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Overview of Thermal Runaway Modeling2

SIGNIFICANCE: 

o Heat source terms in legacy thermal runaway models have limitations 

ü Outdated with respect to current battery materials

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

o Models should be designed to keep pace with deployment of  new materials

ü Transition from empirical approaches to materials-centric approaches

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

ALIGNMENT WITH CORE MISSION OF DOE OE: 

o Validated safety and reliability is one of  the critical challenges identified in 2013 Grid 

Energy Storage Strategic Plan
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Thermal Runaway Modeling Objectives 4

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

o 1 publication accepted in FY2020

Develop improved heat-source models for thermal runaway

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

o Extend to additional electrode materials of  commercial interest

o 1 publication accepted and 1 additional publication submitted in FY2020

Promote effective methods and collaboration in thermal runaway studies

o Publish perspectives, models, and tools

ü Thermodynamic reaction heat calculator for cathode decomposition posted online in FY2020

o Set up thermal runaway collaboration workshops (task for full project team)
Experimental 

Group #1

Experimental 

Group #2

Modeling 

Group

Enhance Flow of Data and Insights



Motivation: Why Study Thermodynamics of Battery Materials?

Variants of  layered metal oxide cathodes too numerous for full experimental safety evaluation

Materials science/thermodynamic approach allows predictions of:

Whether a decomposition reaction can occur

How much heat release can be expected under different conditions

Heat sources from thermodynamics are readily adapted to new materials

Can account for multiple stages of  heat release

May also allow kinetic rates in thermal runaway models to be generalized for families of  materials
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Results: Thermodynamics of Cathode Thermal Runaway6

Layered metal oxide cathode decomposition

Å Published database of  36 formation enthalpies compiled 

from over 42 literature sources for cathode materials

Å Yields up-front predictions of  heat release for a whole class 

of  LixMO2 cathode materials with electrolytes

Å Existing or proposed compositions

Å Excel-based calculator released online

Å Simplified web calculator under development
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R. C. Shurtz and J. C. Hewson, J. Electrochem. Soc., 167, 090543 (2020)    https://dx.doi.org/10.1149/1945 -7111/ab8fd9

R. C. Shurtz. "Thermodynamic Reaction Heat Calculator for Layered Metal Oxide Cathodes in Organic Electrolytes." 

https://www.sandia.gov/ess-ssl/thermodynamic-web-calculator/

https://dx.doi.org/10.1149/1945-7111/ab8fd9
https://www.sandia.gov/ess-ssl/thermodynamic-web-calculator/


Results: Thermodynamics of Solvent Oxidation

Solvent oxidation has strong effects on 
Cathode heat release 

Gas emissions from decomposing batteries

Contributions to ǃG include
Enthalpy (heat release, solid lines)

üFavors full oxidation

Entropy term (dashed lines)

üFavors more gas generation through partial oxidation

üBigger impact at high temperature
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R. C. Shurtz and J. C. Hewson, J. Electrochem. Soc., 167, 090543 (2020)    https://dx.doi.org/10.1149/1945 -7111/ab8fd9

Spontaneous processes have negative ǃG

ǃG = ǃH -TǃS

Full EMC Oxidation: 
2 C4H8O3 + 9 O2Ҧ у /h2 + 8 H2O

Partial EMC Oxidation: 
2 C4H8O3 + 2 O2Ҧ н /h2 + 6 CO + 8H2

https://dx.doi.org/10.1149/1945-7111/ab8fd9


Results: Effect of Pressure on Solvent Decomposition8

R. C. Shurtz and J. C. Hewson, J. Electrochem. Soc., 167, 090543 (2020)    https://dx.doi.org/10.1149/1945 -7111/ab8fd9

Full EMC Oxidation: 2 C4H8O3 + 9 O2Ҧ у /h2 + 8 H2O

Partial EMC Oxidation: 2 C4H8O3 + 2 O2Ҧ н /h2 + 6 CO + 8H2

Entropy contribution is stronger at low pressures
Cell venting pressure expected to affect gaseous 
product distribution and heat release

Weaker confinement in pouch cells compared to 
cylindrical cells may lead to more partial oxidation

Partial oxidation leads to explosive mixtures

üHigher production rates of  CO and H2

ǃG = ǃH -TǃS

https://dx.doi.org/10.1149/1945-7111/ab8fd9


Results: Combined Effects of Metal Oxide Decomposition 
with Solvent
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R. C. Shurtz and J. C. Hewson, J. Electrochem. Soc., 167, 090543 (2020)    https://dx.doi.org/10.1149/1945 -7111/ab8fd9
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ǃG = ǃH -TǃS

https://dx.doi.org/10.1149/1945-7111/ab8fd9


Results: Combined Effects of Metal Oxide Decomposition 
with Solvent
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R. C. Shurtz and J. C. Hewson, J. Electrochem. Soc., 167, 090543 (2020)    https://dx.doi.org/10.1149/1945 -7111/ab8fd9
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Oxidation

kJ/mol O 2

1 atm -479 -551

20 atm -470 -468

Minimal pressure dependence for 
production of  MO

ǃG increases by 12 kJ/mol O2 at 20 atm

ǃG for common cathodes:

NCA = -48 kJ/mol O2 at 1 atm 

LCO = -9 kJ/mol O2 at 1 atm

NMC = +14 kJ/mol O 2 at 1 atm

NMC requires solvent oxidation to 
complete MO formation

Provides explanation for existing 
measurements of  heated oxide species

ǃG = ǃH -TǃS

https://dx.doi.org/10.1149/1945-7111/ab8fd9


LiM2O4

M3O4

O2

MO
O2

LiMO2 + O2

LiMO2 + O2 O2

MO2

R1

R2

R3

R4

R5

R6

LiMO2

R4 (blue line) is initial production of  LiM2O4

ÅLithiatedspinel created w/o oxygen production

Results: Full-Oxidation Predictions Consistent with Calorimetry 11

Example: LixNi0.33Mn0.33Co0.33O2 (NMC 1:1:1)

R. C. Shurtz, "A Thermodynamic Reassessment of Lithium-Ion Battery Cathode Calorimetry " J. Electrochem. Soc., (submitted September 2020).
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Results: Full-Oxidation Predictions Consistent with Calorimetry 12

Example: LixNi0.33Mn0.33Co0.33O2 (NMC 1:1:1)

R9 (red line) produces dual-spinel mixture

ÅResidual MO2ĄM3O4 (R2 follows R4)

R. C. Shurtz, "A Thermodynamic Reassessment of Lithium-Ion Battery Cathode Calorimetry " J. Electrochem. Soc., (submitted September 2020).


