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Battery Degradation Simulation

Machine Learning, Deep Learning

Equivalent Circuit Model for Battery Management System
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Prediction of battery module  degradationBattery charge/discharge test in EV virtual driving environment
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✓Reproduce the load on the battery under the assumed driving conditions.
✓The control algorithm of the battery cooling device can be examined.

M
odule
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odule Module
temperature

SoftwareBattery pack
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概要Prediction of battery module  degradation

✓Construction of an equivalent circuit model for battery management systems is shown.
✓Test bench assuming an actual cooling system is constructed.

Equivalent Circuit Model for Battery Management System

Test conditions
・2 current rate CC charge / discharge ×３cycle without the flow
・2 current rate CC charge / discharge ×３cycle with the flow 1.0 l/min 8
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概要Prediction of battery module  degradationEquivalent Circuit Model for Battery Management System

Inlet
Outlet

Comparison for time histories of temperature

３D thermal model

Electric ECM

Thermal 
ECM

Flow ECM

Cells

ROM

IO/Controller

Equivalent Circuit Model (ECM)
⇒ Apply into HILS(Hardware in the loop simulation)

Real-time simulation with equivalent circuit models

Comparison for time histories of voltage

T. Yamanaka et al., Batteries, 2020, 6(3), 44.
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Conventional: 1-D Newman model

Physico-chemical model

Li conc. in AP

Electrode potential: 
Poisson Equation

Electrochemical reaction: 
Butler-Volmer Equation

Electrolyte potential：
Nernst-Plank Equation

S.J. Harris et al. / Chemical Physics Letters 485 (2010) 265.

Physico-chemical Simulation using FIB-SEM image

Voltage

50[um]

Quasi-3D modeling using FIB-SEM image

Multiphysics Simulation based 
on 3D microstructure

（～100[um]）

（～50[um]）
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Thickness, positive electrode: 50 [um]

Thickness, negative electrode (Li foil)：50 [um]
Thickness, separator：25 [um]
OCP, positive：Measurement (NMC1/3)
Reaction rate coefficient：1.0e-11 (assumed)

Li diffusion coefficient：1.0e-14（assumed）

Positive electrode structure

OriginalMirror

Tetra mesh 1million elements

Model geometry

Charge/discharge FEM simulation based on 3D microstructure

Multiphysics Simulation based on 3D microstructure
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Young’s modulus: 70 [GPa] *1

Poisson ratio: 0.3（assumed）

Volume change coefficient:0.03 *2

Slice image of positive electrode

Strain distribution during discharge

Mises stress distribution

High stress on the edge of active material

Charge/discharge FEM simulation based on 3D microstructure

Multiphysics Simulation based on 3D microstructure

Stress balance

Eigen strain
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virtual electrode structures composed of random packed sphere particles  
and binder have been generated.

50um

25um 25um

Multiphysics Simulation based on 3D microstructure

Charge/discharge FEM simulation: Virtual microstructure

(a) SOC0% (c) SOC100%(b) SOC50%

0

Von Mises Stress [Pa]

2e9

Stress distribution in charging
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2D-SEM image

50[um]

Segmented image
Active material

Electrolyte

Binder/Additives

432px×125px

FIB-SEM

“Quasi-3D” model with a FIB-SEM image

50[um]

“Quasi-3D” model has been applied to a FIB-SEM image of typical positive electrode

Li(Ni1/3Mn1/3Co1/3)O2

Physico-chemical Simulation using FIB-SEM image

Li+

Electrolyte

Li

Diffusion between 
2D plane and center

Diffusion between 
2D plane and surface

Li+

Diffusion between 
2D plane and mean 
concentration

Mean concentration
3D sphere

Y. Takagishi et al., The 9th International Conference on Multiscale Materials Modeling (2018).
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Li concentration in discharge
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CC discharge

Rest

CC charge

CV charge

Li concentration in active material [mol/m3]
Separator

Collector

Li concentration in charge

Concentration of Li in active material
Voltage [V]

Physico-chemical Simulation using FIB-SEM image

Y. Takagishi et al., Journal of Applied Electrochemistry, submitted.
Y. Takagishi et al., The 9th International Conference on Multiscale Materials Modeling (2018, Osaka).
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Joule heating

Reaction heating

Modeling of thermal decomposition based on DSC test

Electrochemical reaction heating

Heating

内部短絡時の発熱と熱分解反応のモデリングBattery Safety Simulations, Nail penetration test

Nail penetration test

Physico-chemical model

Li conc. in AP

Electrode potential: 
Poisson Equation

Electrochemical reaction: 
Butler-Volmer Equation

Electrolyte potential：
Nernst-Plank Equation

18



KOBELCO RESEARCH INSTITUTE, INC.

内部短絡時の発熱と熱分解反応のモデリングBattery Safety Simulations, Nail penetration test

“Tri-bred model”
The 1D-2D-3D coupled model taking into account of migration of the nail 
and thermal decomposition reaction.

T. Yamanaka et al., Journal of Power Sources, 416:132-140.
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内部短絡時の発熱と熱分解反応のモデリングBattery Safety Simulations, Nail penetration test
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The effect of Nail position

内部短絡時の発熱と熱分解反応のモデリングBattery Safety Simulations, Nail penetration test

“Tri-bred model”

When the nail speed 0.1[ mm/s], RCV is 100 times higher than those of standard condition,
And the total time spent in excess of 300 ℃ is longer. 
The maximal temperature is 83 ℃ higher than the standard condition. 21
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内部短絡時の発熱と熱分解反応のモデリングBattery Safety Simulations, Nail penetration test

FIB-SEM

Li(Ni1/3Mn1/3Co1/3)O2

Multi-scale modeling of indentation test

Macro-scale simulation
(Stress simulation using FEM)

Micro-scale simulation
(Deformation using voxel)

Spring-dumper model
Current conservation
Energy balance
No phase change, no gas generation 

Rigid body

Positive electrode
-Active material
-Void
-Binder/additives

Separator

Negative electrode 
(rigid body)

Y. Takagishi et al., Battery Symposium Japan (2017).
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内部短絡時の発熱と熱分解反応のモデリングBattery Safety Simulations, Nail penetration test
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1.0 [m]

1.
1 

[m
]

Geometry Battery module

Resin case

terminal

18650 type cell
98cell（14×7）

Battery module

Heat source (burner)

Air

内部短絡時の発熱と熱分解反応のモデリングBattery Safety Simulations, Burning test

18650 type
Battery cell

65 [mm]

18 [mm]

Burning test of 18650 module

Y. Takagishi et al., Battery Symposium Japan (2020).
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内部短絡時の発熱と熱分解反応のモデリングBattery Safety Simulations, Burning test
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Degradation mechanism of Li-ion battery

電極合剤

SEI thin layer growth on 
graphite particles

Li site

2nm

R-3m
c-axis

Phase transition on the surface 
of NMC particles

SEGI et al., Battery Symposium （Osaka, 2013）

Electrode exfoliation 

A

C

B

Two kinds of SEI (organic / 
inorganic)

内部短絡時の発熱と熱分解反応のモデリングBattery Degradation Simulation
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Degradation in charge/discharge cycling

Voltage drop

Tsubota, et.al., Battery Symposium. （Tokyo, 2011）

Cycle properties of LiCoO2/C
( ) 2

1
1

0 cyclekRR +=
( ) 2

1
2

0 cyclek−=θθ
resistance

capacity（SOC）

*P. Ramadass et al., Journal of Power Source 123 (2003) 230.

resistance

capacity

Mechanics of capacity fade and resistance increase is a blackbox

Empirical √t - law

Vo
lta

ge
 [V

]

Capacity [Ah]

内部短絡時の発熱と熱分解反応のモデリングBattery Degradation Simulation
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Coverage θp :

**Capacity is not decreased in this process.

Growth of cubic layer on positive AP

( )pp k θθ −= 1

こここここここここここここ

graphite graphite graphite

SEI
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sJ
F

Mρδ =

JRseiss −= 0,ηη

Growth rate dδ/dt :  Tafel model

RTFaiJ sSs η5.00=

positive electrode
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Crack 
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∆= 0
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−

=
0

0
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Physics-based degradation model

内部短絡時の発熱と熱分解反応のモデリングBattery Degradation Simulation

Growth of two kinds of SEI on AP

Electrode exfoliation Crack progress model : Paris-law

aSYK π∆=∆

The range of fluctuation of a 
stress intensity factor 

Y:  material constant

ΔS: stress fluctuation range



KOBELCO RESEARCH INSTITUTE, INC.

Positive electrode: NMC (LiNi1/3Mn1/3Co1/3O2 )

Negative electrode: Graphite

Electrolyte: 1M LiPF6 / EC:DEC=1:1

Charge/discharge rate: 2C (CC-CV)

Maximum cycle number: 6100
Voltage range: 4.2 [V] - 2.7 [V]

Test battery （400[mAh]）

Rest: 10 [min]

Thickness:

Temperature: 25 [degC]

Methodology: Experimental 

Positive electrode 50 [um]
Negative electrode 50 [um]
Separator 25 [um]

Cycle conditions

For comparison with simulation, we have also performed 
charge-discharge cycling test.

内部短絡時の発熱と熱分解反応のモデリングBattery Degradation Simulation
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内部短絡時の発熱と熱分解反応のモデリングBattery Degradation Simulation

chemical 
degradation

Re
la

tiv
e 

ca
pa

ci
ty

[%
]

mechanical 
degradation

Cycle number

Simulation
Experimental

chemical 
degradation

mechanical 
degradation

Cycle number

total 
degradation

Comparison of capacity degradation between simulation and experiment

Physics-based degradation model

Y. Takagishi et al., Batteries Event 2015 (Nice, France).
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Air flow

Flow velocity

Surface temperature

[m/s]

[℃]

Laminated test battery（electrode: 50[cm2]）
9S3P module with air cooling

center of 
1st layer

center of 
2nd layer

C-
ra

te

Current pattern CC-CV charge

内部短絡時の発熱と熱分解反応のモデリングBattery Degradation Simulation

Battery module degradation
Difference of SEI thickness 

in battery module
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Machine Learning with CAE
Machine Learning for Designing Meso-scale Structure of Porous electrode

3-D simulation based on voxel
Condition parameters

(predictor)

Electrode performance
（Objective function）

Conductivity in matrix
Charge/discharge resistance
Capacity density, Durability

Regression

Artificial Neural NetworkInverse problem
Artificial Neural Network
(simple method)

Bayesian process

ε+Φ= ˆY

Particle volume ratio
Particle radius
Contact area between particles
Conductivity of matrix
Diffusivity of Li in particles

Generate structures

Databse

34

Thousands of high throughput 
physico-chemical simulation

Y. Takagishi et al., Batteries 2019, 5, 54.
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Artificial Neural Network regression was employed  for total resistance of electrode using 
condition parameters.

High throughput model
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High throughput model
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Training value Test valueTraining value

Number of hidden layers: 3     Number of neurons: 20 in each layer
Activation function: relu Learning coefficient: 0.001

Scoe: 0.921

Regression of total resistance

Volume ratio of active material

Ac
tiv

e 
m
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er

ia
l p

ar
tic

le
 s

ize

Total resistance map

Lowest resistance 
condition
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Machine Learning with CAE

Machine Learning for Designing Meso-scale Structure of Porous electrode
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The best condition parameters were determined by Bayesian optimization.

Optimum structure to reduce total resistance

Moderate particle radius and volume ratio of 
active material, lower pressure…

Each resistance of optimum structure

Machine Learning with CAE

Machine Learning for Designing Meso-scale Structure of Porous electrode

Y. Takagishi et al., Batteries 2019, 5, 54.
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