DIGITAL BATTERY CHARGING
WITH GEODICT

Tutorial
GeoDict release 2024 SP2

Published: June 7, 2024

GEODICT



© Math2Market GmbH 2024

Citation:

Janine Hilden, Majid Vafaeezadeh, Barbara Planas. Tutorials for
GeoDict 2024. Digital Battery Charging with GeoDict. Math2Market
GmbH, Germany.

All rights reserved. It is not permitted to reproduce the book or parts
thereof in any form by photocopy, microfilm or other methods or to
transfer it into a language suitable for machines, in particular data
processing systems, without the express permission of the publisher.
The same applies to the right of public reproduction.

The tutorials for GeoDict from Math2Market GmbH can be obtained
from:

Math2Market GmbH
Richard-Wagner-Strasse 1
67655 Kaiserslautern
Germany

Phone: +49 631 205 605 0
Fax: +49 631 205 605 99
Email: info@math2market.de
Web: www.math2market.de






DIGITAL BATTERY CHARGING
INTRODUCTION

MOTIVATION

The success of electromobility and the widespread interests in electric vehicles (EVs)
significantly depends on increasing their transporting distance as well as the charging
rate of their batteries. To increase both of the charging speed and capacity,
understanding the processes on a microstructural level inside the electrodes is
imperative.

Unfortunately, the processes occurring in the electrodes are rather complicated and
have not been suitably understood. Hence, employing powerful simulation software
like GeoDict is indeed a fruitful tool in this issue. GeoDict for battery material design
offers several features like:

B Visualize 3D scans of real electrode materials, create detailed 3D models from
scans, and analytical identification of the components of the materials, such as
active material and binder.

B Generate a statistical digital twin, and interactively change the material components
and parameters, e.g. the binder content in an electrode.

B Simulate the charging and discharging of a digital battery starting from real
electrode materials. Predict the effect of modifying the microstructure of the digital
electrode model and the conditions on the charging process.

B Complement or replace costly and time-consuming experiments that need
sophisticated interpretations to study the influence of a certain parameter(s) on a
complex battery system.

The powerful GeoDict tools offer various insightful opportunities and possibilities to
develop and optimize battery materials. For example, it would be very easy to optimize
the binder content of electrode materials and investigate their effects on the charging
behavior in a short time.

This tutorial is the last part of the Digital Battery Design tutorial series:

1. Import and quality control of a cathode material: This tutorial guides the user
stepwise analyzing, post-processing and finally segmenting a 3D-scan of an NMC-
cathode.

2. Standardized microstructure analysis of a cathode material: This tutorial
shows how to analyze the segmented scan regarding transport properties and pore
size distribution.

3. Building a statistical digital twin of a cathode material: In this tutorial a
statistical digital twin is built and validated by employing the results obtained from
the second part of this tutorial series.

4. Digital battery charging: The charging behavior analysis in a digital battery
consisting of bimodal electrodes is also described here.
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Digital battery charging with GeoDict

In detail, this tutorial teaches the user to do the following:

® Set up a digital battery in the BatteryDict environment using predefined materials
® Charge the digital battery fully resolved and accurately using BatteryDict LIR

® Charge the digital battery on the meso-scale using BESTmeso

® Lithiation of a cathode using BatteryDict LIR

® Compare the charging behavior.

BACKGROUND OF THE SAMPLE

In this study, we use the Electrochemistry 3D data set NMC_94wt_600bar from the
Laboratory for Nanoelectronics, ETH Zurich, that was used for the publication [1]. It
stems from the project X-ray Tomography of Porous, Transition Metal Oxide Based
Lithium Ion Battery Electrodes. Find the cropped, segmented structure with binder
identified in the Input-Data folder of this tutorial folder. The structure ETH-NMC-
Cathode_Binder_Cropped.gdt is a result of the previous part of this tutorial series
Building a statistical digital twin of a cathode material.

The sample is used to illustrate the capabilities of GeoDict, and its module BatteryDict
to simulate the charging of an electrode but the results are not meant to judge in any
way the quality of the data set or physical material.

Disclaimer:

The work for this tutorial was not endorsed nor funded by ETH Zurich
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How to use this tutorial

HOW TO USE THIS TUTORIAL

All operations described in this tutorial are based on the supplied files. The essential
capabilities of BatteryDict are described in easy-to-follow steps and figures.

We build a battery from bimodal electrodes and perform two charging simulations on
this battery. The first one is a fully resolved method to ensure gaining accurate results,
and the other one is relatively faster on the meso-scale.

Afterwards, we compare the results and show when to use the faster simulation on
the meso-scale.

Finally, an electrode charging simulation is done on the previously mentioned cathode
and its digital twin to show how to analyze the performance for only one electrode
without having to build a battery.

Modules needed to follow this tutorial:
BatteryDict

The Digital-battery-charging tutorial folder contains three folders and this PDF file.

B The Input-Data folder contains the predefined data that you need to follow this
tutorial:

B One predefined anode material: BimodalAnode.gdt, in GeoDict geometry file
format.

B One predefined cathode material: BimodalCathode.gdt, in GeoDict
geometry file format.

B The cropped structure file from the previous tutorial part ETH-NMC-
Cathode_Binder_Cropped.gdt and ...

B _.its digital twin StatisticalTwin_Cropped.gdt designed in the previous
tutorial part.

B The Results-User folder is empty and will be filled with the user’s test results
derived from this tutorial.

B The Results-M2M folder contains the results that M2M obtained by following this
tutorial which are 5 folders and 7 files. These results (as always in GeoDict) consist
of GeoDict result files (*.gdr) and their corresponding folders with the same names

as following:

B Results-m2m — | X

= w A <« Digital-battery-charging » Results-M2M » v O Search Re.. 0
Battery_M2M © ChargeBattery_BESTmeso_M2M.gdr
ChargeBattery BESTmeso_M2M © ChargeBattery_Comparison_M2M.gdr
ChargeBattery_LIR_M2M © ChargeBattery_LIR_M2M.gdr
Chargeklectrode ETHCathode_Original_M2M @ ChargeElectrode_Comparison_M2M.gdr
ChargeElectrode_ETHCathode_Twin_M2M © ChargeElectrode_ETHCathode_Original_MZM.gdr

© Battery_M2M.gdr © ChargeElectrode_ETHCathode_Twin_M2M.gdr
12 items 1= =
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Digital battery charging with GeoDict

B A GeoDict result file of a battery designed from two bimodal electrodes,
Battery_M2M.gdr. The corresponding structure file can be found in the
folder Battery_M2M.

B A GeoDict result file of the charged battery using the BESTmeso solver,
ChargeBattery_ BESTmeso_M2M.gdr, and the folder
ChargeBattery_BESTmeso_M2M, containing detailed information about the
computation.

B A GeoDict result file of the charged battery using the LIR solver,
ChargeBattery_LIR_M2M.gdr, and the folder ChargeBattery_LIR_M2M,
containing detailed information about the computation.

B A GeoDict result file of the lithiated cathode using the LIR solver,
ChargeElectrode_ETHCathode_Original_M2M.gdr, and the folder
ChargeElectrode_ETHCathode_Original_M2M, containing detailed
information about the computation.

B A GeoDict result file of the lithiated cathode of the digital twin using the LIR
solver, ChargeElectrode_ETHCathode_Twin_M2M.gdr, and the folder
ChargeElectrode_ETHCathode_Twin_M2M, containing detailed
information about the computation.

B A GeoDict result file ChargeBattery_Comparison_M2M.gdr that combines
the result files ChargeBattery_LIR_M2M.gdr and
ChargeBattery_BESTmeso_M2M.gdr.

B A GeoDict result file ChargeElectrode_Comparison_M2M.gdr that
combines the result files
ChargeElectrode_ETHCathode_Original_M2M.gdr and
ChargeElectrode_ETHCathode_Twin_M2M.gdr.

We recommend that before starting to work through this tutorial, you set the folder
Results-User as the project folder. To do so, in the GeoDict GUI select File - Choose
Project Folder — Select Project Folder and navigate to Results-User.
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Creating a digital battery

1. CREATING A DIGITAL BATTERY

Before starting the tutorial, it is recommended to change the GeoDict project folder
as described on page 4.

The first step is to build a digital battery from two electrodes, i.e. add separator and
current collectors. In this tutorial, we use electrodes generated with the Bimodal
Anode and Bimodal Cathode GeoApps to be found when selecting GeoApp — Battery
— Electrode Generation How to use these apps is described in the_GeoApp handbook
of the User Guide and in two YouTube tutorials (Creating a digital bimodal cathode
and Creating a digital bimodal anode). With these apps, electrodes are generated to
match the same loading.

1. Select Predict — BatteryDict in the menu bar of the GeoDict GUI.

2. Select Battery from the first and Design Battery from the second pull-down
menu in the BatteryDict section on the bottom left side.

3. Click Edit ... to open the Design Battery dialog.

m GeoDict 2024 Standard Edition

File Import Model Analyze JEEGl=d Export View Setfings Macro GeoApp Cloud & Queue Help

+ @ GAD Objects (-)

= DiffuDict Tal| gl [ A S
a. ‘ja ‘-EI E‘B ) u & I G L L
ConductoDict

Status and Modules FlowDict rols ¥|[ g
a =
ElastoDict g
o
.l ] [ FilterDict g
= = AddiDict g
0 0 SatuDict «
& ..tal-battery-charging/Ri AcoustoDict g
+ @ Structure () * BattenyDict )
=
i
=

FL Open Result Fies (-) - The Digital Material Laboratory
"""" «
eryDict 3
andard Edition =
Batte = o
(2]
Charge BatY BatteryDict 24 Math2Market GmbH g
Options 12 Frcallunhofer ITWM ~
erve e
continue| | | Battery - Z
o
Design Battery - T-link: %
Options | 0t Edic [: | ﬁ
Help Evelopment: %
Hal @ Record Becker - Dr. Fabian Biebl - Marc Julian Boettcher - Liping Cheng, PhD =
Cloug c EEL) n Frank - Dr. Erik Glatt - Andreas GrieBer - Dr. Sven Linden b
J0b Qud losbach - Dipl.-Ing. Alexander Neundorf - Sebastian Rief - Dr. Christian Wagner o
Cloud dreas Weber - Dr. Rolf Westerteiger - Andreas Wiegmann, PhD =1

P Design
«
Job Queue wichow P
Recent Files Recent Project Folders g
fla}
2 M A R K E T Name Size  last modified Name Size  last modified
== . battery-charging/Results-User 21 Jun 2023

# Console | # MNotifications
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Digital battery charging with GeoDict

4. Change the Result File Name to Battery.gdr.

Under the Geometry tab, a 3D scheme of a typical battery is shown. Below the
Anode and Cathode sections, click the Browse... buttons to navigate to the Input-
Data folder and load the predefined electrode materials into the battery designer.

EJ Design Battery

GeoDicT

Anode

Y-Direction
100 Voxels
40 pm

Geometry

Result File Mame (*.gdr) Battery.adr

Cathode

Attachment of Electrodes in X-Direction: 209 Voxels, 83.6 pm

O

<

[ & B B

Rotate around

1.2 ym

Anode File (*.gad, *.gdt)
rging/Input-Data/Bimodalanode.gdt

I Browse... I

X|Y | < Reset

Cathode File (*.gad, *.gdt)
ing/Input-Data/BimodalCathode.gdt

l Browse... I

Rotatearound | X | ¥ | Z Reset

Help

Z-Direction
100 Voxels
40 pm
v
< bi¢ ¢ e ¢ >
o Anode Anode @ Separator Cathode @ Cathode
y gglr‘r:crét Voxel length: 400 nm { (Voxel) Voxel length: 400 nm g:lrlr:clzt
OF  Size: 100x100x100 Voxels 3 =| Size: 100x100x100 Voxels or
3 Voxels - 3 Voxels
* 1.2 pm Load Structure - Load Structure - 1.2 ym

oK

Cancel

X

Select BimodalAnode.gdt for the anode and BimodalCathode.gdt for the
cathode.

In the Anode and Cathode tabs, the constituent materials are controlled. Check
that the selected materials for the battery are the following:

B Anode:

B Anode ID 00: Electrolyte
Anode ID 01
Anode ID 02: Graphite (as active material)

Anode ID 03: PVDF Binder + Carbon Black (as binder)
Cathode:

B Cathode ID 00:
Cathode ID 01:
Cathode ID 02:

Cathode ID 03:

| : Graphite (as active material)
|

Electrolyte
NMC333 (as active material)
NMC333 (as active material)

|
|
| PVDF Binder + Carbon Black (as binder)
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Creating a digital battery

Geometry | Anode Cathode Geometry = Anode Cathode

Constituent Material Constituent Material
Anode ID 00 | Electrolyte - Cathode ID 00 | Electrolyte -
Anode ID [ | Graphite = Cathode ID [l | nMC333 =
Anode ID B2 | Graphite - Cathode ID B3 | NMC333 -
Anode ID 03 | PVDF Binder + Carbon Black bl Cathode ID 03 | PVDF Binder + Carbon Black -

Preview of Chosen
Input Cathode

Preview of Chosen
Input Anode

.
P
‘* &®

»

» ®

il

6. Click OK to close the Design Battery dialog and then, click Design in the

BatteryDict section. When it is finished, the structure is generated accompanied

by the Result Viewer window, which open automatically. The Result Viewer
window shows the volume fractions of the constituent materials.

7. In the visualization area, a 3D-view of the batterian be seen. To see the 3D view

of the generated structure, click on the 3D icon in the toolbar.

8. The colors of the materials can be adjusted through the Color & Visibility tab
located on the right side bar. Herein, the following colors are selected to get our
desirable material visualization.

Color & Visibility Settings (=3
-
v Apply Immediately Apply E
5
Load Preset g'
«
Background Color [ white o
[=]
g
Change all M Back | W visible g
1D 00: Electrolyte [ White visile g
ID 01: Solid W Dark gray | |v| visible «
-l
D 02: Graphite WGy |V visble g
(7))
ID 03: Graphite [ | v/ visible %
ID 06: PVDF Binder + Car... | MIRed | v/ visble g
&
ID 07: Fluid M Dark gray | |v| visible =
==
o
ID 08: NMC333 [7] Light gray | v/ visible o
=
ID 09: NMC333 [ | | visible a
uw
m
ID 12: PVDF Binder + Car... M Red | visible &
1
2
1D 13: Solid W Dark gray | v visible =

The colors intensity for ID 03 and ID 09 are slightly lighter than the Gray (ID 02)
and Light gray (ID 08).

Tutorial for GeoDict 2024 7



Digital battery charging with GeoDict

To obtain these colors, that are not predefined as basic colors, do the following:
Set the color of ID 03 to Gray by clicking on the color button. Then, click again on
this color button and expand the color menu by clicking on the three dots.

Adjust the gray color by pulling up the triangle slider on the right, next to the gray
scale bar and see the color changes. To reproduce the same color for ID 09, copy
the HTML code from ID 03 (we chose #a8a8ac) and paste it for ID 09.

ID 03: Graphite

ID 07: Fluid

ID 08: NMC333

| v/ visible

[ Gray

m Select Color
Basic colors

| Pick Screen Color

Customn colors

| Add to Custom Colors

4+

Hue: | 240 | Red: |168 |3
Sat: |6 |%| Green: | 168 |2/
valk |172 |%| Blue: | 172 |2

IﬂTML: ‘#aBaBac |

| 0K [| cancel |

9. In the View Controls, go to the Structure tab and choose Structure Renderer

as Smooth.
View Controls #
Camnera | ¥ Structure | Volurne Field Streamlines Particles Triangles Schlieren Arrows Ten '|’|
Structure Renderer | Smooth ~ | Transp. Mode |None - | ¥/ ClipX |0 2| C=——————x=) | 209 |2| Invert

GPU

: Transparency

| 0.50 =

Box . = . _
Smooth Transparent Material | 1 = V| Clipy |0 2| (=" | 100 |%|
GPU Ly B B
v Cipz |0 |2 100 |3/

£

10.Switch to the Camera tab and make the following settings:
® Rotation BNK: 20

® Translation Z2: 3
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Creating a digital battery

® Settherestto: O
® Check Show Halo

View Controls E
Camera | V| Structure Volume Field Streamiines Particles Triangles Schlieren Arrows Tensors
Show Outlines Show Halo ‘ E=] ‘ ‘@‘ | [=] Reset | Translation X:| |W| Rotation HDG:| |m| Rotation X:| |W|
Depth Darkening Global Lighting Translation ‘f’:| |W| Rotation ATT:| |m| Rotation ‘f’:| |W|
Shadows ! o Translation Z:| |m| Rotation BNK:| |M| Rotation Z:| |W|
=

The digital battery is now functional and ready to charge with a very nice
visualization.

Material Information:
my ID 00 Electrolyte [Electrolyte] [invis.]
D 01 Anode Current Collector (Solid)
my[D 02 Graphite [Anode Active Material 1]

ID 03: Graphite [Anode Active Material 2]

[0 06: PYDF Binder + Carbon Black [&node Binder]
[0 07 Separator (Fluid)

ID 08: MMC333 [Cathode Active Material 1]

ID 09: MMC333 [Cathode Active Materal 2]

ID 12: PYDF Binder + Carbon Black [Cathode Binder]
mplD 13 Cathode Current Collector (Solid)

20 pm

7

!
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Digital battery charging with GeoDict

2. CHARGING THE DIGITAL BATTERY

In this section, a charging simulation is carried out on the digital battery using
BatteryDict LIR. The LIR solver is a very fast solver for a fully resolved simulation,
which leads to a very accurate charge curve and resolved solution outputs.

In the BatteryDict section select Charge Battery from the second pull-down menu.
Click Edit...

BatteryDict
| Battery = |
| Charge Battery 4
Options

. Edi. t|

Continue Interrupted Simulation

| [| Browse... |

| Estimate Memory |

| Help | @ Record
| Cloud |
——— P Charge
| Job Queue |

1. In the opened Charge Battery dialog, set ChargeBattery_LIR.gdr as Result
File Name.

m Charge Battery

GEoODICT

Result File Name (*.gdr) |ChargeEattery_I_IR.gdr|

Constituent Materils | Experiment Solver Output Options Equations & References

Temperature -273.15 <= |20 | <= 1000.00 |E\ | Open & Edit Materal Database |

‘1| Material ‘ Solid Density | Electrochemistry | Electrical Conductivity =

ID Name Role in Battery Cell Electrode Li Resv. Model and Material Settings

00| © Electrolyte [Electrolyte]... | IEI Electrolyte | Edit Model... | | View Materil... |

o1 [ Anode Current Colector (Solid).. | (@) | Current Collector - | |Anode v

02 (0 Graphite [Anode Active Materal 1]_. | (B Active Material [Anode  ~+ | [ View Materil.. |

03 (00 Graphite [Anods Active Materal 2]_. | (@) Active Material | Anode v | View Materil... |

o6 (MMM PVOF Binder + Carbon Black [Anode Binder]. | (B Binder and Carbon Black [Anode  ~ | \ Edit Model. |

o7 (I 5eparator (Fluid)... | (@) [Separstor  ~+| \ Edit Model. |

08 | MNMC333 [Cathode Active Material 1]... | (] | Cathode | View Materil... |

09 (0] NMC333 [Cathode Active Material 2] | (B e i i

12 (WM PVDF Binder + Carbon Black [Cathade Binder] | [

13 [ cathode Current Collector (Solid).. | (B [ Curren

Material Type
Solid

Search | [

Group by | Type v |

Information  |de Active M3 | [rvame

BEoBR

| Open & Edit Material Database | F] ’ 3

| oK || cancel |
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Charging the digital battery

2. In the Constituent Materials tab, check that the materials are set correctly.
Otherwise, you can change the constituent materials by clicking on the material

name and selecting the correct material.

3. In the Experiment tab, set the Range of the Cell State of Charge to be from

40.00% to 60.00%.

Constituent Materials Experiment Solver Qutput Options Eguations & References

Experiment Type Charge Battery Cel -
Boundary Conditions in Through Direction | Charge Rate =
Charge Rate / (1) 1

Use Upper Cut-Off Voltage [ (V) 4.3

4

Start and End Condition Minimurm and Maximum Cell 50C

Range of the cell state of charge / (%) |40.00 =

60.00 |%

Boundary Conditions in Tangential Direction | Symmetric -

Max. Simulated Time / (s) 3600

With these settings, the battery will be charged with a charge rate of 1 starting
with an SOC of 40% and ends at SOC of 60%. Charging means lithiation of the

anode and delithation of the cathode.

4. Change to the Solver tab and select LIR as Solver Type.

Constituent Materials Experiment Sobver Output Options Equations & References

Simulation Type | Fully Resolved Simulation hd LIR BESTmicro
Solver Type |LIR T | || Error Bound
Parallelization <local max. - 8x= Edit... Maximal Trerations
Time 5te
p Maximal Run Time / (h)
Time-Step Input Mode | Automatic T b Advanced Options

5. Click OK to close the dialog and then click Charge in the BatteryDict section.

BatteryDict
Battery hd
Charge Battery -
Options 08 Edit

Continue Interrupted Simulation
Browse...

Estimate Memory

Help Record
Cloud
P Charge %
Job Queue
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Digital battery charging with GeoDict

It takes around 1 hour to complete the simulation on 8 processing cores.

At the end, the ChargeBattery_LIR.gdr file is generated together with the folder
ChargeBattery_LIR in the Results-User project folder. The results will be discussed
on page 17.

For detailed information about all options of the Charge Battery dialog, refer to the
BatteryDict handbook of the User Guide.
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Charging the digital battery on a meso-scale

3. CHARGING THE DIGITAL BATTERY ON A MESO-SCALE

The previous charging computation was based on the voxel geometry and thus fully
resolves the battery. We also provide a pseudo-2D Newman Model Simulation with
the BESTmeso solver. Although it does not fully resolve the structures within the
battery cell, it can provide a reasonable approximation for the charging-curve and
takes relatively shorter calculation time.

In this model, BatteryDict first calculates geometry dependent input parameters, such
as ionic diffusivity and ionic conductivity in the different materials. With these effective
parameters, this method is able to consider various characteristics of anode and
cathode.

In the next step, the battery structure is then composed of representative effective
voxels. These voxels are arranged in 1D in the X-direction. Each of these voxels
contains a sphere-shaped representative active particles for each active material. The
effective radius of these spheres is calculated using the effective parameters and gives
a second degree of freedom. This has no spatial dimension and is thus called “pseudo-
dimension”. Therefore, the method is called pseudo-2D. With the effective active
material particles, it is possible to simulate the amounts of lithium diffusion into or out
of the active material. This means, the battery equations are solved on the simplified
structure with less computational effort compared to the fully resolved simulation.
Additional information is found in the BatteryDict handbook of the User Guide.

1. In the BatteryDict section, click Edit... to open the Charge Battery options
dialog. The settings for the materials and the experiment are the same as described
in the previous chapter starting on page 10.

2. Change the Result File Name to ChargeBattery_BESTmeso.gdr.

[ charge Battery O X
Result File Name (*.gdr) ChargeBattery_BESTmeso.gdr
Constituent Materials Experiment Solver Qutput Options Equations & References
Simulation Type | Homogenized Simulation & LIR | BESTmicro | BESTmeso
Solver Type | BESTmeso -
Parallelization <local max. - 8x= Edit...
Time Step
Time-Step Input Mode | Automatic =
@a E’l @ ﬂ. I“B Help 0K Cancel

3. In the Solver tab, change the Simulation Type to Homogenized Simulation.
Then, the BESTmeso solver is selected automatically for the Solver Type.

4. Click OK, and in the BatteryDict section click Charge to start the simulation.

The simulation will be performed far faster (in about 1 minute on 8 processing cores)
benefitting from similar results that are obtained from the LIR solver, as is shown in
the result analysis chapter on page 17.
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Digital battery charging with GeoDict

4. LITHIATION OF A CATHODE

In this section, we show how to simulate only one electrode, e.g. the NMC-cathode.
For this purpose, the lithiation of the NMC-cathode, which takes place during discharge
of the full battery, is investigated. This is very useful, if only one electrode should be
analyzed instead of a whole battery cell.

In addition, it is not necessary to use Design Battery for this purpose. BatteryDict adds
separator, current collectors and a lithium reservoir as an anode as its default
geometry. Electrochemically, the investigated electrode is always considered as
cathode.

We use the cathode structure and its digital twin created in part 3 of the Digital
Battery Design tutorial series. Provided in the Input-Data folder is the cropped
original cathode structure and the cropped digital twin of the cathode.

If you worked through the previous tutorials of this series, you may also crop these
structures manually. For this select Model — ProcessGeo and in the ProcessGeo
section, select Crop, Embed & Add Layers from the first pull-down menu. Select
Crop from the second and click Edit.... Enter the settings shown here and click OK
and then Crop.

Process(Geo

Crop, Embed & Add Layers =

Crop -

Options | a Edit . |

|| @t || GEQDICT
’ Crap Automatically Crop Pore Space
- 200 - ¥- 200 > Z 50 =
X+ 200 -+ 200 > Z+ 50 =
MX: 100 200 % 300 |%
MY : 100 | 200 % 300 |=
MZ: 100 (50 % 150 |%
Preview Crop Use Structure Clipping

v Crop Volume Fields
E’hﬂ E!l @ o o} Help | 0K | Cancel

1. Click File - Open Structure (*.gdt, *.gad) ... in the menu bar. Choose the file
ETH-NMC-Cathode_Binder_Cropped.gdt from the Input-Data folder to be
loaded into GeoDict.

Import Model Analyze Predict Export View Settings Macro GeoApp Cloud & Queue Help

Open Structure (*.gdt, *.gad)... Ctri+0 E"] [.] ‘; L’ 7
= il | [m]n

Import Structure (*.gdt)...

T rinan Racule (* ade Ctrla R

2. Choose Electrode from the first pull-down menu and Charge Electrode from
the second in the BatteryDict section. Then, click Edit....
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Lithiation of a cathode

BatteryDict

| Electrode - |
| Charge Electrode - |
Options | O Edit.. |
| Help | @ Record

| Cloud |

—— P Charge

| Job Queue |

3. Change the Result File Name to ChargeElectrode_ETHCathode_
Original.gdr.

ﬂ Charge Electrode

Result File Name (*.gdr) |ChargeEIectrode_ETHCathode_[}riginal.gdrl |
Constituent Materials | Experiment Solver Qutput Options Equations & References
Lithium Reservoir | Edit Model... | Separator | Edit Modal... |
Anode Current Collector | Edit Material... | Cathode Current Collector | Edit Material._. |
Temperature -273.15 <= |20 | <=1000.00 |°C ~ | | Open & Edit Material Database |
|1| Material | Solid Density | Electrochemistry | Electrical Conductivity =
ID Mame Role in Battery Cell Li Resv. Model and Material Settings
00| O Electrolyte | (®) Electrolyte | Edit Model_.. | |View Materal... |
o1 N nMC3z3. | (B Active Materil | View Materil... |
02 [ PVDF Binder + Carbon Black [Binder]... | [ | Binder and Carbon Black | Edit Model... J
-
4 4
CARCIRN o ) o . Heb || ok || cancel |

4. In the Experiment tab, choose Lithiate Electrode as Experiment Type. Set the
Range of the electrode state of charge to be from 40.00% to 60.00%.

Constituent Materials | Experiment | Solver | Output Options = Eguations & References

Experiment Type | Lithiate Electrode - |
Boundary Conditions in Through Direction |Charge Rate - |

Charge Rate / (1) |1 |

IUse Lower Cut-Off Voltage / (V) |2.8 |

Start and End Condition | Minimurm and Maximum Electrode 50C |

Range of the electrode state of charge / (%) | 40.00 |3| L (=} ) |@|
Boundary Conditions in Tangential Direction | Symmetric - |
Computation Direction

o X Oy Oz

Max. Simulated Time / (s) |3800
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5. Go to the Solver tab and select LIR as the Solver Type.

Constituent Materials Experiment Sohver Qutput Options Equations & References

Simulation Type | Fully Resolved Simulation - LIR BES Tmicro BESTmeso

Solver Type |LIR T v | Error Bound 0.01
Paralelization | <local max. - Bx= Edit... Maximal Tterations 100000 -
Time Step

Maxiral Run Time / (h) |240
Time-Step Input Mode | Autormatic b

» Advanced Options

6. Click OK and then Charge in the BatteryDict section to run the simulation.
The simulation finishes in about 30 minutes on 8 processing cores.

7. Then, load the StatisticalTwin_Cropped.gdt file in the GeoDict GUI (File —»
Open Structure (*.gdt, *.gad) ... in the menu bar).

8. In the Charge Electrode dialog, change the Result File Name to
ChargeElectrode_ETHCathode_Twin.gdr. The other settings are the same as
for the previous run.

3 charge Electrade O X

GeoDiIcT

Result File Name (*.gdr) |ChargeEIectrode_ETHCathode_Twin.gdrl |

Constituent Materials Experiment Sobver Qutput Options Equations & References

Lithium Reservoir Edit Model.__. Separator Edit Model...
Anode Current Collector | Edit Material... Cathode Current Collector | Edit Material..
Temperature -273.15 <= |20 <=1000.00 |°C « Open & Edit Material Database
| Material Solid Density | Electrochemistry | Electrical Conductivity =
ID Name Role in Battery Cell Li Resv. Model and Material Settings
00| © Electrolyte ] Electrobyte Edit Model... | | View Material...
o1 BN nMC333 . B Active Material View Material_.
g2 I PVDF Binder + Carbon Black [Binder]... | [& Binder and Carbon Black Edit Model...
1 2
@E E‘L @ ﬂn E‘E Help oK Cancel

9. Click OK and then Charge in the BatteryDict section to start the simulation.
The simulation finishes in about 30 minutes on 8 processing cores.
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5. RESULT ANALYSIS

For each completed simulation, the corresponding result file is opened in the Result
Viewer of the .gdr result file.

1. Go to the Results — Plots subtab, to observe the Charge curves.

2. Select the Cell Potential over cell state of charge from the pull-down menu to
see the following curves:

B Cell potential while charging (red curve).

B Evolution of the equilibrium cell potential (blue curve).

[ Result Viewer = O X
Mon Apr 15 2024 (2024 Buid 73688) .../ Results-User/ChargeBattery_LIR.gdr
Domain Size: 209 x 100 x 100 Voxel Length: 400 nm | Load Structure [ ]

Input Ma Log Map | Post Map Data Visualization | Create Videos = Metadata
Report | Plots | Map
Charge curves Lithium concentration Potential Overpotentials Battery geometry
[ Cell potential over cell state of charge 'l
—— Cell potential while charging
3904 »  Start point
B End point
—— Equilibrium cell potential

__ 3.851
Z
o
2 3.80 -
a
=
o
3 375

370

T T T T T
40 45 50 55 B0
Cell state of charge /(%)
Manage Data - Load Input Parameters Export = Close
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CHARGE BATTERY RESULT ANALYSIS

Use the combine .gdr functionality of the Result Viewer to compare the results of
the BatteryDict with LIR and BESTmeso solvers simultaneously.

1. Press and hold CTRL-key.

2. Select the ChargeBattery_LIR.gdr and ChargeBattery_BESTmeso.gdr result
files and then, click Combine Results.

3. In the Combine Results dialog, change the Result File Name to
ChargeBattery__Comparison.gdr and then, click OK.

3 result Viewer = O x

T, Open...

GEODICT

Combine Results [:}

Up Down
Swap Selected

Synchronize Tabs

1 3

........

Man Apr 15 2024 (202 ... Results-User/ChargeBattery_LIR.qdr  Mon Apr 15 2024 (202 /Results-User/ChargeBgftery_BESTmeso.qgdr

Domain Size: 209 x 100 x 100 Voxel L |Load Structure @  Domain Size: 209 x 100 x 100 Voxel L | Lg&d Structure ®
Input Map Log Map Post Map Results Data Vic 1| ¥ Input Map Log Map Post Map Results Data Vic * ¥
Report | Plots =~ Map Report | Plots | Map
BatteryDict = | BatteryDict 3

Solver stopping reason: The simulation was successful.
Warnings: Mone.

Information: None.

Solver stopping reason: The simulation was successful.

Warnings: Mone.

Information: None.

Battery
‘ [ combine Results L

GeoDiIcT -

Result File Name (*.gdr) |ChargeBattery_Comparison.gdr

Manage Data = | d Input Parame Export -~

Combine Mode Color =
Source gdr Files:

ChargeBattery_LIR.gdr
ChargeBattery_BESTmeso.qdr

Add Files... Clear Files

Sort Files Alphabetically

Cancel

Lok [

4. Go to the Plots subtab of the combined .gdr files to observe the combined charging
curves.

The curve resulting from the simulation with the LIR solver is shown in blue and
the one from the BESTmeso solver is in red.
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3 Result Viewer = O X
Mon Apr 15 2024 (2024 Build 73688) .../Results-User/ChargeBattery_Comparison.gdr
®

Input Map Log Map Post Map Results Compare Maps
Report Plots Map

Charge curves Lithiurn concentration Potential Overpotentials Battery geometry

Cell potential over cell state of charge -
3.90
.85 - —— ChargeBattery_LIR:Cell potential while charging
= ' ® ChargeBattery_LIR:Start point
= B ChargeBattery_LIR:End point
Lé” 380 4 —— ChargeBattery LIR:Equilibrium cell potential
% —— ChargeBattery BESTmeso:Cell potential while charging
o ® ChargeBattery_BESTmeso:Start point
& a75 - B ChargeBattery_BESTmeso:End point
—— ChargeBattery BESTmeso:Equilibrium cell potential
370
T T T T T
40 45 50 55 &0
Cell state of charge / (%)
Manage Data E Load Input Parameters Export E Close

See how the result of the BESTmeso solver is relatively similar to the fully resolved
simulation with a significantly faster calculation time (1 minute vs. 1 hour!).

Consequently, as an example case of the bimodal electrodes, choosing the pseudo-2D
Newman model simulation is preferred.

However, if you want to visualize the 3D result fields such as the lithium ion
concentration or the ionic diffusion for several intermediate charging steps, choose
the fully resolved model.
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CHARGE ELECTRODE RESULT ANALYSIS

In the next steps, we carry out the 3D visualization of the results from the Charge
Electrode simulation.

For this purpose, select the result file ChargeElectrode_ETHCathode_Twin.gdr.

1. Visualize the results for the third time step by going to the Data Visualization
tab, choosing 3: Electrode SOC 40% from the pull-down menu, and clicking Load
Cell_2.cap.

Input Map Log Map Post Map Results Data Visualization Create Videos Metadata
Load Structure of Full Cel Load Cell.gdt
Time Steps
Choose Time Step
3: Electrode SOC 80% -
Time Step 3 of 3.
Electrode State of Charge: 60%.
Cell State of Charge: 40%.
Time: 12 min.
Load Solution File of Time Step 3 Load Cel_2.cap [}
[ Loading volume file Cell_2.cap O X

GEoDIcCT

Select Volume Field | View File Header

Select components to load / compute:

IonicCurrentDensity:IonicCurrentDensityZ A
IonicCurrentDensity:IonicCurrentDensity
PotentialSolid:PotentialSolid
ElectronicCurrentDensity:ElactronicCurrentDensityX
ElectronicCurrentDensity:ElectronicCurrentDensity’y
ElectronicCurrentDensity:ElectronicCurrentDensityZ
ElectronicCurrentDensity:ElactronicCurrentDeansity
ConcentrationElectrolyte:ConcentrationElectrobyte
lIonicFluxDensityEle ctrolyte:IonicFluxDensityElectrolyteX
lTonicFluxDensityElectralyte:IonicFluxDensityElactrolyte Y
lIonicFluxDensityElectrolyte:IonicFluxDensityElectrolyteZ
v | IonicFluxDensityElectrolyte:IonicFluxDensityElectrolyte
v | ConcentrationSolid:ConcentrationSolid
TnnirEhyNencitwSnlid - TanicEh e Ne nsitw Snlid ¥

Allovy clipping by distance
V| Decompress fields

Check all Uncheck all

0K [} Cancel

Now, select only the components that you wish to visualize. Here, the DiffusionFlux
that is visualized as a default volume field, as well as the Lithium-Ion concentration in
the solid materials are chosen.

In the dialog, click Uncheck all to de-select all components and then, select
ConcentrationSolid:ConcentrationSolid and IonicFluxDensityElectrolyte:
IonicFluxDensityElectrolyte. Click OK.
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As it is shown here, the battery cell microstructure generated in GeoDict contains a
separator, lithium reservoir anode, NMC cathode, and current collectors.

Material Information:
D 00: Electro&e [Electrolyte] [invis.]
D 01: Anode Current Collector (Solid
ID 02: Anode Lithium Reservoir (Solid
D 07: S:&arator (Fluid
wID 08: NMC333 [Cathode Active Material 1]
D 12: Cathode Binder (Solid) )
D 13: Cathode Current Collector (Solid)

ITonicFluxDensityElectrolyte / (mol/m2s)
579.49-10-¢

550.00-10-¢ ]
500.00- 105

450.00-10-6 -
400.00-10-6 -
350.00-10-6 -
300.00-10-5

250.00-10-6

200.00-10-6

150.00-10-¢ -

100.00-10-6
50.00-10-%
0.00

Plot Range:

max 579.49-10-¢
min 0.00

Data Range:

max 1.40-10-3
min 0.00

~

X

In the above picture, the colors are selected as following:

D 00: Electrolyte | [Iwhite || visible
1D 01: Solid | MDarkred | v visble
1D 02: Solid | M Dark gray | v visible
1D 07: Fluid | MDarkred | v visble
1D 08: NMC3233 | [ Light gray | v visible
1D 12: Solid | M Dark gray | v visible
ID 13: Solid | MDarkred |[v]visble

2. To see the 2D view, click the 2D icon in the toolbar.

3. Select View —» Legends / Overlays from the menu bar. In the opened window,
deselect Material Legend.

4. Uncheck the Structure tab in the Visualization panel above the Visualization area
and go to the Volume Field tab. From the pull-down menu for Visible on Material
IDs, uncheck Material IDs 01, 02, 08, 12 and 13 to only visualize the diffusion in
the electrolyte and the separator, as the diffusion is 0 mol/m2s in all other
materials.
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View Controls #
Camera (Y, Z) Structure v Volume Field Arrows
Color By TonicFluxDensityElectrolyte Transparency Threshold |0.00000e+00 1.862618-03
Color Map Default = Edit...
Interpolation | None = | visible on Material IDs | 0, 7 -
v 00 Elec._lte
N Solid =
Solid
v Fl Fluid
08 MNMC333
Salid
jkY Solid

5. Go to the Camera tab and select Y as Direction. Scroll through the slices with the
mouse wheel or with the slider in the Visualization panel.

The results indicate that in all slices, the diffusion values near to the separator are
higher than those around the cathode current collector.

iew Control @4
Structure v Volume Field Arrows
Legend Placement | Overlay - [=] Reset View L Dicection | Y |
Orientation Bottom to Top - Depth 0 =
Grid off v | Zoom | B | 440% & Slice 83 |2
e

IonicFluxDensityElectrolyte / (mol/m2s)

579.49-10-6
||

500.00-10-5 b
400.00-10-% 3
300.00-10-5 1
200.00-10-5 1
100.00-10-8 .
0.00

Plot Range:

max 579.49-10-%

min 0.00

Data Range:
max 1.40-10-3

min 0.00

- N TN
. c L
¥-5Slice: 083 Depth: 000 D I C T 2 O 24 X

6. Hover the cursor over the volume field to see the exact diffusion flux values and
the materials in the corresponding voxels.
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Voxel Position:  X: 30, ¥: 83, Z: 45
¥: 10,915 pm, Y: 30.525 pm, Z: 16.465 pm

Voxel Material:  Electrolyte [Electrobte] (Materigl 1D 00

lIonicFluxDensityElectrolyte: 0.000665699 mol/m™2s

7. Go to the Volume Field tab. In the Color By option, select ConcentrationSolid
to view the ion concentration of the solid in the battery structure.

Camera (X, 7) Structure v Volume Field Arrows
Color By | ConcentrationSolid - Transparency
Color Map IonicFluxDensityElectrolvte |~ gdic

IonicFluxDen...ElectrolyteX
Interpolation | N lonicFluxDen.. Electroktey
IonicFluxDen.. Electrolyte?

PotentilElectrolte g

IonicCurrentDensityX
IonicCurrentDensity
IonicCurrentDensityd
IonicCurrentDensity l

8. Select ID 08 and 12 again for Visible on Material IDs to visualize the ion
concentration in the NMC particles and the binder phase.

Visible on Material IDs 0,7, 8 12 -

The colors indicated that the local concentration in the electrolyte is low, while in
the NMC particles is in the highest value. In addition, the larger grains have a lower
concentration than the smaller particles. The binder phase has the same
concentration as the electrolyte, due to its porous model.

ConcentrationSolid / {mol/m3)
22.49-10=3 -
20.00-10=
15.00-10=

10.00-103 -

5.00-10= .
0.00
Plot Range:

max  22.49 103
min 0.00

Data Range:
max  22.94 103
min 0.00

9. To compare the results of the Charge Electrode simulations, load the
ChargeElectrode_ETHCathode_Original.gdr and
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ChargeElectrode_ETHCathode_Twin.gdr files and combine them in the Result
Viewer as shown previously.

Click Combine Results and select the Result File Name to be
ChargeElectrode_Comparison.gdr

E] Result Viewer

| T, open... |
...attery-charging/Results-User/ChargeElectrode_ETHCathode_Original.adr G EO D I C T
Up Down _..-battery-charging/Results-User/ ChargeElectrode_ETHCathode_Twin.gdr |m|
| Swap Selected | 1 R -
m Combine Results —] Raise Main Window |
Synchronize Tabs [

GeoDicT

Result File Name (*.agdr) |ChargeEIectrode_ComparLsonI.gdr |

Combine Mode | color - |

Source gdr Files:

ChargeElectrode_ETHCathode_Qriginal.adr
ChargeElectrode_ETHCathode_Twin.agdr

| Add Files... || Clear Files |

| Sort Files Alphabetically |

| DK mH Cancel |

As was shown before, compare the charging curves for the original cathode
and its digital twin. They are fairly similar.

m Result Viewer

brrmeans

Wed Apr 17 2024 (2024 Build 73688) .../Results-User/ChargeElectrode_Comparison.gdr
L
Input Map Log Map Post Map | Results | Compare Maps
Report | Plots | Map
Charge curves | Lithium concentration Potential Overpotentials Battery geometry
| Cell potential over electrode state of charge ot
3.950
3.925
3.900 —— ChargeElectrode_ETHCathode_Original:Cell potential during lithiation
< ® ChargeElectrode_ETHCathode_Original:Start point
d E 3.875 1 B ChargeElectrode_ETHCathode_Original:End point
f==° —— ChargeElectrode_ETHCathode_Original:Equilibrium cell potential
| 2 3.850 7 —— ChargeElecirode_ETHCathode_Twin:Cell potential during lithiation
g— 3825 ® ChargeElectrode_ETHCathode_Twin:Start point
8 ’ B ChargeElectrode_ETHCathode_Twin:End point
2800 4 —— ChargeElectrode_ETHCathode_Twin:Equilibrium cell potential
3775
3.750
T T T T T
40 45 50 55 60
Electrode state of charge / (%)
Manage Data i Load Input Parameters Export * | | Close
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CONCLUSION

In this tutorial, we have shown how to simulate and analyze the charging behavior of
a digital battery consisting of bimodal electrodes.

For the digital battery used in this tutorial, the resulting charging curve from the
BESTmeso solver is very close to the charging curved obtained with the LIR solver.

When no result fields or slice mean plots are needed, the BESTmeso is a good and
fast tool to analyze the performance of a battery with these materials.

To find out whether this finding holds for your own setup, test the simulation with
cropped (but still representative) electrodes and compare the results of the LIR and
the BESTmeso solver according to this tutorial. If the results are close, simulating on
larger cutouts may be performed using the BESTmeso solver with high accuracy.

The tutorial series Digital Battery Design enable the users to import and segment
scans from a real electrode microstructure to create, charge, and analyze a statistical
Digital Twin in GeoDict. The series consists of the following tutorials:

1. Import and quality control of a cathode material: stepwise guide to analyze,
post-process and segment a 3D-scan of a NMC-cathode.

2. Standardized microstructure analysis of a cathode material: stepwise guide
to analyze the segmented scan regarding transport properties and pore size
distribution.

3. Building a statistical digital twin of a cathode material: building of a
statistical digital twin and validation using the results from the Standardized
microstructure analysis of a cathode material tutorial.

4. Digital battery charging: Learn how to analyze the charging behavior of a digital
battery consisting of bimodal electrodes.

Our Electrochemistry - Batteries Team is eager to help you discover the features of
GeoDict and of BatteryDict for the design of battery materials.

Contact us: Ilona Glatt and Roman Buchheit.
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