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Toépicos a serem abordados

( Caracteristicas — Sistemas elétricos modernos;

d Tecnologias de armazenamento de energia;

J Eficiéncia em sistemas de armazenamento;

d Comparacio de tecnologias.

12/01/2021 Prof. Allan Fagner Cupertino



4

CEFET-MG

LE ACOPI

Power Electronics, Drives and Industry Applications

Caracteristicas dos sistemas elétricos

de poténcia modernos

Prof. Allan Fagner Cupertino
afcupertino@jieee.org

12/01/2021 Integracdo de ESS no SEP 3



HV Transmission Grid

Distribution Grid

Estrutura basica de um sistema elétrico tradicional
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Fonte: F. Diaz Gonzélez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Mudanca de paradigma: Geracao distribuida
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Fonte: Shaun Howell et. al., "Towards the next generation of smart grids: Semantic and holonic multi-agent management of distributed energy resources,"
in Renewable and Sustainable Energy Reviews, vol. 77, pp. 193-214, Set. 2017.
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Comparag¢ao das dinamicas

I
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- - Dynamic Phenomena in
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‘Long Term Dynamics:

Short Term Dynamics _

| S A |
Turbine Speed Control
: | A A A A |
Reactive Power and Voltage Control
: EZZ77A

DC Bus Voltage Control

F =773
Dynamic Phenomena in Grid Synchronization
Wind Power Plants mCurrent Control
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Fonte: H. A. Pereira, “Modeling of Full-Converter Wind Turbine Generators for Power System Studies," Tese de Doutorado. UFMG, 2015.
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Intermiténcia de fontes renovaveis — Energia Eolica
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Intermiténcia de fontes renovaveis — Energia Solar
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Intermiténcia de fontes renovaveis — Energia Solar

Solar Variability Examples

| Prescott
Ny | Aoy 1 il
3000 - il " "I | |
n 150 | | I j
Scottsdalel ll|
L | ; I_' i | i
% 2000 \ 2 100 ¢ T;yumal 1[' i iT
] \ .| i j -Ill "Il |
1000/ filt \ sor | TR L m'
/ | 1 N
0 -‘/ 0 | | W I N
, . . . et —r
250 750 1250 0 1500 3000 4500

200

Minutes since start of day Minutes since 07:30:00 June 22, 2006

Fonte: F S. Barnes and J. G. Levine “Large Energy Storage Systems Handbook," CRC Taylor & Francis Group, 2011.
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Coordenacao — Sistema de armazenamento e o SEP

Energy Management
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Controller Controller
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Fonte: F. Diaz Gonzalez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Formas de armazenamento de enetrgia

J Energia potencial gravitacional;

d Pressao de um fluido comprimido;

J Ligacao covalente de certas moléculas;

J Energia cinética;

d Campos elétricos e campos magnéticos.

12/01/2021 Prof. Allan Fagner Cupertino 12



Tecnologias de armazenamento de energia
Energy storage

_L D L

Electro- Electro- Electro- Thermal

I
e
- EE

i_
i_

- Ldn *SMES: Superconducting magnetic energy storage

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

Upper reservoir
\ /

Lower reservoir

Pump/turbine \ /

/

r—n
/ . .
7/ |—#— Electrical grid
/
kL — J
Frequency converter

El. motor/generator

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

d E = pgHV

A

. Upper reservoir /\
d Maior parcela do mercado;

Turbining — Injecting power to grid

N’umping — Consuming power from grid

Power house
12 —/\

Lower reservoir

_— -

d Tecnologia madura (1890%);

P aaterfall R

. Eficiéncia na faixa de 65 a 75 %;

d Tempo de operagao — 30 a 50 anos.

Fonte: F. Diaz Gonzalez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Sistemas Baseados em Ar Comprimido

External R
Grid Exhaust
| S Waste heat
Power Air — PI== <_| _ I:-’oxi[vec;'
injecte

absorbed L
Motor - D = |>_ o - Q |<I Generator

v = — ,
Compressor Recuperator High- Low-
pressure pressure
1l T turbine turbine

Natural Gas

Underground
9 <—

When electricity is needed, compressed
air is used to run a gas-fired turbine
generator

Compressed
air
Cavern

Fonte: F. Diaz Gonzalez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Armazenamento por ar comprimido

AE <PV, lln(%) — 1428

P 1 Compression Expansion
Air in

El in m
J Pressoes em torno de 40 — 70 bar; M

J Sistemas grandes dependem da existéncia de cavernas;

] Eficiéncia em torno de 70 %o; Reservoir
J Baixa auto descarga = compete com sistemas hidroelétricos;

d Tempo de operacao — 40 anos;

[ Sistema de 290 MW na Alemanha e um de 110 MW nos EUA.

Fonte: A. Rufer. “Energy Storage: Systems and Components," CRC Taylor & Francis Group, 2018.
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Armazenamento por massa girante - Flywheel

1
dE==] w?
2
Vacuum housing
O Sistemas com elevada vida util - 107 ciclos; Magnetic
bearing
J Dispositivos de alta tecnologia; High-strength but

lightweight
composite ring

J Baixa velocidade — milhares de tpm;
High-speed
. . permanent magnet
J Alta velocidade — dezenas de milhares de rpm; motor

Magnetic
cn . bearing
J Alta eficiéncia = em torno de 90 %;

d Aplicacoes de curto-termo — poucos minutos;

Fonte: F. Diaz Gonzalez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Armazenamento por massa girante - Flywheel

* Ten 100kW / 25 kWh flywheels

» Transformers and support equipment

« Electronics and controls inside container

Fonte: 1) https://www.theguardian.com/business/2020/jul/06/ giant-flywheel-project-in-scotland-could-prevent-uk-blackouts-energy

2) Beacon Power.
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Armazenamento por Supercapacitores

r 1
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Fonte: A. Rufer. “Energy Storage: Systems and Components," CRC Taylor & Francis Group, 2018.
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Capacitores

’_ -

Sandwich Aluminum Electrolytic Capacitor
(Source: http://www.jhdeli.com/Templates/Cold_Sandwich.html)

Capacitance Ripple current rating Volumetric efficiency

C—z—:sé I [Py [hAAT _CV
— 0y " VR, Ry nv—volume

Fonte: https://vbn.aau.dk/ws/portalfiles/portal /243654015 /IECON 2016 _Cap HW.pdf
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Capacitores

100 kV +

e Power
. capacitors

10 kV +

g Tantalum capacitors
= with solid electrolyte
S
and supercapacitors

- Ceramic
~ capacitors

LV 4
1F 1 kF 1 MF

1 pF

1nF 1 yF 1 mF
Capacitance

ortal/243654015/IECON 2016 _Cap HW.pdf

Fonte: https://vbn.aau.dk/ws/portalfiles
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Circuito equivalente — Supercapacitor

e

L ¢ ESR

Fonte: Texas instruments. “Op Amps for Everyone”

[ Efeito indutivo;

' Auto descarga ocasionada por Rp;

[ Perdas associadas a ESR.

Fonte: https://vbn.aau.dk/ws/portalfiles /portal /243654015 /ITECON 2016 Cap HW.pdf

12/01/2021 Prof. Allan Fagner Cupertino
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SVC Plus Frequency Stabilizer - Siemens

1‘ i
8 Transformer
¢
> n Supercapacitors
| gt . \
~ 290y, A& P | B3 svcpLus converter
=| Converter o -
= B Control room
3 cooling
SUpEfCapaCitOTS B Phase reactor yard
| =} n MV switchyard
Power HV/MV transformer
n Connection to the HV switchyard
Fonte: https://www.siemens-energy.com/global/en/offerings/power-transmission/ facts/portfolio/sveplus-frequency-stabilizer.html
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SMES

(T 7 | |

| A ' |

Grid | / | | |
| / I | |

S :

|/ - | | |

v | | |

'f i 7=

—> Control Cryogenic cooler

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

Fonte: F. Diaz Gonzalez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Armazenamento baseado em hidrogénio

External Grid

C-PCS

15

Water
electrolyzer

Power
absorbed

External Grid

Power wn
injected 8 AI E%S
O

H L Hydrogen\ H>

)

Water

It

Fonte: F. Diaz Gonzalez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Armazenamento baseado em hidrogénio

. Faz uso de células combustiveis;

J Aplica¢oes industriais:

» PEMFC (préton exchange membrane full cell)
» Temperatura de operacio em torno de 80 °C;

» Disponiveis no mercado (em torno de 100 kW).

J Alta poténcia
» SOFC (solide oxide fuel cell);
» Opera a 650 °C;

> Pacotes de até 2 MW encontrados no mercado.

] Eficiéncias em torno de 42 %.

Fonte: F. Diaz Gonzalez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Armazenamento baseado em baterias

r
~ DC bus
/
/
Grid / e =
e —T=—{ BMS
—
—
—> Control
Fonte: A. Rufer. “Energy Storage: Sytems and Components," CRC Taylor & Francis Group, 2018.
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Armazenamento baseado em baterias

External
Grid
A
Maximum cell voltage while
C-PCS discharged
Discharge \
e~ e” s :
= g Nominal voltageJ
Anode (@) Eectolye: Z Cathode :::{ o
D), a = Cutoff voltage
= > &
I_ X1 X0 J
Transfer of ions
©@ . ©
Oxidation reaction involving Reduction reaction involving Discharge time
the pair of electrochemical the pair of electrochemical
active substances Y0 and Y1 active substances X0 and X1

Fonte: F. Diaz Gonzalez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Fonte: F. Diaz Gonzalez, A. Sumper e O. Gomis-Bellmunt, “Energy Storage in power systems," John Wiley & Sons, 2016.
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Nivel de maturidade das tecnologias

Liquid air energy storage (LAES)
Lithium-ion battery

Redox flow battery

Flywheel (high speed)

Flywheel (low speed)

Sodium-sulphur (Nas)
battery

Sensible thermal/
Latent thermal

Adiabatic CAES

Hydrogen Compressed air energy storage
(CAES)

Synthetic natural gas

Lead acid battery

Capital requirement x technology risk

Pumped storage hydropower
(PSH)
— >
Research Demonstration Commercilalisation
and development and deployment

: Electricity storage
Current maturity level © 'y slorag

Fonte: World Energy Council, “E-storage: Shifting from cost to value. 2016.

12/01/2021 Prof. Allan Fagner Cupertino



Obrigado pela Atengao

]‘ Bons estudos! Duvidas: afcupertino(@ieee.oro
ey . S

CESEP
www.gesep.ufv.br ® @GESEP ' ' (@gesep_vicosa

n Gesep - cIc’esquise por: ) > e ! somale - Sstemas cIc’esqulse bor:
GESEP UFV ' . ' Google Play EStlmate

12/01/2021 Prof. Allan Fagner Cupertino 33


mailto:afcupertino@ieee.org

4 LE ACOPI

CEFET-MG

Power Electronics, Drives and Industry Applications

Eficiéncia de sistemas de armazenamento

Prof. Allan Fagner Cupertino
afcupertino@jieee.org

12/01/2021 Integracdo de ESS no SEP 34



Algumas defini¢des técnicas — armazenadores elétricos e eletroquimicos

d Capacidade C: quantidade de energia que pode ser recuperada do armazenador. —=

t
C = foz(t) dt

d Profundidade de descarga DoD: Quantidade de eletricidade extraida do armazenador
em relacao a sua capacidade.

[Ligis(t) dt
DoD = 2
0 C

d Estado de carga SoC: Indica a quantidade de eletricidade disponivel em telacio a sua
capacidade

C — [ tais(t) dt

SoC =
0 C

=1 — DoD

12/01/2021 Prof. Allan Fagner Cupertino 35



Algumas defini¢des técnicas — outras tecnologias

J A capacidade é medida em termos de energia armazenada:

t
Egio = f p(t) dt
0

d Além disso, SoC é substituido por SoE:

E

SoE =
EStO

12/01/2021 Prof. Allan Fagner Cupertino
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Eficiéncia de sistemas de armazenamento de energia

J Figura de mérito importante para sistemas de armazenamento;

J Definicao nao é trivial, uma vez que existem diversos modos de operacio:
» Perdas por transferéncia de poténcia Pgp: Processo de carga e descarga;
» Perdas por auto descarga Py: Sistema desabilitado.

DPChz CZPZ;

tC Cc
d Pyoss = a P? + f(SOE) & Ejpss,, = J,la P? + f(SoE)]dt

12/01/2021 Prof. Allan Fagner Cupertino
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Eficiéncia global normal e real

J Eficiéncia global normal:

> TNeno: Assume que a poténcia de carga e descarga sio iguais e desconsidera auto descarga;

J Eficiéncia global real:
» Nent: Considera o efeito da auto descarga;

1 Convencio: P(t) ¢ positiva durante carga e negativa durante descarga;

f[P(t) _ Ploss(t)]dt

SoE(t) = SoE(ty) +
EStO

12/01/2021 Prof. Allan Fagner Cupertino
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Exemplo de um perfil de operagao — ESS

A P(t)

+Py;

A
\
¥ =~

Y o+

SoE .« 1

SoE

min 1

¥+

Charging Idle mode Discharging

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

12/01/2021

Prof. Allan Fagner Cupertino 39



Eficiéncia de sistemas de armazenamento de energia

J Eficiéncia global normal:

Eqy Pu-tg 1
T]cnO — — -
Ech PM ) tch tch

J Eficiéncia global real:

Ech _Eloss PM ‘Teh _apl\%[ (tch + td)_J‘PO (SOE(I))dt

MNent = =
Ech PM ) tch

P()

] Se considerarmos que 3 =M ne * Lep:

—apy jPO(SOE(t))dt
1+0aPy Pyt (1+0aPy)

Nent =

Charging Idle mode Discharging

Fonte: A. Rufer. “Energy Storage: Systems and Components," CRC Taylor & Francis Group, 2018.
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Eficiéncia de sistemas de armazenamento de energia

J Eficiéncia instantanea de carga: 0
+Py
2 3
. P M — (XP M - d > I
nCh _ - 1 o G’PM 0 - > > g
PM Leh Lo
e _

J Eficiéncia instantanea de descarga:

Py 1 .

Na = 2
Py+obPy 1+ 0Py ‘
OF ax 1
 Fator de alto descarga:
SOEmin 1
P, (SoE(t))dt ; t
Ny = Charging Idle mode Discharging
0=
P M ! ch Fonte: A. Rufer. “Energy Storage: Systems and Components," CRC Taylor & Francis Group, 2018.
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Eficiéncia de sistemas de armazenamento de energia

Py | SoE d
ncnt_l_OLPM JAO(FO\(IL)) t & ncnt:(nch_n()).nd

d Expressaio mostra a dependéncia da eficiéncia global em funcio das eficiéncias
Instantaneas;

d Importante notar um produto de eficiéncias! A
d Varidvel importante no projeto do sistema de conversio.

d Energia é o “produto final”!

12/01/2021 Prof. Allan Fagner Cupertino
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Faixas de aplicagao - tecnologias

10°h VARV
Seasonal storage
- H
10h 4+ 2 /
— Power-to-gas (CH,)
10'h /// / Pumped
storage
Metal-air Flow batteries CAES
NaS batteries 4
1h+ B,. 26
Lead-acid batteries -‘ "3’% : {"59'0?
: “e &%
NiCd poh) Ce
— e e
Li-ion ‘ 2
. Flywheels | [ _SMES |
0.1h , | : |
1 kW 10 kW 100 kW 1 MW 10 MW 100 MW 1GW

Fonte: A. Rufer. “Energy Storage: Systems and Components," CRC Taylor & Francis Group, 2018.
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Figuras de mérito de sistemas de armazenamento

[ Densidade de energia: e, = Unidade: Wh/dm? ou kWh/m?3;

[ Densidade de poténcia: p,, = Unidade: W/dm?> ou kW/m?3;

d Densidade especifica de energia: e;,, — Unidade: Wh/kg ou kWh/ton;

J Densidade especifica de poténcia: p,, = Unidade: W/kg ou kW /ton;

12/01/2021 Prof. Allan Fagner Cupertino
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Densidade especifica de energia versus densidade de energia

1000
E Metal-air
= 300 ¢ not rechargeable
= g
>z electrically
E |
g NaS |[Li-ion
2 100 |
.
B0
3]
g
= Flow NiCd
20 30 { batteries |
@ ~ Lead-acid
=
EC capacitors I-’f Zinc-air
Flywheels || -T"El. rechargeable
10 L t g :
10 30 100 300 1000

Volume energy density [kWh/m?]

Fonte: A. Rufer. “Energy Storage: Sytems and Components," CRC Taylor & Francis Group, 2018.
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d Grifico de Ragone: e,, versus p;, com eixos logaritmos.

Energy density [Wh/kg]

Diagrama de Ragone

1000.00
Fuel cells
>
100.00 +
Batteries Fly
10.00 4+ wheels

|
1.00 +

Supercapacitors

SMES
0.10 +
Capacitors
0.01 t t t i t t
1E00 1EO1 1E02 1E03 1E04 1E05 1E06 1E07
Power density [W/kg]

Fonte: A. Rufer. “Energy Storage: Sytems and Components," CRC Taylor & Francis Group, 2018.
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Diagrama de Ragone — Tecnologias para veiculos elétricos

Range

Specific Energy (Wh/kg)

Fonte: E S. Barnes and J. G. Levine “Large Energy Storage Systems Handbook," CRC Taylor & Francis Group, 2011.

1000 = — > > y
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N 100 h /// E l ,/,
i R
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100 2 - | / V-40 goa
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* Lead-acid . e
24 10h HEV goﬂx
10 _:’/ ///’ ) g * ,,/ /,
6° / /,/ ) Capacitors , 7
4
1 1h 0.1h 36s g
,’, ,,/' e 3.6 S
]. = I ] LI I|, I ] LI I|’/ I I UL ||/ I I LI
10° 10} 102 103 104
»  Specific Power (W/kg)
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12/01/2021

Prof. Allan Fagner Cupertino

48



Diagrama de Ragone — tecnologias para veiculos elétricos

5000
P =
.p' '\\
f! \l\
4000 4 ),
i -'.
[ .'1 ______
[ = -
p— I -1l - >
] I £ .
£
g 3000 L HEV j‘r A
= \ )\ PHEV
~ \ |
Z \ N el
= \ y e P - -
h - - -
8 L Y 1-\.__\__”,______- ..,"\
5 2000 T 4 t \
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Fonte: A. Stan et. al. “A.-1. Stan et al., ”Lithium Ion Battery Chemistries from Renewable Energy Storage to Automotive and Back-up
Power Applications — An Overview,” IEEE-OPTIM, pp. 713-720, 2014.”

12/01/2021 Prof. Allan Fagner Cupertino



Eficiéncias Tipicas versus Numero de ciclos
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Fonte: A. Rufer. “Energy Storage: Sytems and Components," CRC Taylor & Francis Group, 2018.
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Custos Tipicos
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Fonte: A. Rufer. “Energy Storage: Sytems and Components," CRC Taylor & Francis Group, 2018.
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Resumo

Power Storage Self- Energy Power Effici R
Technologies Rating Duration Cycling discharge Density Density {%;c'enq Ti:gu"se
(MW) {(hours) (%) (Whi) (Wn) '
Super ) 10,000- 40000~
Capacitor 0.01-1 ms-min 100,000 20-40 10-20 120000 80-98 10-20ms
SMES 0.11 ms-min 100000 10-15 approx 6 1000-4000 | 80-95 = 100ms
30-60
PHS 100-1000 4-12 hours years approx 0 0.2-2 0.1-0.2 70-85 sec-min
20-40
CAES 10-1000 2-30 hours years approx 0 2-6 02-06 40-75 sec-min
20000
Flywheels 0.001-1 sec-hours 100000 1.3-100 20-80 5000 70-95 10-20ms
d-acid 1 in-
LOuG-oc: 0.001-100 min-8 | 6 40years | 0.1-03% | 50-80 90-700 80-90 <sec
Battery hours
1 minute - 8
Na$§ Battery 10-100 hours 2500-4400 | 0.05-20 150-300 120-160 70-90 10-20ms
. 1 minute - 8 | 1000- 1300-
Li-ion Battery 0.1-100 hours 10000 0.1-0.3 200-400 10000 85-98 10-20ms
12000-
Flow Battery 1-100 2-10 hours 14000 02 20-70 0.5-2 60-85 10-20ms
Hydrogen 0.01-1.000 - 530years | 0-4 600 0.2-20 25-45 sec-min
weeks
hours o
SNG 50-1.000 30 years negligible 1800 0.2-2 25-50 sec-min
weeks
Molten Salt 1-150 hours 30 years N/A 70-210 N/S 80-90 min

Fonte: A. Rufer. “Energy Storage: Sytems and Components," CRC Taylor & Francis Group, 2018.
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Mercado de Sistemas de Armazenamento - 2019
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Fonte: https://www.grandviewresearch.com/industry-analysis/energy-storage-systems-market. Other Zine air Supercapacitors Flow batteries
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Fonte: https://www.iea.org/reports/energy-storage.
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Mercado de Sistemas de Armazenamento
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Fonte: https://www.iea.org/reports/energy-storage.
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Crescimento — mercado Alemao
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Fonte: J. Figgener et. al ““The development of stationary battery storage systems in Germany — A market review”. in Journal of Energy Storage. Vol 29. 2020
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Capacity in MWh & Power in MW
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Crescimento — mercado alemao - baterias
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Fonte: J. Figgener et. al ““The development of stationary battery storage systems in Germany — A market review”. in Journal of Energy Storage. Vol 29. 2020
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