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Overview

e Timeline
— Start
e June FY10
— Finish
e Sep. 30, 2015
e Budget
— FY14 Funding
e $700K

— FY15 Funding
e $400K

e Barriers

— Predictive battery design tools
for optimizing cost
performance and life

— No standards for battery
modeling

— No common framework for
integrating battery modeling
efforts

e Collaborators
— NREL

— CAEBAT Industry Partners

e CD-adapco Team
e ECPower Team
e GM-ANSYS Team

— Other labs and universities
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Objective: Facilitate battery design by

integrating battery models within an open
architecture

e Provide access to commercial and public

software through standardized interfaces and
file formats

— Enable selecting and combining different modules
to solve problems

— Improve the design process
— Use different software and vendors

e Implement the latest numerical methods and
algorithms

e Verify and Validate models and methods

— Enable quantification of uncertainties (analogous to
experimental error bars)
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Relevance: CAEBAT Program Goals

e Develop software tools to design and model batteries:

— Four software suites (diversity of approaches, risk mitigation)

e One from each of the commercial partners (3)
— May contain commercial or proprietary components

e Open Architecture Software (OAS) infrastructure
— Virtual Integrated Battery Environment (VIBE)

e Each suite is fully capable of battery simulations
— Commercial tools focused on cell and pack models for industry

— OAS tool integrates commercial and public domain modules for
community R&D platform

e Coordination and collaboration across teams has been critical
to overall success of CAEBAT
— Standardization of input and of “battery state” database
— Standard test problem(s)
— Standardized interfaces for cell, pack, etc. models
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Milestones

FY 14 Milestones Due Date Status
Pack-level thermal, electrical and electrochemical 12/31/2013 Completed
simulation

Demonstrate robust integration of thermal with 3/31/2014 Completed

electrochemistry through advanced coupling algorithms

Demonstrate coupling using various combinations of 6/30/2014 Completed
components from project partners

User Environment V1 Software Release and 9/30/2014 Completed
Documentation

FY 15 Milestones

Documentation along with use cases of OAS, VIBE, BatML, |12/31/2014 Completed
and ICE.

Install a bug tracker and clear all reported bugs. 3/31/2015 Completed

Easy-to-use website with distribution of OAS, VIBE, 6/30/2015 Completed
BatML, ICE, translators, examples, documentation, etc.

Integrate components from CAEBAT-Il projects into OAS. |9/30/2015 Ongoing
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Approach (1): CAEBAT Open Architecture
Software (OAS) Vision - A Virtual Test Bed

- « Macro-Micro
T . : « Thermal
* Electrical
and * Mechanical
Bat Pack Re=odo * Electrochemistry

+ Atomistic-Meso
« DFT/MD
* Phase-field
* Mean-field

 Macro
* Thermal
* Electrical
* Mechanical

Virtual Integrated Battery
Environment (VIBE)

Experiments
(ABR, BATT,
Industry)

Research CAEBAT-II: Focus on Cell and
Design below (electrgde, SEl, thermo-
electro-chemistry)

CAEBAT-I: Focus on Cell and
Module and now Pack

Manufacturing

&- OAK RIDGE NATIONAL LABORATORY
MANAGED BY UT-BATTELLE FOR THE U.S. DEPARTMENT OF ENERGY




Approach (2): Components of fully
integrated simulation platform for Batteries

BatML
(Standardized

VIBE Input) Battery
Virtual Integrated State

Battery (Information
Environment) Transfer)

(Open
Architecture
Software)

. Platform for

J (User
Batteries

Environment)

OAS ( Simulation ) ICE

o ik

The CAEBAT simulation platform achieves
multiple goals:

« Community software infrastructure

» Standardization to enhance leveraging

» Usability and re-use

« Scale bridging

« Scalability to many cores

ICE = BatMl

N\ 7

Framework Services

Component Component Component
Adapter Adapter Adapter
Code X Code A Code Y

Component Y Component X Component Z

State State State
Adapter Adapter Adapter

Battery State
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Main Project Tasks

 OAS: Light-weight computational framework to integrate the
different components

« VIBE: Various combinations of the components to simulate
different cell and battery physics

- BatML: Standardize the input for cross-component compatibility
and increase productivity

- Battery State: Standardize the transfer of information between
the components

« ICE: A graphical workflow for BatML editing, solver setup, job
launch and analysis

« Distribution, Maintenance, and support

» All the above yield a robust and user friendly CAEBAT simulation
platform
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Technical Accomplishments/Progress

m VIBE Standardized Battery State ICE User
« Capability is - Electrochemical, Input (BatML) - Defined and Environment

online

Optimization
tools

Portable to
Linux, Mac,
and Windows

Interfaces to
the inputs and
battery state
standards

Flexible
coupling of the
models using
files and
computer
memory

Electrical, Thermal
and Mechanical

Cell to Cell-
sandwich Coupling

Cell-sandwich to
Cell to Module
Coupling

Integrated various
components

Cell-sandwich to
Cell to Module
Coupling to Pack
Coupling

Production Release
to Users

Maintenance and
support/outreach

» Data format that is
able to describe
existing battery
models and
support new
developments.

XML database and
corresponding
schemas

Issued version 2

Translators

Error-checking

Units conversion

Green — Completed
Blue — Ongoing

tested for cell to
cell-sandwich
coupling

Defined and
tested for cell to
module
coupling

Defined and
tested for
module to pack
coupling

Issue version 2

» Job-launch of
OAS

Initial post-
processing

Initial edits of
BatML XML
files

Graphical
feedback
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Technical

Battery Markup Language (BatiVIL): E<iTIiIL
Model Exchange

i input_Thermsismi

X ~lox] wrcion

el Companent; prismati Defaulk
Int Stae of Charge | Reference Capacty C
1 085 £
w0 - —m—
G| ooss [ETTR I —
- T F
e m (L) |} Computer = SCRATON (] = Btery Projects = GAS Demo,_fie = dp0 + CELLS? = EOT = Exgorts * g1 [ sewch o "
Rl Cosines | 004669 03208
O v e ke -9
I a1 Favertes 2 |owemtd | e [ |
R Costicunes | 014954 560 - ot [ [T P
=
cio ol 3 Soost N “LinearBvPOperator*</s sars<Unit
i Cosicenss | 7035 7529 trings1e/Stings</ScaLa -
[T ralsattaryoperstor”
- o Bocuments ' ThermalcolumnsaunéaryOper ater -
% pmn eoo energy.ornl.gov/CAEBAT /downloads/_drop/ECPower/CAEBATPackiML xml
Subrerson 4> 2] [a All6][+]% enerayomlgor 3 [
B veos
This XML file does not appear to have any style information associated with it. The document tree is shown below
p—
7<BatteryMi_Doc smina="DatteryMl:2.0" name="Examplal’>
ngBlackDE>
i id-"Separator” type-'Separstor’>

d="Typa">

N

S [0 0 ey ok (8

</Parameter>

* Translators also exist for

</scalar>

the TBM (BDS/CD-

BatML adapco), SVM (NREL
Matlab® model) formats

* New translators can be

quickly developed using
BatML tools

energy.omi.gov/CAERAT  downioads _drop/ECPower [PackXMLxm!

AAG]L+ ]| ¥ energromlgor [ [:]

Height Percestag
18 o

e i Goal is for BatML to become a standard
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http://energy.ornl.gov/CAEBAT/downloads/_drop/AMPERES/input_Thermal.xml
http://energy.ornl.gov/CAEBAT/downloads/_drop/AMPERES/input_Thermal.xml

i
A lish t
B a tt e ry S t a t e fl I e Species concentration in the electrolyte: comp e

d(gpce) 1-t9

. — 7. (e (e)Ve,) - =0
e Serves as data conduit between . - that - '
pecies concentrationin € solid phase:

components 2D g (e D2 (e)7es) + L = 0
e Contains the minimal set of Eleawmepmmiakr& (ek°7 (£.)V,) + V. (e.k5 (e,)VInc, ) + 1 = 0

variables required to enable N

components to communicate V. (60 (e)7s) — 4 = 0
e CGNS format has been selected |eCtro- " QUi At -

chemistry Y = a4 — a5 «DOD + a6 « (DOD)? — a7 » (DOD)3 +

(for all mesh-based data) 28 + (DOD)* 29 « (DOD)*
(NTG /

— http://len.wikipedia.org/wiki/CGNS

Linear and non-
linear mechanics

Thermal
(AMPERES)

CaT akaT akaT akaT_
PP “ax\ax ) T ay\"vay ) " 9z\"78z) ~ 1@ |
Conservation of

JdEoc

where q=a |E,.,—E — TWI +ay 1y iy’ + ay Ty iy Electrical current flow:
(AMPERES) S
p
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http://en.wikipedia.org/wiki/CGNS

Open Architecture Software (OAS)

e Porting to Windows is complete
— Now being merged and prepared for public release @
o Integration with ANL cost model is complete

— Can use simulation data to drive the cost model

Cost
estimates

e We added computational design optimization 2%

ags Model
capability
— Demonstrated by investigation of optimal battery tab

placement (AMPERES) and optimal electrode
thickness for power/energy balance (EC-Power)

— Model generation is a part of the simulation workflow

—— e - o . . =

e Two-way tight coupling improves accuracy and
ability to perform more difficult analyses N

— Enforces consistency between thermal and Picard Method:

electrochemical components self-consistent iterations to
prescribed convergence

criterion
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Technical

ICE - Provides user environment for EREETIEE
battery analysis for VIBE

[ Caebat Key-Value Pair 3 =8 ~ PORTS

The ports on the simulation.

@ Caebat Key-Value Pair 2 Ready to process.

An item to generate CAEBAT key- Process) IR R ) [ Component Name Component Value
value pair files. : INIT INIT STATE
~ ICE Object DRIVER CHARTRAM_ELECTRICAL_THERMAL_DRIVER
ICEmobjact THERMAL AMPERES_THERMAL
Key Value ELECTRICAL AMPERES_ELECTRICAL
ELECTRICAL 1 CHARTRAMN NTG %
XCONDUCTIVITY 1.7899 CHARTRAM_ELECTRICAL_THERMAL_DRIVER
YCONDUCTIVITY 17899 AMPERES_THERMAL
T S AMPERES_ELECTRICAL
HEATCAPACITY 1100 Case Selection, TIME_LO| DUALFOIL
ICSHORT 0
L] -
.« | Creating Input S i
g inp --electing Models
BCIDS 3.4,5.6,7,8 —
I B & = s
0 *Caebat Maodel O Caebat Key-Value Pair 0 *Caebat Launcher g2 = 8 s m: ;“ : u:n::wpmw Launch vt Ve P

7 Vislt Editor 18

@ Caebat Launcher 3 Ready to process.

Caebat is & coupled battery and physics simulation . .
i Process: |Launch the Job ¥ | | Go! | | Cancel

= Input File(s)
This secticn centains the name of the file(s) used by this job.

Input File: [CaebatiModelil.comf Vl Browse...

71 Use custom key-value:jir file?

ob Launcher

Hostnames Operating Systems Execution Path

DB 2 1.5l0
Cychar T

£ Visk Piot Viewer | £ €SV Plot Viewer S

—_—

Pseudacalor ~

« oo (0] » 3

Battary_Potertals:

~ Hosts
The available hosts for the job.

© Console B

localhost linux x86_64 Jhome/batsim/caebat

= Visualization
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VIBE Results - Recap
a \

p:5g 299.01 321.36
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lf 298.94 l 320.46
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@ .
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Journal of Power Sources

Huailable online 24 August 2013

Mechanical Abuse of
Cylindrical Cell with Current
Collectors Resolved
(Electrochemical - Thermal
- Electrical - Mechanical)

In Press, Accepied Manuscript — Note to users

A new open computational framework for highly-resolved coupled 3D
multiphysics simulations of Li-lon Cells *

Srikanth Allu & - & , Sergiy Kalnaus, Wael Elwasif, Srdjan Simunovic, John Turner, Sreekanth Pannala
Computer Science and Mathematice Divizion, Oak Ridge Mational Laboratory, Oak Ridge, TN-37831

Technical
Accomplishments

Cylindrical Cell with Current
Collectors Resolved (Electrochemical
- Thermal - Electrical)

Pseudacaior Psaudocolor
Var: Battery_Temperatl
o 3313

330.3

- 3294
3284
3274

Max: 331.3
Min: 327.4

Vor: Battery_Temper
7.0

LI
3260

3250
3240
3230

Max: 327.0
Min: 323.0

Temperature in 4P and 4S Module
with Fully Coupled Electrochemical,

Electrical and Thermal Simulations in
CAEBAT OAS / VIBE
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VIBE - Facilitates Hierarchical
Process to Construct Battery Packs

* Current module has 2 cells in
series and 2 cells in parallel
(similar to Nissan-Leaf)

* Each Cell has 17 cathode layers
with 33 Ah capacity

* Dimensions = 290mm x 210mm
x 6mm

* Coarsest mesh for each module
has % million degrees of
freedom

Advantages
* Test models sequentially

* Ability to stack cells and modules in series and parallel
* Both module and pack simulations can be performed
* Simulations can be distributed across multiple processors

Cell
Sandwich
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VIBE Release - Via Website
(http://batterysim.org/)

* OAS/VIBE has been
—_— deployed and is available

& o

. from http://batterysim.org/

*Can be downloaded in a
Virtual Machine as an ova file
(no installation required)

» Separate binaries can be
downloaded and installed as
well

« Users mailing list has been
created for updates and

Virtual Integrated Battery Environment (VIBE)

Micro-mechanics of electrod.es‘ S u p po rt
- _ -y *Release document can be
Community Battery Simulation Framework downloaded from the same
website
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VIBE - Website Statistics

Days = Weeks Months

Summaries
Today Best ever All ime
31 209 4,425 0
Typical weekday web traffic between 50-200
¥ OAK RIDGE NATIONAL LABORATORY
17 es121_pannala_2015 p
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VIBE - Download Statistics

e ~100 downloads since December

Technical
Accomplishment

e Downloads from all over the world from labs,
academia, and industry. Some of the institutions are

listed below:

Lockheed Martin

Stanley Black & Decker

Georgia Tech

Ford Motor Company

BASF Corporation

lowa State University

Bosch, LLC

Saft America

University of Maryland

Honda R&D Co, Ltd

EMF1v

University of Michigan

Samsung Electronics

Pan Asia Technical Automotive
Center

Purdue University

Virtual Vehicle Research Center

CEA — Commissariat Energie
Atomique

North Carolina State University

Zee Aero

Northeastern University

University of Dayton

IK4-CIDETEC

Washington University

University of Nevada, Las Vegas

Institute for Energy and
Environmental Research,
Heidelberg, GmbH

TU Muenchen

SAIT Polytechnic
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VIBE in the News -

Green Car Congress

Energy, technologies, issues and policies for sustainable mobility

part of the outreach

Technical

Accomplishments

17 April 2015 Go to GCC Discussions forum  About GCC Contact F_ RSS Subscribe

twikke

Home

ECnace = Lund researchers develop optimized two-phase enzvmatic process for production of biodiesel |

Monthly Archives Main | Tovota's second turbocharged gasoline engine now available in Auris in Japan: 26% thermal
sfficiency &

Resources

Perspective n I’i B &Print this post

ORNL VIBE open-architecture framework for improved EV
battery design

Google

GCC veb

As part of the US Department of Energy’s (DOE) CAEBAT
{Computer Aided Engineering for Batteries) activities (earlier
post), scientists at Oak Ridge National Laboratory (ORML)
have developed a flexible, robust, and computationally
scalable open-architecture framework that integrates multi-
physics and multi-scale battery models.

Tweets From the Editor
(different than
@GreenCarCongres headlines in
horizontal menu)

s

VIEE provides an open architeciure
framewnric for pre-axpenmental
design simulation a3 part of the
The Virtual Integrated Battery Environment (VIBE) allows CAEBAT program. Ciick fo enlarge.
researchers to test lithium-ion batteries under different simulated scenarios before

the batteries are built and used in electric vehicles. The physics phenomena of

Tweets W Follow

ABOUT ORNL VISIT ORNL NEWS EVENTS CAREERS FIND PEOFLE RETIREES & STAFF INDEX E

%OAK RIDGE

National Laboratory
USER FACILITIES = SCIENCE & DISCOVERY ~CONNECT WITH ORNL | OUR PEOPLE

Features

News
2014 SHARE
nom
2013
BATTERY BOOST
2012
2011 ORNL computing software aims to help electric vehicle industry
010 better design high-performing and safe lithium-ion batteries

through simulation

Rechargeable lithium-ion batteries are commonly found
in portable electronics such as cell phones and notebook
PCs. They're also gaining popularity in electric vehicles,
where their compact, lightweight build and high-energy
storage potential offers a more efficient and
environmentally safe alternative to nickel metal hydride
and lead-acid batteries traditionally used in vehicles.

The VIBE simulation tool provides great flexibility in
designing batteries all the way from cell components to
full battery pack. (hi-res image)

Scientists at the Department of Energy’s Oak Ridge National Laboratory have developed modeling
software to help other researchers and battery manufacturers improve the design of lithium-ion batteries
for electric vehicles. The modeling tool, known as the Virtual Integrated Battery Environment, or VIBE, will
allow researchers to test lithium-ion batteries under different simulated scenarios before the batteries

are built and used in electric vehicles.

# ENGINEERING GLOBAL FUNDING FORECAST TOPICS * PRODUCTS v AWARDS » RESO

News

ADVERTISEMENT
Now On-Demand

Creating Mult-Component Systems
IN ONE 3D PRINTING STE
Battery boost

® wed g:l4am

An R&D Magazine Webcast

Sponsored by:
Stratasys

. Samoray, Oak Ridge Mational Labol

B4 Get today's R&D headlines and news - Sign up now!

1) ©

& modules
Module

Rechargeable lithium-ion batteries are
commonly found in portable electronics
such as cell phones and notebook PCs.

===

They're also gaining popularity in
electric vehicles, where their compact,
lightweight build and high-energy
storage potential offers a more
efficient and environmentally safe

alternative to nickel metal hydride and
The VIBE simulation tool provides great flevibility in designing batteries allthe |a34-3¢id batteries traditionally used in
way from cell components to full battery pack.

24 modules

Cell sandwich

vehicles.

http://insideevs.com/vibe-
allows-researchers-test-
electric-car-batteries-
simulated-scenarios/
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VIBE Computational Ecosystem: Coupling
open and proprietary components

Patenlial { V

Temperature (K)
2800
2500
2200
1200
1600
1300
1000
700
400

ECPower

*- OAK RIDGE NATIONAL LLABORATORY

MANAGED BY UT-BATTELLE FOR THE U.S. DEPARTMENT OF ENERGY




Collaboration and Coordination

e Monthly telecon/web-meeting with DOE and NREL

e Interactions with SNL to bring in their modeling
capabilities into VIBE/OAS (CAEBAT-II)

o Interactions with U. Michigan to bring in their
modeling capabilities into VIBE/OAS

e Graduate students from U. Michigan, Texas A&M, UC
Davis, and Colorado School of Mines (CAEBAT-II)

e Reaching out to OEMs (Ford) and Battery
Manufacturer (through an ARPA-E grant)

e Interaction with NHTSA on safety simulations

e Made links to several Office of Science (Applied
Math) and ARPA-E efforts

*-O\K RIDGE NATIONAL LABORATORY
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Response to previous review comments

“to this reviewer it is not clear why there
was a need to integrate different battery
models”.

“It was not clear how difficult this
[software] will be for users to learn and
operate”

“... few written documents had been
produced to demonstrate the capabilities

”

Integration of battery models and codes
from different partners was an essential
part of this project in order to provide user
with flexibility in choice suitable for
particular device or system.

Extended release manual was supplied
with the recent release. Positive feedback
from users indicates that they are able to
install and use the product. Users group
email list was created to respond to
requests. PoprErTp———

Sreekanth Pannala (Oak Ridge National Laboratory) Energy Storage

a scale of 1 (min) to 4 (max) * This Project ® Sub-Program Average

3.00

1.50

S =}

1.
|
0.5¢ |
3. l 3.33 ‘
0.00 220
Tech C:
Accomplishments

Approach

Jw Q
Future R gl
Average




Response to previous review comments

“... no solid accomplishment examples on
integration of models”

“reviewer pointed out that $700,000 per
year seemed excessive for integration
effort. Some of the resources should be
used to benchmark various battery
models”

ORNL was tasked to provide the
infrastructure for integration and only now
we are working towards different use cases
and validation. The NHTSA project on
mechanical abuse and ARPA AMPED
project are good examples of applying the
integrated models to practical scenarios

The effort included integration of models
as well as development of AMPERES 3D
code for electrochemical solution. Different
coupling strategies were implemented and
a set of defined problems (pouch,
cylindrical cell geometries, modules and
packs) was generated. Cell level
simulations (prismatic cell) were validated
by experiment..



Future Work - Planned Activities

e Near term (FY15)
— OAS

e Compatible with at least some components of all CAEBAT partner products

— VIBE

e Revisions based on community feedback

— BatML

e Revisions based on community feedback
e Additional translators as necessary

— Battery State

e Revisions based on community feedback

— ICE

e Revisions based on community feedback
o Refined BatML editing with focus on usability

e Longer term

— Community adoption
— Support and maintenance
— Adding new features

% OAK RIDGE NATIONAL LLABORATORY

MANAGED BY UT-BATTELLE FOR THE U.S. DEPARTMENT OF ENERGY



Summary

® We have developed an open architecture software for file-based coupling of
electrochemistry, transport, electrical and mechanical stress model.

® We developed method and data model for defining the battery state in
battery models

® We have developed a data format for describing battery models and tools
for input data exchange between models.

®* We have implemented and demonstrated various components in VIBE

¢ Software production release has been made in October 2014 with update
followed in March 2015

® Project website has been created with software users mailing list for
support and collecting feedback

John Turner: turnerja@ornl.qov, (505) 412-1945

http://batterysim.orq ¥ 0Kk RiDGE NATIONAL LABORATORY
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Technical Backup Slides
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CAEBAT OAS simulation platform has two

Numerical coupling and
Scale-bridging approaches

aspects

Software Infrastructure

> flexible

— multiple modeling approaches

— combine appropriate component
models for problem at hand

— support integrated sensitivity analysis
and uncertainty quantification

— programming language-agnostic

» extensible

— ability to add and combine
proprietary component models

* scalable from desktop to HPC
platforms

* flexible coupling strategy
— one-way
— two-way loose
— two-way tight
— fully implicit

* ability to transfer information
across different models in a
mathematically / physically
consistent fashion

* similarly for bridging time-
scales

*-O\K RIDGE NATIONAL LABORATORY
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VIBE Software Platform for CAEBAT

Component-based approach
— extensibility, V&V, independent
development

« Common solution (battery) state
layer
— data repository

FrameWO I‘k SQW'CQS — conduit for inter-component data

exchange
I I I * File-Based data exchange
— no change to underlying codes
Component Component — simplify "unit testing”
adaptol RN L]0 - Scripting Based Framework (Python)
— Rapid Application Development (RAD)
— adaptability, changeability, and flexibility

Code X Code A Code Y
Component Y Component X Component Z
State State State - Simple component connectivity
Adapter Adapter Adapter pattern
— driver/workers topology
« Codes as components:
— focus on code-coupling vs physics-
Battery State coupling as first step

« Simple unified component interface
— init(), step(), finalize()

¥ OAK RIDGE NATIONAL LABORATORY
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Coupling scenarios in battery

modeling
. Two-way Tight Couplin’g_ o
WO-way ( \
Loose Coupling ,_!_\ A, 9. i b, 0. i
‘ ¢e9¢s :{ ¢e9¢s : Ce’CS *:Ce9cs :
One-way Coupling =) ! !
° ¢eﬂ¢s-l¢e9¢s Ceﬂcs : Ceﬂcs : T : T :
I | | |
ot | (0ot | (5] A
c..c.[ e, c. T =™ T | Fully Implicit
T = T . !~ ;| Fulnon-inear
v ‘l’ ; 7 Pi éard N consistency between
L= T : ’ self-consistent .physi.cs at each
{ {) iterations to given teration

convergence criteria



Novel Thermal Management
(ARPA-E project)

Pseudocolor
Var: Battery_Temperature

3024

Pseudocolor
Var: Battery_Temperature
03.0

-301.8 -301.4
_,7 300.6 ‘ 300.3
— - -
[+T4] Max: 303.0 ng: 3024
E Min: 298.1 Min: 298.1
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The cooling is further improved for larger L/W formats
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