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Toépicos a serem abordados

d Por que desenvolver modelos térmicos?

d Comportamento térmico de baterias;

d Controle de temperatura das baterias;
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Efeito da temperatura em baterias

J A temperatura afeta o desempenho da bateria em diferentes escalas de tempo;

Low temperature (<0°C) - Capacity drop
- Internal resistance

increase
d Curto termo — performance elétrica; - Lithium plating and

dendrite growths

d Longo termo — tempo de vida;

d Questdes de segurancal

Fonte: D. L. Stroe. “Storage Systems based on Lithium-Ion Batteries for Grid Support and Automotive Applications.” PhD Course. Aalborg University. 2018
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Efeito da temperatura em baterias

Cycle Life and Temperature

35 Slow drop off below +10 °C due to anode plating
Fast drop off above 60 °C due to chemical breakdown

Actual life will depend on the cell chemistry and
the percentage of time spent at the upper and
lower temperature limits

]
Ideal working
10 temperature range

Too wide means lower cycle life
Too|narrow means wasteful thermal managemen

Battery Voltage [V]

Cycle Life (Cycles)

25

0 200 400 600 800 1000 1200
Time [s]

-40 0 40 80
Cell Operating Temperature (Constant (°C))

Fontes:

[1] K. Chen. Heat Generation Measurements of Prismatic Lithium-Ion Batteries”. Master’s Thesis. University of Waterloo, 2013.
[2] S. Sepasi. “Adaptive state of charge estimation for battery packs”. PhD Thesis. 2014

01/02/2021 Prof. Allan Fagner Cupertino 5



Efeito da temperatura em baterias — Avalanche Térmica
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Comportamento térmico — Encapsulamento

Cylindrical cell Prismatic cell

Positive
electrode

Negative
electrode

Negative
electrode

Positive
electrode

Pouch cell

Positive Negative conisss D\ Pouch \
electrode electrode @ Negative / //
electrode Separator Positive

electrode

Fonte: K. Murashko. “Thermal modelling of commercial lithium-ion batteries”. Ph.D. Thesis. Lapperanta University of Technology, 2016.
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Comportamento térmico

Air velocity ~ Battery

(m/s) temperature Time=02h Surface: Temperature [degC)
(K) "
0.03
+ 1 0.35 +0.01
334
0.06 36
10.3
0.04
m
1 0.25 355
0.02
N
0.2 0
35
0.15
345
333
0.1

Fonte: Comsol. “Thermal modeling of a Cylindrical Lithium-Ion Battery in 3D”
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Impacto do perfil de operagao na distribui¢ao de temperatura

20 min

Fonte: S. Goutam, et al. Surface temperature evolution and the location of maximum and average surface temperature of a lithium-ion pouch cell under variable load profiles.
European Electric Vehicle Congress. 2014
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Geragao de calor na bateria

d Efeito Joule;

d Operacio eletroquimica;

J Geracio de calor por ser diferente em diferentes pontos da célula;
J Dependente da quimica e da construcio da batetia;

d Valores inicial e final do estado de carga;

d Temperatura da bateria;

J Perfil de operacao (C-rate).

01/02/2021 Prof. Allan Fagner Cupertino

1



Geragao de calor na bateria

Power /mW

Heat flux /mW Temp. I'C Temperature y
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Fonte: Netsch Application examples.
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Geragao de calor na bateria

d Equacio de Bernardi (1985);
J Baterias de Litio com encapsulamento Pouch;

J Principio do balanco de energia;

Vo

V . o . .
o gt = Ry i# —iT T = Gjoule T Qentropia

oT

q: = i(Voc_Vt)_iT

d Calor gerado devido a polarizacio — sempre positivo;
J Calor gerado pela variacao de entropia = pode set positivo ou negativo;

J Assume baixa diferenca de temperatura ao longo da bateria (1-4 °C).
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Resisténcia interna R,
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Fonte: T. Stanciu et. al., Performance Degradation of Thermal Parameters during Cycle Ageing of High Energy Density Ni-Mn-Co based Lithium-Ion Battery Cells.
ECCE. 2016
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EHC — Entropic heat coefficient T
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Fonte: D. I. Stroe. “Storage Systems based on Lithium-Ion Batteries for Grid Support and Automotive Applications.” PhD Course. Aalborg University. 2018

01/02/2021 Prof. Allan Fagner Cupertino 15



Mecanismos de transferéncia de calor

J Conducio;

kA
Qcond = T (TH — TL)
L Conveccio;
Qconv = h A (TH — Tw)

[ Irradiacao.

Qirrqa = Aeo (le‘Ir - To%)
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Condutividade Térmica

d Define a capacidade de transporte de energia como o resultado da diferenca de
temperatura;

J Unidade: W/(m K);

J Depende da temperatura mas tem uma baixa dependéncia com o estado de carga da
bateria;

d Obtida experimentalmente:

01/02/2021 Prof. Allan Fagner Cupertino
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Calor especifico

J Determina a dinAmica térmica da bateria;
J Quantidade de calor para aquecer um 1 Kg do material em 1 °C;
J Depende do estado de carga da batetia;

d Determinado a partir de ensaios Calorimétricos;

Q

C =

01/02/2021 Prof. Allan Fagner Cupertino
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Comportamento do calor especifico

L <&
$
2 / 3 ®CuUo

Heat Capacity, J/gK
H
P
0

1.0 —
$CU3
L 2 Battery Application | Average Heat
0.8 Battery Capacity
Temp (J/kg/ °C)
0.6 O
sOC, % Lilon - 6 Ah HEV 33.1 795
Lithium Ion EV 18 1011.8
Polymer — 4 Ah
NiMH - 90 Ah EV 339 787.5
Ni MH -6.5 Ah HEV 329 521
VRLA - 16.5 Ah HEV 32 660
Fonte: Batteries2020, EPE2016 Workshop.
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Exemplo: Modelo unidimensional

@ (®)

OIS
s

Fonte: C. Forgez et.al. “Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery”. Journal of Power Soutces. 2010.
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Exemplo: Modelo unidimensional

Pulses |
+20A
Internal temperature]

“

Surface temperature”

(a) ol
Surface-mounted
thermocouple ; ' + ]
- = + Pulses
o +15A
© 40} —Internal temperature |
E
= A Thermocouple g !
"| inserted inside -
the battery
40 3

Pulses |
£10A |

(k)

0 1000 2000 3000 4000 S000 6000 7000

Fonte: C. Forgez et.al. “Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery”. Journal of Power Soutces. 2010.
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Exemplo: Modelo unidimensional

Pulse +10A +15A +20A
Rowe(KW™) 9.12 9.08 8.44
Ri,(KW™) 3.273 3.386 3.20
Rjn !Rﬂut [}.3 59 0.373 'U.B?g
G(JK™) 73.2 77.7 77.9

g

Fonte: C. Forgez et.al. “Thermal modeling of a cylindrical LiFePO4/graphite lithium-ion battery”. Journal of Power Soutces. 2010.
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Circuito elétrico equivalente a dinamica térmica

J Calor Gerado = calor armazenado + calor conduzido.

dTp

kA dr
q=mC—>+— (T, —Toy) ©q= Cop—"

i Rth

| ==, (D) |

# # #

Fonte: A. Rufer. “Energy Storage: Systems and Components," CRC Taylor & Francis Group, 2018.

+ R (Ty —Tp)

01/02/2021 Prof. Allan Fagner Cupertino
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Calor especifico ponderado

Cp = Lx; G
Composition of the LFP Cell Mass Fraction x; [%] C.; [J/kg K]
Aluminum 0.18 900
Copper 0.11 385
Separator (PP, PE, PVDE, PET) 0.07 1551
LFP (LiFePO,) 0.24 841
Graphite 0.19 700
Electrolyte 0.2 1375
Stainless steel 0.01 477
Entire specific heat capacity 1 927

Fonte: A. Rufer. “Energy Storage: Systems and Components," CRC Taylor & Francis Group, 2018.
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Modelos térmicos — Cauer e Foster

140
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Fonte: Y. Lyu et.al. “Electric vehicle battery thermal management system with thermoelectric cooling”. Energy Reports. 2019.
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Simulacao de um Rack de baterias

P Rd'l._ntl_:ut Rd‘u:n.ﬂh-mﬂhm:

@!h.ﬂﬂl.l :l :I
B Con_cell Ci_case A
A .
- T T RthCA [*C/W] RthCA ["C/W]
Pocas Fosioe R ocanticn 0.6 “ 1.2
‘ 0.5 + 1.0 4+
Eh::! er-u:g-l El‘h_ﬂﬂ': ‘ \\
T T 0.4 1 0.8 AN
0.3 \\ 0.6 \H“-—-a-__
0.2 ~ 0.4
| i — ~—__
i ! 0.1 0.2
0 - 0 -
Pus_cet_n Rl gase Rup_case-ambie 0 5 10 15 m/s 0 25 50 75 100 P[W]
W (a) (b)
ﬂhn. Tcm_u{l Tclh_n:ue () E'&

Fonte: A. Rufer. “Energy Storage: Systems and Components," CRC Taylor & Francis Group, 2018.
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Modelo eletrotérmico de uma bateria

[—> » — V7
> Electrical Model — SO

[r— >| Thermal Model (7,

L A
W
oy

Fonte: H. E. Perez et. al. “Parameterization and Validation of an Integrated Electro-Thermal Cylindrical LFP Battery Model”. 2012.
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Geographic Impact

Efeito da temperatura na degradagao

Py st Mt stngu st Toss (PNY 1) Blatome

on Battery Life

1

Thermal Management Impact

on Battery Life

1
0.95 095
> 5 09 Liquid cooling,
o 0.9 S ; chilled fluid
Q » %
S 3 T R SR S S % Air cooling,
® HBE ® ’\ <.~ low resistance cell
g v = All' coolmg
> y O8-rremeenee-
o 14
No coolmg
08 i 0.75 :
Li-ion graphite/nickelate life: 3 : " | Phoenix, AZ ambient conditions
PHEV20, 1 cycle/day 54% ADoD | Ooc\ 33 miles/day driving, 2 trips/day : :
1 =a 1 L 1
0'750 5 10 15 0.70 2 4 6 8 10
Time (years) Time (years)
Fonte: NREL.
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Sistema de monitoramento € manejo térmico

Cell Pack System

* Chemistry * Thermal interface Thermal interfaces
* Geometry * Coolant medium (e.g. between pack
* Reactions Air, Oil, Liquids) Optimisation among
* Properties * Coolant flow (e.g packs
Convection, Forced) Realisation of
intelligent algorithms

INTERFACE

Fonte: M. R. Khan et. al. "Towards an Ultimate Battery Thermal Management System: A Review," Batteries MDPI, 2016.
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Fonte: Ahmadou Samba. “Battery Electrical Vehicles-Analysis of Thermal Modelling and Thermal Management”. Ph.D. Thesis. Université de caen Basse Normandie. 2015.

Sistema de monitoramento € manejo térmico

Battery Thermal
Management
(BTMS)
l 1
'cnoln. Heating
— i p—
Liquid Aur l%. cooling {
1"““:"‘ lm . [ forced "_MII,'I | —_— == —
_contact | conta | OPENOT | comecton | Combinaton e Eecricor
- ‘ heat fuel fired
S conductive : heater
- Series or Serles or Fnsan '
e . i ¥ . B
e e e e

I J vl
) [ = ]
Combination Combination
\ IC engine ’ with AC or

01/02/2021
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Sistema de monitoramento € manejo térmico

—p | Battery pack/module | 5\
Air-in Fan Air-out
(a) Passive air cooling
Air-in Cabin air Air-out
e J —p| Battery pack/module > >
4 Fan !
g "5 !
i Heateror ' I I
i Heat [ I
! Retumn
exchanger |
(b) Passive air cooling/heating
Air-in Air-out
— —p| Battery pack/module > >
4 Fan !
P !
I ! Auxiliary heater | |
1 ]
) orheatexchanger Retum :
k S G T R S ST ST RS TS SRR RS SRR RS RS —— -‘

(c) Active air cooling/heating

Fonte: Z. Rao and S. Wang. “A review of power battery thermal energy management”. Renewable and Sustainable Energy Reviews. 2011.

Liquid
»| Battery pack/module £ >
A P N~ 1
] Pump 1
| Retum 1
e m e m = gl. ___________ =
Outside Air-in » : I ‘8 » Air-out
Liquid/air heat exchanger
(a) Passive liquid cooling
Liquid
»| Battery pack'module ) >
A 7 1
] Pump 1
I Return 1
| DY p——) | WA S P p————— -y
Engine coolant N\ e
Air-in ~ Retum
Liquid/air heatexchanger Pump
(b) Active moderate cooling/heating
Liquid
» | Battery pack‘module e >
A S’ |}
] Pump 1
! Retumn ]
| DESQUENE ) 5 3 Sy P g - - Y
—
Engine coolant ORC‘““‘: mm———e——— 1
Air-in t Heat '
E I Pump ; cateror :
y Heat '
]
Liquid/air heat exchanger i exchanger )
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Sistema de monitoramento € manejo térmico

Air forced Liquid Heat pipe PCM Thermoelectric Cold plate
Ease of use Easy Difficult Moderate Easy Moderate Moderate
Integration Easy Difficult Moderate Easy Moderate Moderate
Efficiency Low High High High Low Medium
Temperature drop Small Large Large Large Medium Medium
Temperature distribute Uneven Even Moderate Even Moderate Moderate
Maintenance Easy Difficult Moderate Easy Difficult Moderate
Life =20 years 3-5 years =20 years =20 years 1-3 years =20 years
First cost Low High High Moderate High High
Annual cost Low High Moderate Low High Moderate
PCM = protection circuit module
Fonte: Z. Rao and S. Wang. “A review of power battery thermal energy management”. Renewable and Sustainable Energy Reviews. 2011.
01/02/2021 Prof. Allan Fagner Cupertino 33



Comparacao — diferentes conceitos

Design A

Negative tab

Battery cell Cold platc

Hushar

Posstive tab
Positive ta

230 mm
Cold pla 2 M)
Cold plate

v,
‘s

"y,

‘e \“\\1"

Design D Design E

Negative tab Negative tab

hsbar

. Ranery ocfl
Powtive tab
Battery ooll
230 e t
- ’ - Cold plate 230 s
o plas

Fonte: Ahmadou Samba. “Battery Electrical Vehicles-Analysis of Thermal Modelling and Thermal Management”. Ph.D. Thesis. Université de caen Basse Normandie. 2015.
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Fonte: Ahmadou Samba. “Battery Electrical Vehicles-Analysis of Thermal Modelling and Thermal Management”. Ph.D. Thesis. Université de caen Basse Normandie. 2015.

Comparacao — diferentes conceitos

45

40

35

30

20

Design A

Min : 20.281 °C ; Max :33.66 °C

Design C

Min : 20.31 °C ;Max : 38.25 °C

Min :23.01 °C; Max:34.85°C

Design D

Design E

Design F

Min : 22.08 °C; Max : 30.56 °C

Min: 23.14 °C; Max : 36.75 °C

Min : 20.33 °C ; Max : 47.93 °C
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Exemplo - Sistema de monitoramento e manejo térmico

Moédulo

Saida da Refrigeracao

Entrada da Refrigeragéo Caixa de
Juncao
Entrada do Sensor de Temperatura
Distribuidor DC Link +
P ACK Saida do Sensor de Temperatura :0 Liquido de DC Link -
efrigeracao
FECHADO
Fonte: Moura
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Energy Control System
Controls charging and
discharging of batteries

1 wholly inadequate
fire extinguisher

HVACS System

HVACS (Heating, Ventilation, Air Conditioning System)

M
— H|| = .._g,_lf‘Bs ﬁ._.’ 6 foot

l‘ ~ ""v - 1]

s
L

Lithium-lon

| "9\.» ~ Batteries
(less commonly, they
e DC Disconnect Switch 2" °¢ lead-acid)

Allows system to be disconnected
remotely or manually when needed

Fonte: Innolia Energy
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HVACS System

Battery Battery Battery
Container Container Container

de wiri
¢ wiring Battery Rack

Three-Phase
Converter

Com crlc
i . Kt =it i’ o I

Converter Cell

ac wiring

1

.

Fontes:
[1] S. K. Chaudhary et. Al. “Benchmarking of Modular Multilevel Converter Topologies for ES-STATCOM Realization”. Energies. 2020

[2] N. Kawakami et. Al. “Development of a 500-kW Modular Multilevel Cascade Converter for Battery Energy Storage Systems”. IEEE Transactions on Industry
Applications. 2014.
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