extinguishment, use a thermal imaging camera to determine the temperature fluctuation of the high voltage battery before
terminating the incident, to reduce re-ignition potential

Legacy philosophy of some manufacturers was to “Let it Burn” when dealing with
damaged cells and thermal runaway; and this is challenged by First Responders,
including FDNY from their experience with e bikes

Experience:

* Inconsistent ERG recommendations create confusion and increase risk

* In absence of training, First Responders are driven by experience (Morris, Il use of
cement, FDNY e-bike experience)

* Need improved guidance on “stranded energy” and “end of event”

* Additional training needed
*  First Responders letter of support from SAE (E. Melville)
*  Proposal for SAE ERG document training

INTERNATIONAL

Emergency Responder Training for
Advanced Electric Drive Vehicles

Finel Report

QNG MASSACHUSETTS, USA. 021657471
"EMAN. FoundstimeNIPA O
Wy ton ofoundation

NYC e-bike infernos: Scooter, e-bike hatteries caused 55 fires, two
deaths so far this year, FDNY says
Tesla big battery fire in Victoria under

control after burning more than three
days

st

“They are difficult e you can’t put water on the me,
packs .. all that does IS e length of time that the fire burg
for”

Firefighters have taken advice from experts including Tesla, the
battery's creators, and UGL, who are installing the battery packs.

“The recommended process is you cool everything around it so the fire
can't spread and you let it burn out,” Beswicke said.




J2990 Hybrid and First and Second Responder Recommended Practice

January 2021 NTSB Report (Thomas Barth, PhD)

INTERNATIONAL

Safety Risks to Emergency from Lithium lon Battery Fires in Electric Vehicles

Safety Risks to Emergency Responders from Lithium-lon
Battery Fires in Electric Vehicles

Recommendations:

To NHTSA (NTSB H-20-30 & 31):

1. Incorporate Emergency Response Guides (ERGs) into NCAP: open unacceptable response
* NHTSA indicated work with responder community more effective

* NHTSA cited research in stranded energy before next steps

* NTSB incentive for manufacturers on difficult issues at the edge of design envelope

* NTSB feels pathway unclear

2. Continue research on mitigating or de-energizing stranded energy
e 2015 NHTSA symposium and research of battery diagnostics/prognostics prior to onset of thermal runaway Safety Report
* NTSB found issues after TR, with damaged battery and re-ignition ’ b
. . . . . . . . National

* NHTSA cited need for broader understanding of crash situations and vehicle design prior to planning research N |Tianspontation

Safety Board
* NTSB encouraging leadership position to focus a coalition of stakeholders Nt

To EV Manufacturers (NTSB H-20-32):

3. Model ERGs on ISO 17840 and SAE J2990 Thomas Barth, Ph.D.
Vehicle specific information on fire fighting, stranded energy, safe storage Thomas.barth@ntsb.gov
Several OEM’s with ERG deficiencies identified in the study are actively engaged & improving ERG’s 303.31 9.577 4 .

Report number: SR2001
httos://www.ntsb.gov/safety/safety-studies/Documents/SR2001.pdf

To responder associations (NTSB H-20-33):

4. Inform members of risks and available guidance Summary Video on NTSB website

* NFPA, IAFC: closed acceptable action https://www.youtube.com/watch?v=J6eS6JzBn0k
* AFTC, NVFC, TRAA: open awaiting response

* DOE grants Docket number: HWY19SP002

* May 2020: NFPA Distributed Energy Resources Training Program https://data.ntsb.gov/Docket/Forms/searchdocket

*  October 2020: NFPA Spurs the Safe Adoption of EVs Through Education and Outreach
(put HWY19SP002 in search box)


http://www.ntsb.gov/safety/safety
http://www.ntsb.gov/safety/safety
http://www.ntsb.gov/safety/safety
http://www.youtube.com/watch?v=J6eS6JzBn0k
http://www.youtube.com/watch?v=J6eS6JzBn0k

Cooling cells, supressing fire, & relieving stranded energy

A driverless Tesla crashed and burned for four hours, police said,

INTERNATIONAL

killing two passengers in Texas Tesla Fire in Texas Crash Was Not How It Was
Reported, Says Fire Chief

Persistent news reports that a battery fire of a crashed 2019 Model S couldn't be extinguished and stymied fire officials
are wrong, he says.

By the time even the smallest embers were finally out, many hours
after the crash, somewhere between 25,000 and 30,000 gallons were
used, Buck said. This was only possible because the incident happened
in a residential area with a hydrant nearby. Had the crash happened on
a highway, his department’s trucks, which carry between 500 and 1000
gallons, would not have been able to keep on lightly soaking the car for
that much time.

Response vehicles typically only have ~500 to 1500 gallons of water available on board -“lots of water” = multiple tankers

*  First Responder research in EU providing new tools for Responders

Current
“Water Immersion”
& “Large amounts of water”

New Development:
AVL Water “spike” into pack substantially
reduced water usage

First
Application Example

=

=

* Renault Zoe Q210
- Nominal power: 46 kw
- Max. power: 65 kW
- Battery capacity: 22kWh
- Pouch Zellen
+ Battery ignited by penetration
* Max temperature after penetration: >600°C
* Water consumption: approx. 3001
+ Extinguishing time: 20min
->151/min water
+ Temperature after extinguishing: <90°C

- After extinguishing the vehicle was
transferred in a container with water

—)

5,000 to 30,000 gallons 80 gallons

New field Tools for First Responders:
“Spike” systems from Murer, Rosenbauer

New extinguishing system for burning traction batteries in
electric vehicles

» Information on new tools/proposed processes needs to be reviewed by OEM’s and J2990 team
» New applications (eHVOR/eAero/ESS/e-Industrial) require review/evaluation of practices
» Tie out between J2990 and NFPA855 recent revisions



Benchmark: Renault Zoe “thermal plate”

INTERNATIONAL

“Fire Hose Access” allows for direct battery immersion

* Information on design is in Emergency Response Guide

* Incident at Dealership in Holland on 1/18 in showroom
* 2 employees treated for smoke inhalation

RENAULT ZOE
Electric Vehicle

First Responder's Guide

Renault has developed a system whereby water can be introduced into the battery pack from the
outside.

This is done by means of a thermal plate, which is mounted on top of the battery house and
melts away in case of fire.

in case of fire and thus gives access to the high-voltage battery.




First & Second Responders Survey 2021

“First” survey on EV response of its kind

INTERNATIONAL

Survey issued in 2020/21: >500 respondents, ~30% experienced xEV incidents
Kurt Vollmacher, 1SO17840 Author

A :

5. Yoi The sl ype macking coming o he mamatocrne o clst

. Yes. Velucles hereaerequied o v acitionl slecrified velicle markines.

5. Yo License (ragkiraton) paes bere ar rguired 0 have aditions] elecifed
T

PROPOSALS

TO IMPROVE SAFETY FOR

Key Findings & First Responder Requests: FIRST AND SECOND

RESPONDERS -

s

* Additional training needed in all regions AND LIGHT COMMERGIAL

VEHICLES

[L)

* Need for clear recognition of XxEV’s

mmmmmmmmmmm

Belgium: proposed ISO icon on plate; Germany “E” at end of plate

https://us01.z.antigen: CZAJTVohChpvdEd8ararL Q-
WIw7KBPCTXLtzNIUWQGNX0ASr1nK-Wh35RvWoxi-1yIPSpfL-
8il02p6J0W2FasFE1fKhAR3rCGCIN7z0SHMQBHWA: ULMsCCa: 1BaFry2M1V-

* Uniform, globally available information per 1ISO 17840

SAFETY & TRANSPORT
RISE FIRE RESEARCH.

* Uniform disconnect system design and placement
* Uniform procedures for extrication and firefighting
* System to make it easy to extinguish HV batteries
» Safety systems to deal with HV stranded energy

* Handling of XxEV’s in car parks requires research/recommendations

Euro RESCUE
. . o i
> J2990 team evaluating recommendations from survey

> Investigate equivalent of free EuroRescue app for US / non Automotive applications

> Additional First Responder Training needed



https://us01.z.antigena.com/l/EgGN4kdmCCZAjTVohChpvdEd8gr8rL8A5fDDYuXdpS-aujUzR3KNiF6RPFxJkQ-WJw7KBPCTXLtzNludWQGnX0A5r1nK-Wh35RvWgxi-IylPSpfL-8il0zp6j0W2FasFE1fKhAR3rCGCIh7zO5HmqBHwA1mVA0orVpaKM4sQSSUCEYOAkgULMsCC47XXent1Vd3xT1BaF%7Ey2M1V-vvHqOKrolAg%7E
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Venting Physics: Ad Hoc Group investigating HV Discharge w/ venting

B. Engle (Amphenol), Dr. Riousset, NASA/Florida Institute of Technology, T. Wilcox(VW), Dr. Harenbrock (M+H), Vinay Prenmath

(SWRI), Dr. Essl (ViV), A Thaler (ViV), T. Bohn (ANL)

Background: Empirical evidence suggests vented gases create
environment prone to HV discharge and EMI events. Damage
inconsistent with flame temperatures and EM events have been
witnessed

 Initial model shows 30% reduction in E, required for electron
avalanche w/ dry gas (in the 100’s of volts)

e Paschen curves move down and left

* Need to add to model:
— Relative humidity
— Particulates
* Testing:
— Parallel plate proveout with gases
— Parallel plate in situ during TR

» SAE Cooperative Research Project in process
Amphenol

& Elecrrical Broakeiown in Energy Calls

Introdustion: The comvesion breskiown tresold el (s Soctorspoint (i (V=) orm two
fundamensal values used for defning batery safecy standards. ovide a brief description of the
e menein of B sk i (1) o b ctren siipocben e ettt of the. Helhood o1
therma runaway R —————

tical ol

Brocus bocween omoinfnice and paralel securodes sepamied by

» prosaro . Howeve, the yluesof V. o oaly depends an tho prodct p bt i
scare (Figare 2).

oot
et
ot G B P

) . e btcry g it sl ) o he bemperbone
[

volage) for the curves of panel (2.

N N Spre Ve

i for & proposal to support research on battery
1 of specific budget categorics follows below:

iousset is on & O-month faculty contract: we
for rescazch and advising purpescs.
095/yx for s graduate student’s stipend dis-

Se. student is requested st SI201 per credit
Based on 18 credit, hours,/year, we request

ty and dircetly related to the project have been

fant code development. Therefore, we request a
‘new modules, test run, performance optimiza-
pistectail wih ko olatic,bgh o
In

addition, visualization of the results roquircs powerful graphics .p.nu.u.g which wo crratly
unmilable for entry-level computers. Provided an update in the coming month, » Mac Pro
d be

www.amphenol.com
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Hazardous Gas Release (Lebedeva, et al)

m Volume of evaporated solvent*, ml

PAC-2 level PAC-3 level

Dimethyl carbonate (DMC), 25 149
CAS # 616-38-6

BesearchGate

Considerations on the Chemical Toxicity of Contemporary Li-lon Battery
Electrolytes and Their Components

v i s of o Eectrochamit Socely - Sy 2618
J—

Can be

Acetonlitrile (AN), 6.6 19.2 achieved from e =
CAS # 75-05-8 1 cell only e
_ Volume of evaporated electrolyte*, B oo p—
ml s smmnne rmcr ypm——
PAC-2 level PAC-3 level - -
Hydrogen fluoride (HF), 12.3 (20.5)** 22.1 |(36.9)** ]
CAS # 7664-39-3

- SENSOR TESTING Y proct
* Volume, solvent/electrolyte evaporates into, is defined as vehicle + 1-m clearance; 61.5 m? in this study
** Dependent on the stoichiometry of LiPF; hydrolysis — 1:5 (1:3)

European

N.P. Lebedeva, L. Boon-Brett, Considerations on the Chemical Toxicity of Contemporary Li-Ton Battery Electrolytes and - Commission
Their Components, Journal of the Electrochemical Society 163 (2015) A821

Summary Conclusions:

» Li-ion battery cells can contain free liquid electrolyte in amounts sufficient for the |
formation of potentially toxic atmosphere in enclosed spaces after a release of LN s
electrolyte from a single battery cell.

» Li-ion cells containing appreciable amount of free liquid electrolyte are used in mass-
production PHEVs and BEVs, which are on the EU market since 2013 and 2010, and
which belong to the top-10 most sold electric vehicle models in the EU. :

Relative evaporation rate
e e———
=]
Y —
O e——
Do —
~ @
]
=
U —
¢ D — d—
—Cy
° 5 & 3 & § §
Volume 1 reach PAC-2 evelin V41 volume, ml

- Release of the contained free liquid electrolyte represents the best case scenario as 3

its amount corresponds to thg mini_mum amount of Qlec.trolyte that_can be released WErey ji f;ff;;f;,:ﬁ;@;ﬁi&i&#
from a battery cell when the integrity of the cell casing is compromised. *ffwé\*ﬁgﬁf{d@fﬁfﬁ{‘{;ﬁﬁ{ﬁ;ﬁﬁiﬁﬁ\zfﬁ::pfrg’
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Particulate release with TR (Premnath Sept 2021)

Aerosol Science & Technalogy

* The results from this work highlight the following:

* Battery fires emanating from thermal runaway events can result in significant particle and gaseous Detailed char tzation of particle emussions from battery
emissions. Both overcharge tests of LFP modules, and the nail penetration test of the NMC module oAl S 8 ety
resulted in PM2.5 emissions exceeding 370 g/hour and total PN emissions of the order of 2E+17 et | g e
part./hour. These emission rates are 5 to 6 orders of magnitude higher than those typically emitted S
from the exhaust of a modern heavy-duty diesel engine. It is to be noted that the aforementioned m"f".it"g': %m%ﬁ Sy
statement is primarily to provide a contextual comparison with a well-documented particle emitter. et g i e e

* Initiation mechanism could play an important role in the scale of the thermal runaway event. Within a
module, it is possible that there may be a localized impact with some cells experiencing runaway [
without further propagation. This was observed during nail penetration tests of LFP modules where
no cell-to-cell propagation occurred.

* Physical dimensions and arrangement of cells within a module could also influence the severity of the
runaway event, particularly if the triggering mechanism is mechanical in nature.

* Battery chemistry coupled with the thermal runaway initiation mechanism influences the magnitude 5006404 2506406
f . . . . . . 3 4.50E+04 Fox g
of particle and gaseous emissions, along with release profile. The overcharge LFP tests resulted in a s ooevos A 2006406 ¢
single continuous release event till peak levels were reached after which a gradual decrease was g /1 - 055
observed. The NMC nail penetration test resulted in multiple peak events that corresponded with = 2506400 w
propagation of thermal runaway from one cell to the next. 2 ron Y
¢ Particle emissions from thermal runaway events of identical modules induced into runaway via the T 100E404 5006405
. . . ¥ 5.00E+03 =
same mechanism could be highly variable. 0.00£+00 0.00E+00
+ Battery chemistry including the type of electrolyte solvent/salt can influence the nature of hazardous ! e, o
gaseous emissions. The LFP overcharge tests yielded HF that exceeded IDLH limits (30ppm) while the TetuFPralpen  —Test2UfPrallpen | ~Test3 UFP OC
—Test 4_| —Test 5_| nail-pen

NMC nail penetration test yielded formaldehyde beyond IDLH limits (20 ppm).

Amphenol
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Benchmarks: Immersion Cooling

Faraday Future, new xEV Co. SE DANAGEMENT | | g B
. . . . SYSTEMS*g :
* Dielectricimmersion cooling DIGITAEESUMMIT \
New environmentally friendly )
fluids for battery cooling
' " EniER Coiaky| mbuel, | e
MIVOLT N MIVOLT MIVOLT
H H 2 uat maremas o £ wa mareniais 2 uaiwaremats
Investigations by:
e AVL ‘ -
* Ricardo
. . . RICARDO TECHNOLOGY WEBINAR
* University of Warwick : = '
. . : : ] series development
*  M&I Materials/ MiVolt ‘ . ... ...
v' Current data shows substantial promise for improved, more uniform cooling, especially in high c rate charging
v Ricardo data cites improvement in system weight due to direct cooling of busbars, elimination of convective cooling

h’'ware
Reduced risk / containment of TR
x  Current price of mineral oils, esters based on existing market requires improvement for passenger car use

Amphenol
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