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Background and introduction
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Overview of AU R&D

» Single & Multiple cycling tests
» HPPC, DST, GITT
» EIS etc.
» SOC estimation
Advanced

» Real-time PE Online
> Estimate BOL, Parameter i imati
MOL,EOL Estimation Controls > Internal yarla-ble estimation
. PE) » SOH estimation
characteristics (

» Measurements:

Calorimeter Heat
» Validation: Thermal Generation
model

» Reduce charging time
> Limit degradation rate

Ao

» Equivalent Circuit
Model (ECM)
Models » Electrochemical model
in both time and

' frequency domain
« FOM & ROM

.

=

. » Side reaction
Degradation  » Lithium plating/stripping
» Capacity & power fade
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Summary of research on Li-ion battery

Modeling ( Prediction of potentials and current vectors) and optimal design of systems and controls ‘

Optimal System design
« Cooling system design

Prediction of State of
charge (SOC)and State
of health (SOH)
Controls of charging
and discharging profile

O .

Flexible test stations; Cycler, In-situ EIS, Battery-in-the-loop, Change of thickness, Calorimeter and SEM/XRD I
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Effects of heat on Li-cell performances

45 T 35°C
NG _ E _TZZE
£ \: i
\ ) o
*  Sluggish charge transport s
1T (K *  Voltage drop & Power loss

Time/min

Efficiency

Thermal runaway procedure
 SEI decomposition
Reaction of anode and
electrolyte

Collapse of separator -IS
Cathode decomposition-
Oxygen

—

Degradation

Lithiu plating =)

rate

Decrease surface area of active
materials
Q Increase SEI and deposit layer
resistance

Side reaction

O Optimal design of thermal
management system (TMS)

Selection of heat/ cooling
methods

Weight &volume

Costs
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Background

In a control volume, the energy equation

or o(, o) o, oT) o(, or
C—=—ky—|+=—| ky— |+— +
Porar oo ) o oy ) ez P e +0 va

Control volume

k Thermal conductivity
In rechargeable batteries, the heat generation rate (HGR) is a o | Density
sum of irreversible and reversible one C, | Heat capacity

Heat Generation  Current
Terminal Voltage Entropy Coefficient

dU, ocv 0 Heat generation rate
T ) ' daT conv | Convection

Equilibrium Potential Temperature
*M. Song, Y. Hu, S-Y Choe, and T. R. Garrick. 2020.J. Electrochem. Soc. 167 120503
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Principle of Heat generation

= Y oYY B
3 L/ Negative [ Upésitivel ] = Charge transport _
 electrode = lelectrode | * Migration (by potential)
area S P [ area | g « Diffusion (by concentration)
= Y Y 4 i >4 2| ¢ Concentration overpotential
S A A X 2 A ATA Al S
P a s ——m  ——
S 4 5 A
Ohmic overpotential £ lon transport £ Li*
. 3 3 — —
Contact resistance £ N [ = @
Eleclmn transport M

Change of enthalpy

SEI resistance *  Change of entropy
Activation overpotential * Change of chemical energy
* Change of battery temperature

* Heat of mixing

*M. Song, Y. Hu, S-Y Choe, and T. R. Garrick. 2020 J. Electrochem. Soc. 167 120503
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Background

» Increased size of the cells and associated design of TMS
*  Uniform or non-uniform temperature gradients
* Uniform or non-uniform compression
* Operando characterization of thermal properties during charging and

discharging
U Commercial calorimeters for measurements of heat generation:
Accelerated rate Differential scanning  Isothermal titration
calorimetry calorimeters calorimeter v’ High accuracy and

dynamic response
® Limited space size
for large format cells
8 Very expensive
¥ No pressures

THT™ ARCl NETZSCH™ DS( Affinity™ ITC
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Design of multifunctional calorimeters

(varies based on type of the cell)
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Concept of developed multifunctional calorimeter (Patented)

Inputs:

v Char. and dischar.
profile

v States-of-charge
(SOC)

v Uniform or Non-
uniform Temp.

v External pressure

Outputs:

v Reversible and irreversible
heat generation rates

v Local or average temp.

Calorimeter

v Cell displacements or
pressure

v In addition to voltage/

capacity measurements

Heat estimation based on feedback loop

Tref.

Qgen

Qgenest Tpar.

Battery

—)?—ﬂ Controller |—>

Heat Pump |_> —|

If Tref = Tpqr., then Qgen.est = Qgen
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Calibration for lumped HGR measurement

Fan
Heat sink

Metal plate
(Auminum)

base)
Thermocoupies
cel

‘Thermal sheet
(Graphte-base)

Metal piate
(Auminum)

Heat sink.

Fan

*Y. Hu, S-Y Choe, and T. R. Garrick. 2021 App. Thermal Eng. 189 116709

Dynamic calibration: Identify thermal parameters of TEA and optimize the covariance values of Kalman filter

14 35
12k —— HGR Gen 20
- === HGR Meas. ——HGR Gen. .

1o} 255 HGR Meas. U Performance analysis:
£ st : g .
% . ] z— Maximum measurable HGR: 100W
o B&f b 5}
T4l b = Average measurement error = 0.67W

2r J i ; ] L B Response time < 10s
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Calibration for 2D HGR measurement

O Static calibration:

< Two-dimensional (2D)

HGR calibration:
‘/‘ Hea flox| T e

Q'pump = fitting(HF output)

mapping

*Y. Hu, $-Y Choe, and T. R. Garrick. 2022 JPS. , §32, 231350,
14 14

(b) 14
o Cali
=
] R 2| 2|
9 heat flux sensors are 0 ol ol
placed in the order of 3 X 3 _.[ sof sof
matrix to simultaneously 8 .| 8 [ 8 .|
measure the heat flux and ) e
temperature
2 2}
0 0 0
00 05 1.0 15 20 0.0 05 10 15 20 00 05 10 15 20
Heat flux voltage output (mV) Heat flux voltage output (mV) Heat flux voltage output (mV)
CAPRES
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Measurement of entropy coefficient
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Reversible heat generation — C-rate effects

12 = 6 80 T
10} Charge (25 °C) e 5 733 Discharge (25 °C) “I
| . —1C L 60 —2C /
3 8 - o 4 . e /
%’ 6l s 3 =3 /
© xw 40
T 4 / g 2 a J//
) I 1 I —
i 20 7
& ® 0 /
2 L I L n A L L 1 L L o k= T
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 24
Capacity (Ah) Capacity (Ah) Capacity (Ah)

Endothermic region at the beginning of charging due to the reversible heat
g g g ging
@ Reversible heat affects the discharging HGR profile

. dUOCV

Q =1I- (UOCV - VTerminal) -I-T dT

I (WUocv = Vrerminal) = I’R

As current I increases, irreversible heat becomes more dominant

*M. Song, Y. Hu, S-Y Choe, and T. R. Garrick. 2020 J. Electrochem. Soc. 167 120503 /‘/-PR\
" - \
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Reversible heat generation — Temperature effects

6 30+ f ——-30°C
Charge (1C) Discharge (1C) 5
25 ——0°C
= ——15°C
s 2 20 25°C
pot x —35°C
% % 15
T I 10 “.‘"‘
5 —
——35°C -
-4 1 1 1 I 0 1 1 1
0 5 10 15 20 25 0 5 10 15 20 25
Capacity (Ah) Capacity (Ah)

U As temperature increases, the internal resistance decreases, so the
reversible heat becomes more dominant

U Quantification of reversible heat is needed for better validation of HGR
measurement
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sOC

HGR (W)

, Power (W)

Heat Generation Measurement Dynamic Response
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Motivation: Characterization of heat sources

Total HGR{Revemble heat - Entropy change during the electrochemical reaction

Irreversible heat - Internal resistances (R)

O Characterization of heat source terms:
= Reversible heat:
* Potentiometric method: measure open circuit

voltage change at varied temperature

« Calorimetric method: measure difference of
total heat generation at charge/discharge

= [rreversible heat: V-1 characteristics, EIS technique

QO Improved method:

Improved experimental method

o Background correction

v' High accuracy
= Long testing time: equilibrium state

v' Fast measurement time
v' Need calorimeter
= Average value in certain SOC range

= Long testing time: equilibrium state

Model based estimation

Estimate reversible and irreversible heat

o Electrothermal impedance spectroscopy by a battery thermal model.
(ETIS)
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Measurement of Entropy Coefficient

. dau,
Q :|1 - Wocy — VTerminal)I_ [-T- %
Irreversible Reversible
* Potentiometric method
Aoy Ve —V; TK) N\
daT Te =T —
« Calorimetric method t(s)
dUOCV _ Qdischarge - Qcharge
dT —21,Tt, I(A)
* Hybridized Time-Frequency Domain Analysis (HTFDA) t(s)
9 — —sgnl2PACS)] |EP(fl-)| TN

t(s)

HTFDA method significantly reduces the time for EC measurement, while

maintaining the accuracy
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Measurement entropy coefficient

=
S

w
S

)
S

Temperature / °C

10

* Accurate temperature control allows the
/ measurement of entropy coefficient

* Measurement using hybrid time-frequency
domain analysis (HTFDA™)

1500 2000
Time /s

25

00
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*Y. Hu, S.Y. Choe, T.R. Garrick. Electrochimica Acta. 2020 Dec 1:362:137124. ,—%
Ben Choe, choe@auburn.cdu ; Research on HEV&EY 20 Copying this presentation is illegal and strictly forbidden. \-8 — 5./

12/1/2022

10



12/1/2022

Measurement results from the multifunctional calorimeters
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Measurement of 2D HGR under aging conditions

(g 18 h) 18
1 =ﬂ=.‘.§=.’.‘, “ :::zéﬁ [9.9%CF 1C Discharge)
gt [=H

V=
12 12
10
25°C 2
G
g
.
2
1600 ° 800 1600 2400 3200
Time (s) 2 Time (s)
s
S =:1=;2-:: [onor roosmace] || ML MZ A
X B B w7 e B w0
Non-uniform HGR: 2 2
. . . 10 0
* Inhomogeneous current distribution §‘ ] i
¢ Complex heat transfer process g
£

800 1600 2400 3200
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O HGR at the center of the cell (#5) is the highest
U HGR gradient from the center to the edge of the cell

O The 2D HGR increase during aging, while the internal resistance of the
cell increases
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Measurement of EC under different temperature and aging conditions

» EC at different temperatures » EC at different aging conditions
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U HTFDA reduction of measurement time: ~ 25 hours (~294 hours
conventional potentiometric method)

QO The shape of EC are similar within 0-45°C
O As the cell aged, the peak value of the EC shifted towards higher SOC

H *Y. Hu, S.Y. Choe, T.R. Garrick. Electrochimica Acta. 2020 Dec 1:362:137124 /—/-PR\
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Conclusion and future work

Achievement

* Design of a multifunctional calorimeter suitable for various types and operating
conditions of the cell
* The development of HTFDA significantly reduces the time of EC measurement

* Measured HGRs are validated with theoretical equation

Future work
1. Understanding the physic reasons that the HGR varies as a function of pressure,
temperature gradient, aging, 2D ...

2. Validation using the physic equations on electrochemical model
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Thank you!
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