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Armazenamento eletroquimico de energia

J Unidade basica de conversao — célula eletroquimica;

d Conversio de energia quimica em elétrica;

[ Reacoes de 6xido reducio;

d Material eletrolitico e dois condutores (citodo e anodo);

J Eficiéncia em torno de 80 a 90 %;

[ Invencio atribuida a Alexandre Volta, em 1800.
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HISTORY OF THE BATTERY
1748 1800 o——
" Benjamin

Franklin first
coined the term
“battery” [

e battery
made by
Alessandro
Volta is
credited as the
first
electrochemical
cell

On

Baghdad Battery*

Linha do tempo — Tecnologia de baterias

——o 1859
Invention of the
rechargeable lead
acid battery

*There is a possibility that the battery was invented twice. Discovered by German archaeologist Withelm Konig on the outskirts of Baghdad,

1899 o——¢

Invention of the
nickel-cadmium
battery

1997 1 e 2001
Invention of the Nanophosphate
n:ktetl-iron & li ?Igol - A 1992 ¢ lithium-lon commercialised
attery . ommercialisation of the o by A123 Systems
& mid-1970s nickel-metal hydride The first lithium
! Development of the battery batteries are
- 4 regulated lead-acid commercially available

battery

terracotta jars with a copper sheet inlay and an iron rod. These two combine to form an electrochemical couple in an electrolyte, the building
blocks of a battery, The jars are believed to be 2000 years old.

Fonte: https://www.upsbatterycenter.com/blog/history-batteties-timeline/

2010
1999 Silicon nanowire successfully
Commercialisation of tested with 250 charge
lithium-ion polymer cycles. Commercialisation
expectedin 2012
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Linha do tempo — Tecnologia de baterias

Year Invention Inventor

1836 Invention of the Daniell cell John E. Daniell (UK)

1839 Invention of the fuel cell (H2/0,) William Robert Grove (UK)

1859 Invention of the lead acid battery Gaston Planté (France)

1868 Invention of the Leclanché cell (carbon-zinc) Georges Leclanché (France)

1881 Invention of lead grid lattice (current system) Camile Alphonse Faure (France)

1899 Invention of the nickel-cadmium battery Waldemar Jungner (Sweden)

1901 Invention of the nickel-iron battery Thomas A. Edison (USA)

1932 Invention of the sintered pole plate Schlecht & Ackermann (Germany)

1947 Successful sealing of the nickel-cadmium battery =~ Georg Neumann (Germany)

1949 Invention of the alkaline-manganese battery Lewis Urry, Eveready Battery

1970s Development of valve-regulated lead acid battery  Group effort

1990 Commercialization of nickel-metal-hydride battery  Group effort

1991 Commercialization of lithium-ion battery Sony (Japan)

1994 Commercialization of lithium-ion polymer Bellcore (USA)

1995 Introduction of pouch cell using Li-polymer Group effort

1995 Proposal of industry standard for SMBus Duracell and Intel

1996 Introduction of Li-ion with manganese cathode Moli Energy (Canada)

1996 Identification of Li-phosphate (LiFePOy) University of Texas (USA)

2002 Improvement of Li-phosphate, University of Montreal, Quebec Hydro,
nanotechnology, commercialization MIT, others

2002 Various patents filed on nanomaterials for batteries ~ Group effort

Fonte: D. Akinyele, J. Belikov e Y. Levron. “Battery Storage Technologies for Electrical Applications: Impact in Stand-Alone Photovoltaic Systems," Energies, 2017.
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Linha do tempo — Mercado de baterias

Timeline: Battery commercialisation
1969 Late-1990s 2006 2007 2010 2016 2018

E ‘
Cell phones i Smartphones
[ J |
: ¢ :
, Laptops

®

1]
-

-9

Watches *
| Qe By T S —— )
1969 Late-1990s 2006 2007 2010

Increase in size and capacity

Fonte: Benchmark Mineral Intelligence
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Armazenamento eletroquimico de energia

External
Grid
C-PCS
Discharge
e e

abreyosig

@ Electrolyte: Z @ Cathode 'I
= ]

X1 0

Transfer of ions

[———
>
3
(=]
o
(]

/ /
Oxidation reaction involving Reduction reaction involving
the pair of electrochemical the pair of electrochemical
active substances Y0 and Y1 active substances X0 and X1

Fonte: F. Diaz Gonzilez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Classificagcao quanto a capacidade de recarga

J Células primarias
» Alta densidade de energia e densidade especifica de energia;
» Descartaveis ap6s uma descarga completa.

» Tecnologia mais antiga AAA  AA

d Células secundarias
» Caracteristicas inferiores as células primarias;
» Possibilidade de uso por diversos ciclos de operacio.

Fonte: F. Diaz Gonzilez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Principais quimicas de baterias primarias e secundarias

Pb - acido

Baterias
Primarias

Baterias
Secundarias

Eletrodo (H)

Elétrolito
Sélido

uQ
@)
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Evolucao das tecnologias de baterias primarias e secundarias

350 -

Lithium
300 -

250 -

200 - Lithium-ion

Alkaline-
150 - Mn02
Alkaline-

MHOQ

Specific energy (Wh/kg)

100 - High
performance

Leclanché
50 - Lead-acid Ni-Cd
Leclanché

0 T . T T T 1

1946 1955 1965 1985 2010 1940 1955 1985 2010
Primary batteries Secondary batteries

Ni-MH

Fonte: T. B. Reddy. “Linden’s Handbook of Batteries," MC Graw Hill, 2011.
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Densidade especifica de energia de algumas tecnologias

10000
1 O Theoretical specific energy
active materials
B Theoretical specific energy
practical battery
E‘. — — _ O Actual specific energy
= 1 N
g . L]
7
el a
100
EH' | I
“] = L] = L] ] = E =
8 @ 3 2 g[% £ € 2
> £ £ £ |t £ T2 E§
s ¢ N g 2|8 § £ £
& 3 I3 3 8§ °
[ = I 5 g
E Z &
- s
=
Primary batteries Rechargeable batteries

Fonte: T. B. Reddy. “Linden’s Handbook of Batteries," MC Graw Hill, 2011.
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Complexidade de realizagao

Electrolyte

Usual
batteries

Liquid

Soft

Solid

D LT A
’ ’

Solid-state
batteries

Fonte: C. Julien et.al. “Lithium Batteries: Science and Technology," Springer, 2016.
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Baterias de Chumbo Acido

d Introduzida inicialmente em 1860 por G. Platé;

d Disponivel comercialmente em 1880;

J Baterias secundairias mais empregadas comercialmente; —

4 Citodo: Diéxido de chumbo (PbO,);

Bateria > 688 ‘:-_1;;?):-;::- ’

a Anodo: Chumbo esponjoso;

3 Eletrélito: Acido Sulfirico (H,S0y);

J Materiais extremamente toxicos = reciclagem! Eletrélito
de H,S0O,

/Placas
' alternadas

N PbO, Pb  dePbePbO,
J Tensao em torno de 2 Volts. :

22/01/2021 Prof. Allan Fagner Cupertino 15



Baterias de Chumbo Acido

. Eficiéncia entre 70 e 85 %;

4?%
J Baixa auto descarga (3% a 20% ao més); 45%

% $15B -

of Batteries Sold Market Value
3 Custo (100-200 $/kWh).

Fonte: Energy Systems Network.
“Energy Storage Roadmap Report,*, 2017.

J Vida atil: 52 15 anos e 500-1200 ciclos;

J Baixa densidade de energia;

d Baixo desempenho em baixas temperaturas.
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Exemplo de sistemas comerciais — baterias de chumbo acido avangadas

Wind farm capacity 1544 MW
Wind turbine Eight E-82 1.93-MW turbines

Lead-acid batteries:

3.456 LL1500-W batteries (10.4 MWh) (Six
sets consisting of two blocks of 288 sernes-
connected cells in parallel)

Battery Maximum input/output: - _ _
4.5 MVA (capacity of AC/DC conversion unit)

Discharge power: 3,700 kW (approx.)
Charge power: 2,600 kW (approx.)
Inverters: 6 * 750 kVA

Shiura Win;i Farm (Japan) Battery installation

AC: alternating current  DC: direct current

Fonte: XtremePower. 2009.

Fonte: Hitachi. “Industrial Storage Device for Low-carbon Society's," 2010.
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Baterias de Niquel

Tampa
Mecanismo de ventilagdo

. Introduzida no mercado em 1915
» Niquel-Cadmio NiCd ;

» Niquel-Hidreto Metalico NiMH;
» Niquel-Ferro NiFe;

» Niquel-Hidrogénio NiH,;

» Niquel-Zinco NiZn.

Anel de vedagdo isolante
Terminal positivo

Placa negativa de cadmio

/ Terminal negativo / Separador

d NiCd foi a bateria recarregavel mais usada nos anos 90; Cata deagamiuetdo

Placa positiva de niquel

[ Catodo: Ni(OH),;
3 Anodo: Cadmio metalico;

d Eletrolito: Hidroxido de potassio (KOH);

. Tensao em torno de 1,2 Volts

22/01/2021 Prof. Allan Fagner Cupertino 18



Baterias de Niquel Cadmio

J Eficiéncia entre 70 e 90 %; —

— Mecanismo de ventilagdo

| Anel de vedagdo isolante
Terminal positivo

. A N v"' )
J Baixa auto descarga (10% ao més);

Placa negativa de cadmio

0 Custo (300-600 $/kWh); g b

\ 78
0 Vida Gtil: 10-20 anos e 2500-3500 ciclos (80% DoD); cmm«@Z’J"‘"“"ZZ.,,,OS./MZTSZZ

d 40 2 60 Wh/kg e 150 W/kg;
d -20°C a 40 °C;

J Efeito memoria.

22/01/2021 Prof. Allan Fagner Cupertino 19



Exemplo de sistemas comercial — baterias de niquel Cadmio

Statistics

e 13,760 liquid electrolyte-filled NiCad cells

e Each battery is roughly the size of a large PC and weighs 165 pounds
e Total BESS weight - 1,500 tons

e Batteries have an anticipated life of 20-30 years

Fonte: GVEA, 2003.
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Baterias de Niquel e Hidreto metalico (NiMH)

( Introduzida nos anos 90;
d Dobro da capacidade da NiCd e densidade de energia similar as baterias de litio;

J Efeito memodria muito baixo;

® Gasket

Positive terminal
Gas release vent
Positive tab

J Tensio de 1,2 Volts;

d 250-1000 W/kg e 60-120 Wh/kg;

Positive electrode (NiOOH)
Separator

Negative electrode (MH)
Case (Negative terminal)
— Jacket

 Eficiéncia: 70-90%;

3 Custos: 200-500 $/kWh; W

d Desvantagem: auto descarga de 5 a 30 % por més e menos robusta.

22/01/2021 Prof. Allan Fagner Cupertino 21



Baterias de Sodio-Enxofre

d Desenvolvida em 1987 no Japao;

Beta
alumina

tube

 Introduzida no mercado no inicio dos anos 90;

4_.?2 Volts, Photo courtesy of NGK I'ThCl'mal enclosure

O Anodo: Enxofre liquido;

d Cétodo: Sédio liquido;

Thermal enclosure

J“‘_l
Terminal

Sulfur

 Eletrolito: Alumina (solido);

d Tensio de aproximadamente 1,7 Volts;

Fonte: D. Akinyele, J. Belikov e Y. Levron. “Battery Storage Technologies for Electrical Applications: Impact in Stand-Alone Photovoltaic Systems," Energies, 2017.
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Baterias de Sodio-Enxofre

J Eficiéncia entre 75 e 90 %;

0 Custo (250-500 $/kWh).

 Vida util: 15 anos e 2500-4500 ciclos;

d Alta densidade especifica de energia (150 a 240 Wh/kg);

d Extremamente robusta (Até 6 vezes a poténcia nominal em transientes)

d Problema: Opera a 300-350 °C — aumenta auto descargal

22/01/2021 Prof. Allan Fagner Cupertino 23



Exemplo de sistemas comerciais — baterias de sodio-enxofre

154 kV Power Gnid
NAS Battery System Discharge
(2400 kW17 sets) 154 kKV/22 kV
1\35 t]ﬂ%ak PCS (2,400 kW)
] VCB
P
L L —@ 1T 66xv
- 2300 KVA ﬂ
_ Transformer
. | Charge Wind Turbine

(1,500 kW x 34 sets)

Fonte: Yukihisa Iijima, Yoshinori Sakanaka, Noriko Kawakami. “Development and Field Experiences of
NAS Battery Inverter for Power Stabilization of a 51 MW Wind Farm," IPEC, 2010.
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Baterias de S6dio-Litio-Cloro NaLiCl

d Disponivel comercialmente desde 1995;

d Cloro reduz a temperatura de operacao para 270 °C;

J Tensio em torno de 2,58 V;

3 150-170 W/kg e 95-120 Wh/kg;

d Alguns poucos projetos piloto;

d Poucas empresas desenvolvendo esta tecnologia.

22/01/2021 Prof. Allan Fagner Cupertino
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Baterias de Litio-ion

d Disponivel comercialmente no inicio da década de 90;

&3
~_ S
A e- e-
J Anodo: Grafite; —— sn S —
—= Electrolyte ~— \
d Citodo: 6xido de litio e outro metal (e.g LiCoO,, e g
NiO,); -Vowes L, i
LlNlOz), . . "< 8 - 033‘
B © ‘,;“.é.ﬁ.. . “k“a ‘A:*-“:
Agbadia, o | ikt |
d Eletrélito baseia-se em sais de litio dissolvidos em e o | RIS
liquidos organicos (LiCoQy, LiPFy); '11..‘!:".{‘.'.'.‘..1,1;., LA‘L’ ; “L‘. :
e AR
5 ' : Anod Cathod
(J Tensao na faixa de 3,7 Volts; \ s B /

d Familia de quimicas!

Fonte: C. Liu, Z. G. Neale and G. Cao. “Understanding electrochemical potentials of cathode materials in rechargeable batteries," Materials Today, 2015.
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Baterias de Litio-ion
J Eficiéncia entre 90 e 97 %;
J Baixa auto descarga (2% a 5% ao més);
d 75-265 Wh/kg e 250-600 Wh/kg;
J Nio apresenta o efeito memoria;
d Custo (300-700 $/kWh);
. Vida atil: 5 a 20 anos e 5000 ciclos;

J Sensiveis em relacio a temperatura — seguranca.

22/01/2021 Prof. Allan Fagner Cupertino
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Exemplo de sistemas comerciais — baterias de Litio ion

Fonte: Tesla.

Fonte: Fluence.
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Baterias de Fluxo

d Disponivel comercialmente nos anos 80;

d Tecnologias:

» ZnBr = 1.7 V;

» VRFB (Vanadium redox flow battery) = 1.4 V;
» PSB (Polysulfide Bromide) = 1.7 V.

J Alta poténcia e alta capacidade a0 mesmo tempo;

d Eletrolito em movimento por meio de bombeamento.

Fonte: Molina, M. G. Energy storage and power electronics technologies: A strong combination to empower the transformation to the smart grid. Proceedings of the
IEEE, 2017
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Trade-off em baterias secundarias e baterias de fluxo

J Baterias convencionais:

» Densidade de poténcia e densidade de energia estao acopladas;
» Eletrodos finos — alta poténcia;

» Eletrodos espessos — alta capacidade.

J Baterias de fluxo
» Densidade de poténcia e densidade de energia desacopladas;

» Capacidade = tamanho dos tanques e quantidade/concentracio de eletrdlito; c

» Poténcia — depende das taxas das reacoes no catodo e anodo.

22/01/2021 Prof. Allan Fagner Cupertino
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Baterias de Fluxo

J VRB
» FEficiéncia de 65 a 80 %;
» Vida util: 10 anos e >12000 ciclos.

J PSB

» Eficiéncia de 60-75 %;

» Vida util: 10-15 anos e 2000 ciclos;

» Capacidade de sobre carga e descargas profundas.

J ZSB

. Eficiéncia de 65 a 70 %;

» Vida util: 5-10 anos e 2000 ciclos;

» Deve ser completamente descarregada a cada 5-10 ciclos;
» Deve operar com fluxo continuo do eletrélito.

22/01/2021 Prof. Allan Fagner Cupertino
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Exemplo de sistemas comerciais — baterias de fluxo

Fonte: Sumitomo Electric.

Fonte: Invinity Energy Systems.
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Novas tecnologias

New zinc-air battery is 'cheaper, safer and
far longer-lasting than lithium-ion'

Canadian start-up Zinc8's hybrid flow battery can make wind or solar
farms baseload and could transform the utility-scale energy-storage
market, writes Leigh Collins

21 May 2020 9:03 GMT  UPDATED 3 June 202011:36 GMT

By Leigh Collins B4

New Battery Technology Enables Charging Electric
Cars Up to 90% in Just 6 Minutes

TOPICS: Battery Technology Energy Lithium-Ion Molecular Physics Nanotechnology

Pohang University Of Science & Technology
By POHANG UNIVERSITY OF SCIENCE & TECHNOLOGY (POSTECH) OCTOBER 28, 2020

22/01/2021 Prof. Allan Fagner Cupertino
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Comparagao — Chumbo acido e Li-ion

Fast Charge
Less Space / Weight Longer Life / Discharge Rate

4 Charge = Discharge

‘ - 01C 2C 0.5C Bl
3~7 15
. - . - years years

Lead-acid Lithium-ion Lead-acid Lithium-ion Lead-acid Lithium-ion
[Equal Capacity] [Back-up 10min]
- Less Space for Battery Room - Battery Replacement Deferral « No Oversizing Required
- No Structure Reinforcement - Enhanced Reliability - Shorter Charging Time
Required

Fonte: Sansung SDI. 2013.
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Comparacao — Tecnologias de baterias

250
Lithium Polymer
3"is"r._e.tic

= 200 !
o
oo
o
% 150 b Lithium Phosphate
5
] i
T Lithium lon
= = Cylindrical
L4 25 [ S S N A S ——" Aluminum Cans
g 100 - Prismatic

Nickel Cadmium

Cylindrical -,

Prismatic '

Lead Acid '
50 :
*. Nickel Metal Hydride
* Cylindrical
" Prismatic
50 100 150 200 250 300 350 400 450
WattHour/Liter
Fonte: Energy Systems Network. “Energy Storage Roadmap™. 2017.
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Eficiéncias Tipicas versus Numero de ciclos

100
Li-ion EC capacitors
Flywheels
90 W
Na$S
Pumped
80 Flow hydro
= batt
- Lead-acid CAES
J
.g 70
=
s NiCd
60
50
Metal-
air
40
100 1,000 10,000 100,000

Lifetime [cycles]

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

Diagrama de Ragone - Baterias

10¢

1000 T 11 ] T T T T TTT] ]
100h
0 Li-ion
=< 100 |~ _
i = _
=
>
oo .
7] Lead Acid .
o 10h
(=]
=
(=]

3 10| .
ol - Capacitors :
1k 365 3.65

1 L1 L L
100 10t 102 108
Specific Power (W/kg)
ACCELERATION

Fonte: Energy Systems Network. “Energy Storage Roadmap™. 2017.
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Tabela resumo - Tecnologias

N S
Requirements| -~ | &~ | N [ N | & v | = | Z | Z | Z | 3
Response time + + + ++ | ++ | ++ | ++ | ++ | ++ | + | ++
Discharge time | ++ | ++ | ++ [ ++ | < | = | + [ ++ [ ++ [ ++ [ ++ | ++
Cycle lifetime ++ - + | ++ | ++ | ++ | ++ - + + + | ++
Calendar + + - + | ++ | ++ | ++ | + |+ [+ | + | ++
Self discharge ++ | ++ | ++ | ++ - - - ++ | ++ + + ++
Efficiency s T e T = o I e R R R A I
Environment ++ - + + | ++ | + | ++ | + - ++ | ++ | ++
Maturity + - + - + - + | ++ | ++ | + + +
Demonstration + - + - ; + + ¥ _ 4+ _ 4
in MWV
Cost/ cycle + - - - - + +

Fonte: D. I. Stroe. “Lifetime Models for Lithium lon Batteries used in Virtual Power Plants”. PhD Thesis. Aalborg University. 2014
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Reacdes basicas da bateria de chumbo acido

discharee
£ Pb*t +2¢

Negative electrode Pb <
charge
Pb> +S02 =M phgO,  |Eg=—03V
charge

PbO, +4H" +2¢ ===t Ph>* 4+ 2H,0

Positive electrode
charge

Pb2+ _I_Soi— - discharge PbSO4 E{] — _{_lﬁv

charge

Overall reaction Pb+PbO, +2H,SO, < discharge 2PbSO, +2H,0

charge

) Tensao da célula em torno de 2 Volts!

Fonte: T. B. Reddy. “Linden’s Handbook of Batteries," MC Graw Hill, 2011.
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Exemplo de reacao secundaria - Gassing

Negative electrode %02 +2H" +2e~ — H,0
1 " B
Positive electrode ~ H20 — 503 +2H" +2e

(] Reacoes niao acontecem na mesma taxa;

d Processo mais complexo durante a carga da bateria;

d Resulta em producio de gis (oxigénio) e perda de dgual
d Fenémeno também associado a auto-descarga.

Fonte: T. B. Reddy. “Linden’s Handbook of Batteries," MC Graw Hill, 2011.

22/01/2021 Prof. Allan Fagner Cupertino
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Elementos de uma bateria de Chumbo-Acido

Tampa
Polo positivo A
Conector intercell
Valvula
Polo negativo s
Placa Positiva
Arruela de vedagao \
Separador AGM

Anel
Tampa

Placa negativa —

Separador

Placa positiva

Vaso em ABS —

Fonte: Moura

Fonte: WEG
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Tecnologias de encapsulamento

Cell case (open to allow gas to vent)

] Baterias ventiladas

» Placas positivas e negativas imersas em eletrolito liquido; &) \/P’%/\%\(%/

» Deve sempre estar na vertical;
» Manutenc¢ao — completar icido ou agua; o ol 2| ol [5| [l [ e
e SRR R EE
» Utilizacao nao uniforme do eletrodo; c| & el B Rl B R E
@ @ @ @ @ T @ @
~ O e

Fonte: C. Menictas, M. Skyllas-Kazacos and T. M. Lim. “Advances in Batteries for Medium- and Large-scale Energy Storage," Elsevier, 2015.
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Tecnologias de encapsulamento

] Baterias seladas
» Eletrélito é imdvel;

» Dois tipos: Gel de Silica ou manta de fibra de vidro (AGM);
» Pode operar em qualquer posicio;

» Nio necessita reposicao de dgua;

» Elimina possibilidade de vazamento;

» Temperatura de operacdo mais restrita que as ventiladas;

Fonte: C. Menictas, M. Skyllas-Kazacos and T. M. Lim. “Advances in Batteries for Medium- and Large-scale Energy Storage," Elsevier, 2015.

22/01/2021 Prof. Allan Fagner Cupertino
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Tecnologias de encapsulamento

J Baterias controladas por valvula (VLRA)
» Tecnologia de bateria selada avancada;

» Eletrolito nio é liquido, mas apresenta a forma de um gel,

Battery case (contains pressure relief valve)

-
r—p—
» Nio ha necessidade de completar a 4gua da bateria; ) TTTTTTT ‘ =
. , . . ~ g g g c§ g g i tg Compressive force
» Mecanismo regulado por valvula para eliminacio de gases; w2 151 2| 5] 5| 5] |2 | ] [ o roing e s
s A BIZIZ A5
> Possibilita operar em ampla faixa de temperatura; Separtor
(Electrolyte filled)

Fonte: C. Menictas, M. Skyllas-Kazacos and T. M. Lim. “Advances in Batteries for Medium- and Large-scale Energy Storage," Elsevier, 2015.
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Classificacao

J Baterias de arranque
» Bateria automotiva ou SLI;

» Alimentacio do sistema elétrico do veiculo e motor de arranque;
» Projetadas permanecer carregadas e entregar altas correntes;
» Podem ser ventiladas ou seladas.

J Baterias tracionarias

» Similatres as baterias de arranque;

» Operacoes em condi¢Oes mais severas;

» BEquipamentos eletronicos;

» Podem operar com baixos valores de carga.

Fonte: C. Menictas, M. Skyllas-Kazacos and T. M. Lim. “Advances in Batteries for Medium- and Large-scale Energy Storage," Elsevier, 2015.
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Classificacao

] Baterias estacionarias

» Operacoes em condicOes mais severas;

» Elevado numero de ciclos e descargas profundas
» Equipamentos eletronicos;

» No-breaks, sistemas fotovoltaicos, ilumina¢io de emergéncia, etc.

22/01/2021 Prof. Allan Fagner Cupertino
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Comparacao dos eletrodos positivos

Pasted plate Tubular plate

Axial lead collector

= /Active material

/-,

'
et

T— Porous separator

CIOCCOOOOOOOE
OOOnCOoCnnnr

;

ninggnngan

CCoOooCC oo

COnOOCCCnonc

i

Cononooooonrr

E&Hﬁ%%

(

/

Fonte: C. Menictas, M. Skyllas-Kazacos and T. M. Lim. “Advances in Batteries for Medium- and Large-scale Energy Storage," Elsevier, 2015.
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Tipos de encapsulamento

J Células cilidricas

» Elevada densidade de energia

» Baixo custo para producio em massa;
» Refrigeracio ruim.

Cathode lead

Top cover Safety vent

PTC
Gasket

: ) B Separator
Insulator  § —i . , 4
: 11 — “‘ \
.' : } ~ | Anode lead
1B

Can

Insulator

Fonte: T. B. Reddy. “Linden’s Handbook of Batteries," MC Graw Hill, 2011.
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Tipos de encapsulamento

d Células prismaticas

» Facil conexio entre pacotes;
» Boa refrigeracao;

» Encapsulamento mais caro.

Plastic cover plate

Positive
terminal

Case
(negative
terminal)

Separator

Fonte: T. B. Reddy. “Linden’s Handbook of Batteries," MC Graw Hill, 2011.
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Tipos de encapsulamento

Megative tab (i)

J Células Pouch
» Excelente densidade de energia;
» Boa refrigeracao;

Positive tab (Al)

== Separator

MNegative electrode

Positive electrode

» Moédulo com design complexo.

Al laminated film —

Fonte: T. B. Reddy. “Linden’s Handbook of Batteries,"
MC Graw Hill, 2011.

(a) Cu and Al electron collectors (b) Coat active materials (c) Insert separators

ot |

(d) Stacking (e) Electrode-to-tab joining (f) Fill electrolyte and seal

Fonte: S. Mutyala et.al.. “In-situ temperature measurement in lithium ion battery by
transferable flexible thin film thermocouples," Journal of Power Sources, 2014.
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Anode
Separator

Cathode

Mono-Cell

® Basic cell
chemistry

* Basic cell
voltage
¢ Voltage:
2VDC to 4 VDC
* Capacity:
2-3 Amp-hours (Ah)

Sistemas de balanco — Baterias de litio

Cell Module
e Stack of e Stack of cells
mono-cells ¢ Connected in series
* Connected and/or parallel
in parallel ¢ Voltage: 4 VDC to
s Voltage: 60 VDC (typical)
2VDCt04VDC o Capacity: 0.5 kWh
e Capacity: to 5 kWh (typical)
10 Ah to 40 Ah

Battery Management System

Battery Pack

¢ Stack of modules

¢ Connected in series
and/or parallel

¢ Voltage: 100 VDC to
700 VDC (typical)

¢ Capacity: 10 kWh to
500 kWh (typical)

Fonte: Energy Systems Network. “Energy Storage Roadmap™. 2017.

Battery System
¢ Stack of battery packs

* Connected in series
and/or parallel

¢ Voltage: 100 VDC to
700 VDC (typical)

e Capacity: 500 kWh to
50 MWh (typical)

22/01/2021
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Exemplo de sistema baseado em baterias de Litio - Mddulo

BMS do Médulo

MODULO

Célula

Fonte: Moura
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Exemplo de sistema baseado em baterias de Litio - Pack

PACK

ABERTO

Tubos de Refrigeracgao

Ventilagao

~——+—— Carcaca superior em
J aluminio

Conexao do carregador de Alta Tensao

.._._ Caixa de Juncéao da Bateria
Conexao de Alta Tensao

Tubulacdo de Resfriamento
Moldada (Nivel superior)

Modulos com células (12 x 28)

Carcaca Inferior em
Aluminio Fundido com
Tubos de Refrigeracao

Distribuidor do liquido
refrigerante

M GRUPOAMOUR A

Fonte: Moura
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Exemplo de sistema baseado em baterias de Litio - Pack

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 — do Liquido de DC Link -
Refrigeracao

FECHADO

Fonte: Moura
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Comparacgao — Diferente quimicas

There are many popular Li-ion family

derivatives available today on the open
market including (see Table 1):

e Lithium Cobalt Oxide (LCO)
* Lithium Iron Phosphate (LFP)
» Lithium Manganese Oxide (LMQO)

» Lithium Nickel Manganese Caobalt Oxide
(NMC)

o Lithium Nickel Cobalt Aluminum Oxide
(LCA)

o Lithium Titanate (LTO)

o Lithium Sulfur (LiS)

e Lithium-Air (Li-Air)

Lithium
Battery Type

Mominal
Voltage

Operating
Temperature
(c

Charge/
Discharge
(C-rate cont.)

Specific
Energy
(Whikg)

Cycle Life
Energy (100%
Depth-of-
Discharge )

Applications

Environmental

Comments

LCO LM (spinel) LCA MCH LFP LTO
36 37-38 365 3.7 32 2 ¥
0-55 0-55 -20-55 0-55 0-55 -40-55
1C (limit) 5C 2C 5C 10C 30C
170-1%0 140-180 200 130-150 0-130 70
500 1000-2000 3500 2000+ 3000+ 15000+
Cellphane, | Cell phone, Automotive - EVY | Automative - EVY Powertools, | Power tools,
laptogs, cameras laptops, cameras PHEV PHEV HEW, PHEY, Grid HEV, Grid
poor good poor good excellent excellent
poor good poor good good good
"18450" In Chewvy Johnson Emerging. Iron High power
cylindrical { Volt and Controls, gaining market | phosphats | performance.
designusedin | Missan Leaf, Saft design, shareinauto | additive | broad
laptops, Tesla | replacement Panasonic applications | improves | temperature
Roadster i design for LCO | Tesla Model S | thermal i range. low
| (MCA) | runaway temp | energy density
| but decreases | (equal to
| energy i NiMH). high
i | oycle life

Fonte: Energy Systems Network. “Energy Storage Roadmap”. 2017.
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Energia
Especifica
Poténcia
Custo |
|Especifica
Vida l)u(' ‘Segurar\(a

Desempenho

LCO - Lithium Cobalt Oxide (LiCoO,)

Energia
Especifica

Poténcia
Custo :
Especifica
Vida Util Seguranga

Desempenho

LFP - Lithium Iron Phosphate (LiFePO,)

Comparacgao — Diferente quimicas

Energia
Especifica
Poténcia
Custo e
Especifica
Vida Util Seguranca

Desempenho

LMO - Lithium Manganese Oxide (LiMn,0,)

Energia
Especifica
Poténcia
Custo o
Especifica
Vida Util Seguranga
Desempenho

NCA - Lithium Nickel Cobalt
Aluminum Oxide (LiNiCoAIlO,)

Fonte: Moura.

Energia
Especifica
Poténcia
Custo P
Especifica
Vida Util Seguranca

Desempenho

NMC - Lithium Nickel Manganese
Cobalt Oxide (LiNiMnCoO,)

Energia
Especifica
3 Poténcia
Custo N
Especifica
Vida Uti Seguranca

Desempenho

LTO - Lithium Titanate (Li,Ti;O,,)

22/01/2021
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Comparacgao — Diferente quimicas

Feasible Li™ Specific
transport energy
Chemistry | pathway (Wh kg_l) Advantages Drawbacks Producers
LFP 1D 140 Safety, cycle life, Low-temperature BYD, GY Yuasa, JCI/Saft, Valence,
range of charge, performance, processing Lishen (A123)
material cost cost
NMC 2D 150 Energy density, Safety (better than NCA), PEVE, Hitachi, Sanyo, LG Chem,
range of charge cost, commodity Samsung, Enerl, Evonik, GS Yuasa
exposure
NCA 2D 160 Energy density, Safety, cost, commodity JCI/Saft, PEVE, AESC, Panasonic
power exposure, cycle life,
range of charge
LMO 3D 150 Cost, safety, power Cycle life, usable energy Hitachi, AESC, Sanyo, GS Yuasa, LG
Chem, Samsung, Toshiba, Enerl, SK
Corp, Altairnano

Fonte: C. Menictas, M. Skyllas-Kazacos and T. M. Lim. “Advances in Batteries for Medium- and Large-scale Energy Storage," Elsevier, 2015.
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Comparacgao — Diferente quimicas

: Lithium Cobalt Lithium Lithium Nickel | Lithium lron | Lithium Nickel Lithium
QUIMICA : . Cobalt Aluminum 2
Oxide Manganese Oxide Manganese Phosphate Oxide Titanate

Abreviagao LiCoC, LiMn,0, LiNiMnCoO, LiFePos LiNiCoAlO, Li, Ti0;
Acronimo (LCO) (LMO) (NMC) (LFP) (NCA) (LTO)

Y umo + (L) nmc

Nissan Leaf BMW I3 Renault ZZOE
NCA W NMC (&Y LFP

/M caromoma

Tesla Model S Smart

Fonte: Moura.
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Comparacgao — Diferente quimicas

Abbrev. Electrode Formula
m SUV W." Car i LFP Cathode LiFePO,
WhIL Range/km Bat. Vol. 400L Bat. Vol. 220L
: LMO Cathode LiMn,O4
800
NCM Cathode  Li[Ni,Co Mn_]O,
700 NCM111 Cathode  Li{Ni;5C0,,3Mn 4]0,
600 NCM523 Cathode Ll[N'o 5C00.:Pi.vn0 3}0:
NCM622 Cathode  Li[Nij gCoq 2Mng 5105
500 f 0.6~%0.2""0.2
NCMB811 Cathode  Li[Nij 5Co, {Mng 4]0,
400
NCA Cathode  Li[Ni,Co Al JO,, x20.8
300 LIMO Cathode  xLi;MnO5 (1-x}LiIMO,
200 —— C Anode Graphite, Carbon, or
I = 4 Prismatic 2015 :
100 L1iiE Prsmatic 20208 no
-
‘:.:: il ‘ Si Anode Si, or SiO,
21" Cylindrical 20206
: : - - ' . . SiC Anode Composite anode with
50 100 150 200 250 300 350 Wh/kg
Siand C
Fonte: Moura.
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Custo estimado - Sistema de armazenamento de energia - 2017

Figure 7: Price Comparison of Stationary and Automotive Energy Storage Systems - 2017

1,600
1400 —
1,200 —
1,000 —
=
=~ 800
=
i
400
400
200 —
0
Automotive Energy Stationary Energy
Storage System Storage System
. Cielll Cost [MCMMCA) . BMS & Modules . Passive Thermal Active Therrmal . High voltage
B connector & Bussing [ Eﬂﬂ:gﬁmmm W 14FG Costs & GC I inverter + SCADA W profit pargin

Fonte: Energy Systems Network. “Energy Storage Roadmap”. 2017.
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