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2 I OVERVIEW ofThermal Runaway Modeling

$
SIGNIFICANCE:

• Heat source terms in legacy thermal runaway models have limitations

Outdated with respect to current battery materials

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

$$

Models should be designed 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

ALIGNMENT WITH CORE MISSION OF DOE OE:

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

Energy Storage Strategic Plan

Single Cell

—0.5-5 Ah

Strings and large

format cells

—10-200 Ah

$$$
EV Battery Pack 100s-

1000s cells

10-50 kWh

$$$$

Stationary storage

system 1000s or more

individual cells

MWh+

www.cnn.com www.nissan.com
www.samsung.com www.saft.com 
www.internationalbattery.com 
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4 I Thermal Runaway Modeling OBJECTIVES

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

Discussed by John Hewson and Andrew Kurzawski in the Safety Session

"Predicting and mitigating cascading failure in stacks of lithium-ion cells"

Develop improved heat-source models for thermal runaway

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 perspectives and new models

• Set up thermal runaway collaboration workshops (task for full project team)
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5 I PROJECT METRICS AND MILESTONES

Milestone 

1. Link safety modeling to materials science

2. Develop new models for decomposition
of battery materials

3. Continue to evaluate recent models

Milestone # Current Status 

1, 2, 3 o Published 2 articles on anode decomposition models

1, 2 0 Published a perspective article that promotes better

utilization of calorimetry measurements for modeling

Initiated battery workshop to promote coordination

1, 2 ° Developed method to calculate total heat release

from the most widely used class of cathode materials

° Identified data appropriate for calibrating decomposition

rates from LCO, NMC, and NCA (follow-up papers)



6 I Thermal Runaway Modeling CHALLENGES and OPPORTUNITIES

Calorimetry studies often report insufficient information for model development

Material properties like surface area not reported

• Single scan rates for DSC do not permit derivation of activation energies

• Sample mass and state of charge not reported on consistent basis

Species measurements often sparse or absent altogether

Opportunities include work, creativity, and outreach 

Identify data appropriate for model development through careful searching (work)

Novel perspectives or comparisons may compensate for apparent deficiencies in data (creativity)

Share perspective on better ways to conduct and communicate research (outreach)



7 I PROJECT RESULTS

i

I

Published invited perspective article in the Journal of the Electrochemical Society

Identified methods for measurements, analysis, and reporting that:

• Allow quantitative comparisons between diverse calorimetry measurements

• Facilitate development of thermal runaway models

• Promote mechanistic understanding of thermal runaway

Enhanced Flow of Data and Insights 4 Enhanced Development of New Insights 

Experimental Experimental
Group #1 Group #2

\ 1 I
Modeling
Group

• Perspective article highlighted in ECS News on July 16, 2019

• Title: "From Calorimetry Measurements to Furthering Mechanistic Understanding and Control of Thermal Abuse
in Lithium-Ion Cells"

Reference: R. C. Shurtz, Y. Preger, L. Torres-Castro, J. Lamb, J. C. Hewson and S. Ferreira,/ hlectrochem. Soc., 166,
A2498 (2019). DOI 10.1149/2.0341912jes



8 PROJECT RESULTS

Initiated lithium-ion battery calorimetry workshop series to promote progress and collaboration

Follows pattern of a successful workshop series for combustion measurements and model development

Participants at initial kickoff meeting included 6 Sandians (safety team) and 9 additional researchers
. Adjacent to the 235th ECS meeting in Dallas, Texas (May 2019)

• Used content from perspective article to highlight the benefits of improved communication and coordination

• 8 groups from outside Sandia shared feedback about directions to take the workshop series and how to collaborate

• Schedule planning meeting for May 2020 (ECS @ Montreal), first full-scale workshop for June 2021 (ECS @ Chicago)

Argonne National Laboratory

Purdue University

Jet Propulsion Laboratory

Sandia National Laboratory

University of Texas - Arlington

Dalhousie University

Binghamton University

Brookhaven National Laboratory

University of Maryland

Naval Research Laboratory

North America with US States and Canadian
Provinces - Outline by FreeVectorMaps.com
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9 I PROJECT RESULTS
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Developed new model for heat generation from lithiated graphite anodes in electrolyte

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. Hewsoni. Electrochem. Soc.,165, A3878 (2018). DOI 10.1149/2.0171814jes

• R. C. Shurtz, J. D. Engerer and J. C. Hewsoni. Electrochem. Soc., 165, A3891 (2018). DOI 10.1149/2.0541816jes
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Real or proposed compositions predicted rapidly

Manuscript of journal article nearing completion

• Web-based calculator to be developed

10 PROJECT RESULTS

Layered Metal Oxide Decomposition in Electrolyte

Compiled a database of 36 enthalpies of formation

for cathode materials from over 42 literature sources

• Up-front predictions of heat release for a whole class

Decomposition paths

for de-lithiated LiNO2

M02

R2
Li M 02

of LixMO2 cathode materials with electrolytes 02 4'
R5

1

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



11 I 42 Sources Assessed to Compile Thermodynamics Database for Metal Oxides IA
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Bulletin 2131 (1995).

• M. J. Wang and A. Navrotsky, J. Solid State Chem., 178, 1230
(2005).

• X. Shi, S. L. Bernasek and A. Selloni, The Journal of Physical
Chemistry C, 120, 14892 (2016).
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A. Persson and G. Ceder, Phys. Rev. B, 84, 045115 (2011).

• O. Kubaschewski, C. B. Alcock and P. J. Spencer, Materials
Thermochemistry, Pergamon Press, Oxford, UK (1993).

• M. Aykol and C. Wolverton, Phys. Rev. B, 90, 18 (2014).

• K. I. Lilova, A. Navrotsky, B. C. Melot and R. Seshadri, J.
Solid State Chem., 183, 1266 (2010).

• S. Hao, Z. Lu and C. Wolverton, Phys. Rev. B, 94, 014114
(2016).

• J. Shu, T.-F. Yi, M. Shui, Y. Wang, R.-S. Zhu, X.-F. Chu, F.
Huang, D. Xu and L. Hou, Computational Materials Science,
50, 776 (2010).

• M. J. Wang and A. Navrotsky, Solid State Ion., 166, 167
(2004).

• T. Abe and T. Koyama, Calphad-Comput. Coupling Ph.
Diagrams Thermochem., 35, 209 (2011).

• E. Lee, K. R. Lee and B. J. Lee, Computational Materials
Science, 142, 47 (2018).

• M. Masoumi, D. M. Cupid, T. L. Reichmann, K.
K. Chang, D. Music, J. M. Schneider and H. J.
Seifert, Int. J. Mater. Res., 108, 869 (2017).

• M. S. Park, Phys. Chem. Chem. Phys., 16, 16798
(2014).

• A. G. Ryabukhin, V. E. Roshin and A. V. Roshin,
Russian Metallurgy (Metally), 2007, 98 (2007).

• A. B. C. Patzer, C. Chang, E. Sedlmayr and D.
Sillzle, The European Physical Journal D - Atomic,
Molecular, Optical and Plasma Physics, 32, 329
(2005).

• R. C. Longo, F. T. Kong, K. C. Santosh, M. S.
Park, J. Yoon, D. H. Yeon, J. H. Park, S. G. Doo
and K. Cho, Phys. Chem. Chem. Phys., 16, 11218
(2014).

• I. Barin, Thermochemical Data of Pure
Substances, 3rd Edition, VCH, Weinheim,
Germany (1995).

• K. King, K. Randhir and J. Klausner,
Thermochim. Acta, 673, 105 (2019).

• G. Ceder and A. Van der Ven, Electrochim. Acta,
45, 131 (1999).

• W. B. Zhang, D. M. Cupid, P. Gotcu, K. K.
Chang, D. J. Li, Y. Du and H. J. Seifert, Chem.
Mat., 30, 2287 (2018).

• D. M. Cupid, A. Reif and H. J. Seifert,
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• M. Yoshitake, S. Yagyu and T. Chikyow, International
Journal of Metals, 2014, 11 (2014).
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97 (2012).
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(2012).

• K. K. Chang, B. Hallstedt and D. Music, Calphad-
Comput. Coupling Ph. Diagrams Thermochem., 37, 100
(2012).

• K. Chang, Phase equilibria, thermodynamic and
electrochemical properties of cathodes in lithium ion
batteries based on the Li—(Co, Ni)—O system, in
Materials Chemistry, Aachen University, Aachen,
Germany (2013).

• J. Kaczmarczyk, F. Zasada, J. Janas, P. Indyka, W.
Piskorz, A. Kotarba and Z. Sojka, ACS Catal., 6, 1235
(2016).

• D. Kramer and G. Ceder, Chem. Mat., 21, 3799 (2009).

• M.W. Chase, NIST-JANAF Themochemical Tables,
fourth ed., J. Phys. Chem. Ref. Data Monograph 9
(1998) 1-1951.

• N. A. Mayer, D. M. Cupid, R. Adam, A. Reif, D. Rafaja
and H. J. Seifert, Thermochim. Acta, 652, 109 (2017).

• M. J. Wang, A. Navrotsky, S. Venkatraman and A.
Manthiram, J. Electrochem. Soc., 152, J82 (2005).

• P. Gotcu-Freis, D. M. Cupid, M. Rohde and H. J.
Seifert, J. Chem. Thermodyn., 84, 118 (2015).

• B. J. McBride, M. J. Zehe and S. Gordon, NASA
Glenn Coefficients for Calculating
Thermodynamic Properties of Individual Species,
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• S. P. Verevkin, A. V. Toktonov, Y. Chernyak, B.
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Company, 1990.
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(1982).
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(2016).

• Y. Idemoto and T. Matsui, Solid State Ion., 179,
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12 . Comparison to Li.M02 Cathode Calorimetry with Electrolyte

Li„Co02 (LCO) measurements consistent with
thermodynamic predictions

r lst such comprehensive comparison on any
LixMO2 materials

60 total calorimetry measurements compiled
from 24 articles for LCO, NNW, and NCA
• Each data point shown required careful evaluation

and processing for comparisons

Clearly demonstrates and explains variability
observed with state of charge (SOC)
SOC Proportional to 1-x
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13 I Comparison to Li.M02 Cathode Calorimetry with Electrolyte

0
LixNi0.33Co0.33Mn0.3302 (NNIC 1:1:1) measurements
also consistent with predictions > -300
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14 I Comparison to Li.M02 Cathode Calorimetry with Electrolyte

lixNi0.80Co0.15A10.0502 (NCA 80:15:5)
measurements also consistent with predictions
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60 Calorimetry Measurements from 24 Articles
15 ill Extracted, Evaluated, and Processed

Literature for LCO Comparisons

• D. D. MacNeil, L. Christensen, J. Landucci, J. M. Paulsen and J. R.

Dahn, J. Electrochem. Soc., 147, 970 (2000).

• D. D. MacNeil and J. R. Dahn, J. Phys. Chem. A, 105, 4430 (2001).

• T. D. Hatchard, D. D. MacNeil, A. Basu and J. R. Dahn, J.

Electrochem. Soc., 148, A755 (2001).

• D. D. MacNeil and" R. Dahn, J. Electrochem. Soc., 148, A1205

(2001).

• Y. Baba, S. Okada and J. Yamaki, Solid State Ion., 148, 311 (2002).

• D. D. MacNeil and J. R. Dahn, J. Electrochem. Soc., 149, A912 (2002).

• D. D. MacNeil, Z. H. Lu, Z. H. Chen and J. R. Dahn, J. Power

Sources, 108, 8 (2002).

• J. Jiang and J. R. Dahn, Electrochim. Acta, 49, 2661 (2004).

• E. P. Roth and D. H. Doughty,/ Power Sources, 128, 308 (2004).

• Y. D. Wang, J. W. Jiang and J. R. Dahn, Electrochem. Commun., 9,

2534 (2007).

• P. Ping, Q. S. Wang, P. F. Huang, J. H. Sun and C. H. Chen, Appl.
Energy, 129, 261 (2014).

• S. El Khakani, D. Rochefort and D. D. MacNeil,/ Electrochem. Soc.,
163, A1311 (2016).

Criteria and Processing for ARC and DSC measurements 

Thermal decomposition of LixMO2 with electrolyte or solvent in pressure-tight containers

• Total and/or stepwise heat release reported per unit mass of LixMO2

Sufficient information to designate residual degree of lithiation (SOC is proportional to 1-x)

Sufficient information to correct mass to a binder-free basis

Literature for NMC Comparisons

• I. Belharouak, W. Q. Lu, D. Vissers and K. Amine, Electrochem.

Commun., 8, 329 (2006).

• Y. D. Wang, J. W. Jiang and J. R. Dahn, Electrochem. Commun., 9,

2534 (2007).

• H. F. Xiang, H. Wang, C. H. Chen, X. W. Ge, S. Guo, J. H. Sun

and W. Q. Hu, J. Power Sources, 191, 575 (2009).

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

• P. Roder, N. Baba and H. D. Wiemhofer, J. Power Sources, 248, 978

(2014).

• D. P. Kong, P. Ping, Q. S. Wang and" H. Sun,/ Electrochem. Soc.,

163, A1697 (2016).

Literature for NCA Comparisons

• E. P. Roth and D. H. Doughty,/ Power Sources, 128, 308 (2004).

• I. Belharouak, W. Q. Lu, D. Vissers and K. Amine, Electrochem.

Commun., 8, 329 (2006).

• H. J. Bang, H. Joachin, H. Yang, K. Amine and J. Prakash, J.

Electrochem. Soc., 153, A731 (2006).

• Y. D. Wang, J. W. Jiang and J. R. Dahn, Electrochem. Commun., 9,

2534 (2007).

• H. F. Xiang, H. Wang, C. H. Chen, X. W. Ge, S. Guo, J. H. Sun and

W. Q. Hu, J. Power Sources, 191, 575 (2009).

• A. Kvasha, C. Gutiérrez, U. Osa, I. de Meatza, J. A. Blazquez, H.

Macicior and I. Urdampilleta, Energy, 159, 547 (2018).



16 I LOOKING FORWARD

Lithium-Ion Battery Calorimetry Workshops (with full safety team) 

o Set up website for sharing and modeling thermal runaway data

- Schedule first workshop, continue recruiting participants

Cathode Decomposition Modeling

Publish LixiV102 thermodynamics paper

Set up web-based calculator to estimate total heat release for arbitrary LixiV102 cathodes

Develop and publish new models for thermal runaway in LixiV102 cathodes

Integrate New Heat Source Models into Cascading Failure Simulations 



17 I FY2019 Publication Summary

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. Flectrochem. Soc., 166, A2498 (2019).
DOI 10.1149/2.0341912jes

R. C. Shurtz, J. D. Engerer and J. C. Hewson, "Predicting high-temperature decomposition of lithiated

graphite: I. Review of phenomena and a comprehensive model"J. Flectrochem. Soc., 165, A3878 (2018).

DOI 10.1149/2.0171814jes

R. C. Shurtz, J. D. Engerer and J. C. Hewson, "Predicting high-temperature decomposition of lithiated

graphite: II. Passivation layer evolution and the role of surface area" J. Flectrochem. Soc., 165, A3891 (2018).

DOI 10.1149/2.0541816jes

• In Progress:

• "Heats of Reaction for Thermal Decomposition of Layered Metal Oxides in Electrolyte" by R. Shurtz and J. Hewson
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