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3  Motivation for Thermal Runaway Modeling

• Conventional approach is to test our way to safety

Supplement testing with multi-physics models

• Heat sources in legacy thermal runaway models have limitations

• Designed for low-temperature onset rather than high-temperature propagation

Outdated with respect to current battery materials

Single Cell

—0.5-5 Ah

.
Strings and large

$$$

format cells

—10-200 Ah

EV Battery Pack 100s-

1000s cells

10-50 kWh

$$$$

Design models to keep pace with deployment of new materials

Transition from empirical approaches to materials-centric approaches

• Gain ability to forecast safety characteristics in the early stages of materials selection

Stationary storage

system 1000s or more

individual cells

MWh+

www.cnn.com www.nissan.com

www.samsung.com www.saft.com 

www.internationalbattery.com 



4 I RESEARCH OBJECTIVES

Predict thermal runaway behavior in large systems (multi-cell) 

Ongoing, requires improved heat sources for cascading failure
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Develop improved heat-source models for thermal runaway

Primary topic of this presentation

Include proper dependence on material properties, temperature, state of charge

Extend to additional electrode materials of commercial interest

Promote effective methods and collaboration in thermal runaway studies 

• Publish new models and perspectives
• R. C. Shurtz, Y. Preger, L. Torres-Castro, J. Lamb, J. C. Hewson and S. Ferreira, "From

Calorimetry Measurements to Furthering Mechanistic Understanding and Control of
Thermal Abuse in Lithium-Ion Cells"J. Electrochem. Soc., 166, A2498 (2019). DOI
10.1149/2.0341912jes

Establish calorimetry collaborative to bridge experiments and modeling

20 40 60 80
Ti m e (s)

5

H
e
a
t
 F
l
o
w
 (
W
/
g
 A
n
o
d
e
)
 

TC 1 Sim

TC 1 Exp

TC 2 Sim

TC 2 Exp

TC 3 Sim

TC 3 Exp

TC 6 Sim

TC 6 Exp

TC 7 Sim

TC 7 Exp

TC 10 Sim

TC 10 Exp

100 120 140

— Data

— • E2 = 135 kJ/mol, = 5.8

— E2 = 79 kJ/mol, z„„ = 2.6

••• Primary SEI

Sandia Gen 1

°BET= 4 m2/g

00.4106 at 10°C/min

100 200 300

Temperature (°C)
400

Enhance Flow of Data and Insights

Experimental Experimental
Group #1 Group #2

Modeling
Group



5 I MODELING DECOMPOSITION OF LITHIATED GRAPHITE
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Improves predictions of maximum cell temperatures and cascading failure rates

• Total heat release from reaction thermodynamics rather than empirical

• Includes large exotherm occurring after onset of thermal runaway in full cells

Accounts for effects of graphite surface area and limited electrolyte on heat generation rates

Successfully predicts a wide variety of published calorimetry measurements

Published in the Journal of the Electrochemical Society as two open-access papers

• R. C. Shurtz, J. D. Engerer and J. C. Hewson, J. Electrochem. Soc., 165, A3878 (2018). DOI 10.1149/2.0171814jes
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6 I THERMODYNAMICS OF CATHODE RUNAWAY

Layered Metal Oxide Decomposition in Electrolyte

Compiled a database of 36 enthalpies of formation

Decomposition paths

for de-lithiated LiNO2

M02

R2
LiMO2

for cathode materials from over 42 literature sources

02 4— LiMO2 + 02
• Up-front predictions of heat release for a whole class R5

of LixiV102 cathode materials with electrolytes

• Existing or proposed compositions

Web-based calculator to be developed

LiMO2 + 02 R4

02
4 16 L ivi 0

LiM 04

M = Ni, Co, Mn, Al as well as mixtures (NMC, NCA, etc.)



7 I Both Combustion and Phase-Change Enthalpy are Important
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Initial phase change Subsequent phase changes produce oxygen 
produces no oxygen that promotes solvent combustion 
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• M304 formation (R5 or R3) is most exothermic phase change producing 02

• MO formation (R6 or R4) is most endothermic per 02 produced

• R6 plus EC combustion enthalpy of -472 kJ/mol 02 consumed is approximately thermal neutral



8 1 LCO Cathode Calorimetry with Electrolyte  Consistent with Predictions

Predictions provide means to compare

diverse measurements

Li„Co02 (LCO, shown here)

• LixNi0.33Mn0.33Co0.3302 (NMC 1:1:1)

• lixNi0.80G30.15A10.0502 (NCA 80:15:5)

MO

IP

Most detailed comparison for LixMO2 materials

136 total calorimetry measurements compiled
from 28 articles for LCO, NMC, and NCA

• Each point on plots required careful
evaluation and conversion to common basis

Comparisons clearly demonstrate and explain
variability observed with state of charge (SOC)

• SOC proportional to 1-x
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R8 (green line) is reduction to metal

• 4 LiM02 + 2 CO2 4 2 Li2CO3 + 4 M + 3 02

• May occur in calorimetry, less likely in vented batteries



9 NMC (1:1:1) Calorimetry with Electrolyte  Consistent with PredictionsI LA

.

Filled red diamonds had limited electrolyte,
additive concentrations not reported

2 open red diamonds were total measurements
rather than partial measurements
• Suggests R9 rather than expected R1

• These measurements removed excess electrolyte
or used vented pans

• XRD studies show that transition from M304 to
MO does not happen for NMC without solvent

Challenge: How to design experiments and
models to represent batteries that are initially
pressure-tight and subsequently vent?
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lo I NCA (80:15:5) Calorimetry with Electrolyte Consistent with Predictions

- Filled symbols are solvent-free measurements
Why is agreement with calculations still good?

• Binders and conductive fillers have 02-basis
combustion enthalpies within 11% to 18% of EC

• Derived equivalence ratio c/) a for cathode
additives with respect to R1 (MO production)

> 1 for cases without solvent indicates
excess fuel with respect to oxygen production

• Cathode additives less reactive than solvents
(combustion at higher temperatures)
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• Measurements at x = 0.1 are the same cathode
with/without electrolyte
• DSC measurement w/o electrolyte has long tail

Decomposition may not be complete (less reactive)?

• Possibly skewed baseline for integration?

• Mass basis conversion relied on average cathode mass

• Reported as 3 mg to 5 mg (plot based on 4 mg)
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Original Mass Basis was
Electrode + Current Collector
6 

Heat released
NCA without electrolyte 674 J/g
NCA with electrolyte 793 J/g

150 175 200 225 250 275

Temperature (°C)

300

—R2 — —Rs Figure 3. DSC of Liall\liasCoaisAlaos02 charged electrode.

O Single Spinel 0 Di Y. Huang, Y. C. Lin, D. M. Jenkins, N. A. Chernova, Y. Chung, B. Radhakrishnan, I. H. Chu, J. Fang, Q.
Wang, F. Omenya, S. P. Ong and M. S. Whittingham, ACS Appl. Mater. Interfaces, 8, 7013 (2016).

4). nox,bc 6yb + 16yc

nox,p ya(1 — x)



11 I NEXT STEPS FOR CATHODE MODELING

Quantify Cathode Decomposition Rates 

• Normalize rates by predicted heat for

each process to identify trends

. Correlate normalized rates within families

of cathodes such as \MC

Gain predictive/interpolative capabilities

. Consider model forms with proper

surface area and SOC dependence that

can be generalized within material families

Consider effects of lower rates observed

in the presence of limited electrolyte

. . • " . • 1
971.5 Jx=0.85, g

x=0.8, 904.8 J g-1

70
20

x=0.7, 826.3 J g-1
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15
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x=1/3, 512.5 J g-1

3
°
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w
I 5

• I •
4 . 3 V cut-off -

225°C

1 232°C

242°C

1 
264°C

I 
290°C
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150 200 250

Temperature / °C

300

•I•

350

Fig. 10. DSC results of the Li1 o[Ni,CoyMn,]02 materials (x = 1/3, 0.5, 0.6, 0.7, 0.8 and

0.85).

H.-J. Noh, S. Youn, C. S. Yoon and Y.-K. Sun, J. Power Sources, 233, 121 (2013).



12 
I Discrepancies Provide Opportunities for Questions and Learning

Thermodynamic comparisons provide perspective/basis to
ask whether a measurement is unusual and why

Largest observed LCO discrepancies can be explained by

• Limited electrolyte (incomplete combustion)

• False/apparent termination of exotherm

• Uncertainty/nonuniformity in assigned x (often from voltage)

• Uncertainty in heat allocation between overlapping exotherms
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Y. D. Wang, J. W. Jiang and J. R. Dahn, Electrochem. Commun., 9, 2534 (2007).
S. El Khakani, D. Rochefort and D. D. MacNeil, J. Electrochem. Soc., 163, A1311 (2016).
J. Jiang and J. R. Dahn, Electrochim. Acta, 49, 2661 (2004).
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1 LITHIUM-10N BATTERY CALORIMETRY COLLABORATIVE

Collaborative workshops: Thermal Runaway Investigation, Prediction, and Prevention

Follow models of
• Turbulent Nonpremixed Flames Workshop (https://www.sandia.gov/TNF/abstract.html)

• Measurements and Computation of Fire Phenomena Workshop (https://iafss.org/macfp/)

• Initial organizational meeting held in May 2019 (ECS @ Dallas)
• 8 groups shared feedback about directions to take the workshop series and how to collaborate

Let us know if

you're interested!

Online forum to be established to share validation-quality measurements and validated predictive models

• Collaboratively address inconsistencies across literature

Planning meeting in May 2020 (ECS @ Montreal), first full-scale workshop in June 2021 (ECS @ Chicago)

Argonne National Laboratory   
fit 

Dalhousie University

-4 -411'...kf
Purdue University

Jet Propulsion Laboratory

Sandia National Laboratories

University of Texas - Arlington

Binghamton University

Brookhaven National Laboratory

University of Maryland

Naval Research Laboratory

North America with US States and Canadian
Provinces - Outline by FreeVectorMaps.com

Enhance Flow of Data and Insights

Experimental Experimental
Group #1 Group #2

Modeling
Group



14 1 THANKYOU

■ Funded by the U.S. Department of Energy, Office of Electricity, Energy Storage program. Dr. Imre
Gyuk, Program Director.

■ Sandia National Laboratories is a multi-mission laboratory managed and operated by National
Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell
International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration
under contract DE-NA-0003525.



15 Calorimetry Collaborative Bridging Experiment and Modeling

Based on initial feedback:

Dominant concerns for research into thermal response of lithium-ion batteries are: 

Incomplete details reported for both experimental testing and modeling

• Variation from group to group in results (due to stochastic nature of battery failures or inadvertent
differences in experiment/materials) can have consequences for the models developed

Not all appropriate component-level interactions considered to model full-cell thermal evolution

Next steps:

• Develop an open database of well-documented experimental
measurements/procedures and computational approaches

Let us know if you're interested!

Enhance Flow of Data and Insights 

Experimental Experimental
Group #1 Group #2

\ /
Modeling
Group
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