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Phenomenon understanding



Green Deal

2019

2020

2021

Euro 7

“At least 55% emission reduction for 2030.”Fit for 55
“All new cars registered as of 2035 will be zero 

tailpipe emission” (BEVs or H2).”

“To accelerate the shift to sustainable and smart mobility.”

“No net emissions of greenhouse gases in 2050.”

Recent moves of EU commission
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Are electric powertrains ready to take up this role?

Sources

[1] [2]
[3]

[4] [5] 3
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Why do the battery fail and burns?

Source: Adapted from https://doi.org/10.1016/j.jpowsour.2016.12.011



Thermal runaway description
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Cell heating
• Electrolyte evaporation T>100 oC

Exothermic reactions
• Anode with SEI  decomposed species 

Short circuit
• Anode, cathode, binder and oxygen

Source: An optical investigation of thermal runway phenomenon under thermal abuse conditions. ECM 2021.



How to assess the thermal runaway?
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Experimental test: Continuous Flow Vessel (CFV)
!Non-reactive and reactive environments. 
!Spatial temperature resolution.
!Different heating rates.
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Experimental devices for TR characterization 
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Experimental test: Continuous Flow Vessel (CFV)
!Capability of application of simultaneous optical techniques.

" Schlieren Technique
" Natural Luminosity
" Emission Spectroscopy
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Spherical 450 lens  
Spherical 750 UV lens 

Dichroic Mirror 

Beam Splitter 

Iris Diaphragm
Photron Fastcam for Schlieren

Photron Fastcam for NL

OH* 310 nm Filter

Andor Solis iStar for OH*

Experimental devices for TR characterization 
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"Lithium-Ion Battery Cells Studied:

"Experimental Conditions Evaluated

!Different Heating Rates

!Reactive and Non-reactive

!Different State of Charge

Experimental devices for combustion 

Parameter LCO NMC LFP
Manufacturer Samsung Samsung NX

Model 26J 20R 7063
Type 18650 Cylindrical Cell

Nominal Capacity [Ah] 2.6 2.0 1.8
Battery Energy [Wh] 9.36 7.20 5.76

Vent Cap Holes 6 3 3
Full Charge Voltage [V] 4.0 4.2 3.6

Cut-off Voltage [V] 2.75 2.5 2.5
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Effect of heating rate 
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" Thermodynamic Analysis 
!Experimental investigation: LCO cell + heated with different heating rates

" Three different heating ramps: 7.5 oC/min, 11.0 oC/min, 14.5 oC/min.
" SOC = 100%

!Results
"Heating rates do not affect the temperature onset for thermal runaway occurrence. 
"Peak of temperature is reduced for slower heating rates. 
"The use of the high-pressure high temperature vessel allows the quantification of the heat released of the 

battery cell. 

Effect of Heating Rate

11Source: An optical investigation of thermal runway phenomenon under thermal abuse conditions. ECM 2021.



"Optical Techniques
!Venting Process

" The venting process is seen around 200oC.
" Schlieren visualization of the venting process for an INR 18650 26J battery cell evidencing the liquid, solid and gaseous 

components in different time instants.

0.0 ms 0.5 ms 1.0 ms 1.5 ms 2.0 ms

2.5 ms 3.0 ms 3.5 ms 4.0 ms 4.5 ms

5.0 ms 5.5 ms 6.0 ms 6.5 ms 7.0 ms

Effect of Heating Rate

12Source: An optical investigation of thermal runway phenomenon under thermal abuse conditions. ECM 2021.



"Optical Techniques
!Thermal Runaway

" Natural luminosity images of the thermal runaway process.
" 0 ms stands for the first visible light, indicating the ignition time out of the cell. 
" Shape of the flame allows to understand the radiation heat transfer to the vicinity cells.
" Characterization such as flame length, area and angle can be used to develop high fidelity numerical models. 

0 ms 10 ms 20 ms 30 ms 40 ms

100 ms 110 ms 120 ms 130 ms 140 ms

50 ms 60 ms 70 ms 80 ms 90 ms

Effect of Heating Rate

13Source: An optical investigation of thermal runway phenomenon under thermal abuse conditions. ECM 2021.



Effect of Ambient Oxygen Content 
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" Thermodynamic Analysis 
!Experimental investigation: LCO, NMC and LFP cell with 21% O2 and 0% O2

" Heating ramp:11.0 oC/min
" SOC = 100%

!Results
"The LFP was the last cell to enter in TR and with the lowest peak temperature.
"The absence of oxygen generated lower chamber temperatures than in the case with O2.

Effect of Ambient Oxygen Content
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Source: Influence of environmental conditions in the battery Thermal Runaway Process of different chemistries: Thermodynamic and Optical assessment. IJHMT, 2022.



" Thermodynamic Analysis 
!Experimental investigation: LCO, NMC and LFP cell with 21% O2 and 0% O2

" Heating ramp:11.0 oC/min
" SOC = 100%

!Results
" In spite of the lower chamber temperatures for the 0% O2, the cell temperature increases close to the 

baseline.
"LFP shows the highest safety time (lapse between venting and TR).

Effect of Ambient Oxygen Content
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Source: Influence of environmental conditions in the battery Thermal Runaway Process of different chemistries: Thermodynamic and Optical assessment. IJHMT, 2022.



"Optical Techniques
!Venting Process

Effect of Ambient Oxygen Content
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Effect of Ambient Oxygen Content
"Optical Techniques

!Thermal Runaway
" The images shows the natural 

luminosity of the thermal 
runaway process.

" LCO and NMC show flame 
propagation outside the cell 
when O2 in the atmosphere is 
presence. 

" On the other hand, LFP cell 
shows only a large amount of 
smoke without any visual flame 
emissions.

" In all cases, large amount of 
smoke is seen in the initial stage. 

" It is important to note that the 
flame can be seen thanks to the 
open system environment.
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Effect of battery initial SOC
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"Optical Techniques
!Venting Process

" The vent gas intensity and quantity are reduced with the SOC.

Effect of Battery Initial SOC
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NMC SOC 100% NMC SOC 50% NMC SOC 25%



"Optical Techniques
!Thermal Runaway

" The SOC directly influences the flame 
propagation process

Effect of Battery Initial SOC
NMC SOC 100%

NMC SOC 50%

NMC SOC 25%
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Takeaways
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"This work has investigated in detail the battery thermal runaway
phenomena of 18650 cylindrical battery cell using a novel continuous flow
high temperature vessel together with advanced optical techniques.

"The novel assessment device allowed to visualize in detail the BTR
phenomenon, since the continuous flow removes the smoke that is
originated during the process and generally hinders the applications of
optical techniques in devices such as accelerated rate calorimeter.

"The measurement of the safety time, defined as the time between venting
detection and the thermal runaway, shows that LFP allows up to 5 min in
comparison with NMC that allows only 2 min.

Main conclusions
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Ongoing investigations
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From fundamentals to real-word application
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Laboratory environment Virtual environment Real world application

Identify the dominant parameters for TR:

Propose predictive modelling:

Model testing by multi-physics approaches

Model testing by multi-physics approaches

Thermal degradation 
with respect to 

operating conditions

Arrhenius bases 
description

Validate the accuracy of the proposed model

Reduce calculation time

Integration with vehicle ECU

Implementation

Thermal Runaway
Electrochemistry

GPS based 
power utilization 
profile

-SOHo.

-Ce, Cn, Cp, 
Csei.

Adaptative safety limits

-SOHnew.

-Updated 
Ce, Cn, Cp, 
Csei.

Power demand

Development of advanced sensing strategies
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