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About UL Battery Safety Group Working for a safer world
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RESEARCH: We conduct research and share scientific data-driven knowledge to 
drive safe, reliable, innovative designs to meet the world’s increasing energy 
demands. 
Findings of the research are presented in conferences and other public forums, 
and also through journal and newsletter publications. 

OUTREACH: We conduct the Battery Safety Summits and Battery Safety 
Council forums.
The Summits and Council forums are platform to catalyze the safety, 
performance and innovation in the area of batteries for the growth of safe 
energy storage systems.growth of electric mobility and renewable energy 
through emphasis on battery performance, safety and innovation. 

EDUCATION (awareness-building): We participate in trainings, and webinars, 
and share our research findings in different platforms like learning modules for 
students of different age groups. 
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Introduction
• Lithium-ion battery chemistry, first commercialized in the 1990s, has the highest energy density of rechargeable battery chemistries, has no memory 

effect, has long cycle and calendar life and good rate capability.

• It is used in a myriad of applications today from consumer electronics to electric vehicles and stationary grid energy storage as well as in sea and space 

applications.

• Associated with the high energy density is their propensity to experience fire and thermal runaway if not designed or used correctly.

• Due to the proliferation of the use of batteries of this chemistry, there are several hundred manufacturers of lithium-ion cells and batteries today; not all 

cell and battery designs are characterized stringently and they are not all certified especially the low-quality ones that are also inexpensive and can be 

purchased on-line with a fast turnaround time.

• Characterizing thermal runaway for the various combinations of cathode and anode chemistries, electrolytes and additives as well as the variety of 

formats, shapes and sizes that these cells and batteries come in, is a significant challenge.

• Determining the best fire suppressant for the same is also a major challenge for the li-ion battery industry that is especially used for electric vehicles.

• This presentation will address some of the challenges of thermal runaway characterization as well as the fire suppressants and fire suppressing methods.
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Thermal Runaway in Lithium-ion Cells and Batteries
• What is “Thermal Runaway”?
• Wikipedia: thermal runaway

– A repeating cycle in which excessive heat causes more heat until the operation c
eases, or an explosion occurs. Examples are lithium-ion batteries, germanium-
based bipolar transistors, etc.  In the latter case, high temperatures cause 
current to leak, heat up even more and eventually become unstable or self-
destruct. 

• Typical Definition in Lithium-ion Standards:
– Thermal runaway is defined as an accelerating release of heat inside a cell due 

to a series of uncontrollable exothermic reactions manifesting as an 
uncontrolled increase in cell temperature. 
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Lithium-ion Cell
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1. Cathode: The positive electrode of the cell (for

discharge).

2. Anode: The negative electrode of the cell

(for discharge).

3. Electrolyte: The medium that provides

the ion transport mechanism between the

positive and negative electrodes in a cell. (This

can be aqueous or non-aqueous)

4. Separator: A microporous material that

keeps the cathode and anode from touching

each other.

Components of a Lithium-ion CellCharge and Discharge Process 



Incidents of Li-ion Fires

Fire Incidents 
in Cell 

Manufacturing 
Facilities

Fire in 
Battery 

Recycling 
Facility

Lithium 
polymer 

fire burns 
down 
shop

High Voltage/High Capacity

Li-ion Battery Designs and Challenges
Low Voltage/ Low Capacity
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Fire Incidents 
in Portable 

Applications

Judy Jeevarajan, Ph.D. / Underwriters Laboratories Inc.



Li-ion Cell Hazards
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Thermal Mechanical

Electrical
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Hazard Causes - Electrical
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Internal Shorts

Manufacturing 
Defects

Misuse in the 
Field

Overcharge

Extreme Thermal 

Environments

High/Low temperatures

External Shorts

High and Low 

Impedance
Repeated 

Overdischarge/ 

Overdischarge followed 

by charge



Hazard Causes - Electrical
Overcharge

Overdischarge
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Cathode 

destabilization

and release of 

Oxygen

Lithium metal dendrites

(can pierce the separator

causing short circuit)

Electrolyte 

Decomposition

(formation of 

gases such as 

H2, CO and CO2

High 

Temperatures

Venting

Fire

Thermal 

Runaway

Over-voltage / 

High-rate Charge

Cathode 

destabilization

and release of 

Oxygen



Hazard Causes Electrical (contd…)
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External Short - High and Low Impedance



Thermal Runaway Process - Overcharge
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Thermal Runaway – Single Cell Tests – Patch Heater
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Cell 6 – Fire & Smoke

Cell 7 –Smoke only

Smoke only

Nickel Manganese Cobalt (NMC) Cathode

Lithium-ion Cell

Lithium Iron Phosphate (LFP) Cathode Lithium-ion 

Cell

Variations in behavior between

cells from the same battery



Thermal Runaway – NMC Cell
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TC1 TC2

TC3

TC1 = Front (Under the heater)

TC2 = Side (Unheated end)

TC3 = Vent  

(TR)



Thermal Runaway – LFP Cell
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(TR)

TC2 

TC4 

TC3 
TC1 

TC1 = Side (Under the heater)

TC2 = Bottom (Unheated end)

TC3 = Vent (Top) 

TC4 = Side (Next to the heater)



Thermal Runaway – Module Level
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Patch Heater MethodNMC Module

LFP Modules

Cell 1 Cell 2 Cell 3

(neighboring)

Plate (+)

Plate (-)

(neighboring)

LFP modules showed different result

(similar behavior as single cell tests)

Fire and Smoke

Smoke only

Fire and Smoke



Thermal Runaway – Battery Level
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Patch Heater Method
LFP BatteryNMC Battery

Fire and Smoke Smoke only15.2 V; 75 Ah 15.2 V; 82.5 Ah



Cell Gas Composition Test -NMC
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Component Measured % Component LFL

Carbon Monoxide CO 23.76% ** 10.9%

Carbon Dioxide CO2 26.65% N/A

Hydrogen H2 36.03% ** 4.0%

Methane CH4 3.55% 4.4%

Ethylene C2H4 3.20% 2.4%

Ethane C2H6 0.57% 2.4%

Propylene C3H6 2.71% 1.8%

Propane C3H8 0.15% 1.7%

Propadiene C3H4 0.01% 1.9%

- C4 (Total) 0.83% -

- C5 (Total) 0.09% -

Hexane C6H14 0.00% 1.0%

Dimethyl Carbonate (DMC) C3H6O3 1.08% Not specified

Ethyl Methyl Carbonate (EMC) C4H8O3 0.46% Not specified

Total - 100 -

Individual C4 Components - -

Butane C4H10 0.04% 1.4%

Butene C4H8 0.60% 1.5%

Butadiene C4H6 0.19% 1.4%

Individual C5 Components - -

Pentane n-C5H12 0.09% 1.1%

** Gases above combustible volume

25 Ah NMC cells (Automotive 

battery)

Volume of gas released during 

thermal runaway in a single

cell – 41 Liters



Cell Gas Composition Test -LFP 
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Component Measured % Component LFL

Carbon Monoxide CO 0.0% 10.9%

Carbon Dioxide CO2 21.60% N/A

Hydrogen H2 54.00% ** 4.0%

Methane CH4 6.10% ** 4.4%

Ethylene C2H4 3.46% 2.4%

Ethane C2H6 1.13% 2.4%

Propylene C3H6 1.51% 1.8%

Propane C3H8 0.59% 1.7%

Propadiene C3H4 0.0% 1.9%

- C4 (Total) 1.67% -

- C5 (Total) 0.16% -

Hexane C6H14 0.05% 1.0%

Dimethyl Carbonate (DMC) C3H6O3 3.35% Not specified

Ethyl Methyl Carbonate 

(EMC)

C4H8O3 6.32% Not specified

Total - 100 -

Individual C4 Components - -

Butane C4H10 0.38% 1.4%

Butene C4H8 0.97% 1.5%

Butadiene C4H6 0.27% 1.4%

Individual C5 Components - -

Pentane n-C5H12 0.05% 1.1%
** Gases above combustible volume

32 mm Diameter

70 mm Height

5.5 Ah Li-ion LFP cells (12 V replacement 

batteries for lead-acid)

Volume of gas released during thermal runaway in 

a single cell – 3 Liters



Gas Analysis for Battery Packs
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NMC

LFP

15.2 V; 75 Ah

15.2 V; 82.5 Ah



Challenge with Gas Composition Analysis
• HF which is produced in large quantities is not easy to detect as it condenses on the walls of the 

chamber and pipes

– Prof. Mellander and Dr. Larsson have carried out experimental studies and modeling work to quantify the volume 

of HF produced

• Gas analysis of the Arizona Battery Energy Storage System (BESS) showed the presence of HCN 

above toxicity limits

– Although li-ion cells do not produce HCN, components such as plastics, used in the manufacturing of BESS produce 

HCN as a byproduct when they burn

• Better analytical methods to determine HF concentrations need to be developed.
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Fire Suppression Studies

Lab Scale
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Li-Ion Module Fire Suppression Experiments

Experiment

Baseline (1 mm and 0 mm spacing)

N2 Early release

N2 Late release

Water Mist Early (side) release

Water Mist Late (side) release

Water Mist Early (overhead)

Water Mist Late (overhead)

Stat-X Early release

Stat-X Late release
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9P Module Configuration

Cell with heater

Cells in contact physically 

and electrically to simulate

worst case configuration



Venting and Thermal Runaway Detection Cues

Detection Cues:

• Cell temperature 

• Light attenuation 

(smoke)

• Pressure

• Module voltage

• Visual (initial vent 

and thermal 

runaway)

Tvent

Baseline ~133°C

N2 Early ~129°C

N2 Late ~133°C

WM Early ~136°C

WM Late ~137°C

Stat-X Early ~127°C

Stat-X Late ~137°C

Experiment Tthermal runaway

Baseline ~210 °C

N2 Early ~190 °C

N2 Late ~200 °C

WM Early ~200 °C

WM Late ~197 °C

Stat-X Early ~215 °C

Stat-X Late ~210 °C

25

Tvent & Tthermal runaway 

occur in a relatively 

narrow and repeatable 

range

Both temperatures are 

reliable predictors of 

CID /vent 

opening and thermal 

runaway for 

this cell design

Stat-X : A potassium carbonate-based fire extinguisher
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Fire Suppression - Baseline Test – No fire Suppressant
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Early Release Water Mist
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Early water mist: cools cells near trigger cell, however all 

cells exceed Tthermal runaway (~200 °C). Flames visible outside 

of box.
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Late Release Water Mist
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Late water mist: Suspect that thermal runaway may have 

affected two other cells; Flames contained inside the box 
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Early Release N2
• Single cell in thermal runaway

• No flames after thermal runaway, in or out of box
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Fire Extinguisher – Potassium Carbonate Type

• Thermal runaway propagated to all cells

• Short fire outside the box.

30

Early Release
• Thermal runaway propagated to two cells.

• Very short fire outside the box after thermal 

runaway was observed.

Late Release
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Summary of Test Results
Experiment Trupture Tthermal runaway Propagation 

beyond cell 1

Flame outside box?

Baseline ~133°C ~210 °C Yes (all) Yes; sustained fire

Water Mist Early (side) ~136°C ~200 °C Yes (all) Yes

Water Mist Late (side) ~137°C ~197 °C Yes No

Water Mist Early (Overhead) 127 No No No

Water Mist Late (Overhead) 134 °C ~194 °C Yes Yes

N2 Early ~129°C ~190 °C No Small or no sparks

N2 Late ~133°C ~200 °C No Small or no sparks

Stat-X Early ~127°C ~215 °C Yes (all) Yes – at beginning and end

Stat-X Late ~137°C ~210 °C Yes (2) No; Small sparks
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Summary
• Thermal runaway occurs due to hazard causes that can be electrical, mechanical or thermal in nature.

– Fully characterizing a system under all credible off-nominal conditions will help with safer designs and usage limits

– Carrying out a high-fidelity thermal analysis provides the data needed to design appropriate heat dissipation paths 

that lead to safer battery systems

• The events accompanying thermal runaway can vary quite a bit – venting or fire or smoke or combinations of these can 

be observed.

• Cell to cell variation in behavior is a challenge as that will require multiple tests from each cell lot to confirm worst case 

behavior.

• Toxic and flammable gases are released from lithium-ion batteries and battery systems.

– Data obtained on the gases evolved should be analyzed for the volume of the chamber (room) or confined space 

that the battery system is located in, to understand worst case flammability and explosive as well as toxicity levels 

and help with the design of appropriate vent systems.

• Fire extinguishing methods need to be studied further and optimized for the size and nature of the battery as well as the 

design and environment of the application it is used in.
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Thank you!
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Back-up Charts
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Water Mist Tests
• Same flow rate and pressure

• Same module position

• Same nozzle and nozzle position

• Early release water mist: discharged 
after first cell rupture

• Late release water mist: discharged at 
first sign of fire

• Tests were carried out with water 
released from the side as well as 
overhead.

36

N2 Gas Tests
• Same Nozzle, nozzle position

• Same N2 flow rate

• Early release: discharged at first 

cell rupture

• Late release: discharged at first 

fire



List of Safety Standards for EVs
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Toxicity
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Toxicity
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