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‘MESFI‘? SUPERCAPACITORS (or ultracapacitors)

High-capacity capacitor (capacitance value much higher than other capacitors), that bridges the gap
between electrolytic capacitors and rechargeable batteries. v

Compete with rechargeable batteries, especially lithium-ion batteries:

® It can accept and deliver charge much faster than batteries

® It tolerates many more charge and discharge cycles than rechargeable batteries

® Feature higher peak currents

® Low cost per cycle

* No danger of overcharging

® The lifetime of supercapacitors, can reach 10 to 15 years or more at room temperature.

® Specific power is typically 10 to 100 times greater than for batteries and can reach values up to 15
kW/kg

Specific energy

0.5 to 15 Wh/kg
30 to 40 Wh/kg
100 to 265 Wh/kg
12,300 Wh/kg (resulting in 3,700 Wh/kg if n
efficiency of 30 % in ICE is considred) 1tc BH Gobermo

Supercapacitors
Conventional lead-acid battery
Modern lithium-ion batteries
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‘MESﬂ(ﬁ SUPERCAPACITORS (or ultracapacitors)

Although the specific energy of supercapacitors is lower than batteries, they offer the advantage of the
specific power (the speed at which energy can be delivered to/absorbed from the load).

Li-ion batteries offer lower purchase cost and stable voltage under discharge, but require complex
electronic control and switching equipment, with consequent energy loss and spark hazard given a
short.

Supercapacitors have advantages in applications:

® Where a large amount of power is needed for a relatively short time
® where a very high number of charge/discharge cycles

® Where alonger lifetime is required.

® Where many rapid charge/discharge cycles, rather than long term
compact energy storage

Supercapacitors can stabilize voltage fluctuations for powerlines by acting as dampeners

® They can be implemented as an interface between the load and the grid to act as a buffer between the
grid and the high pulse power drawn from the charging station.

* Due to its tens of thousands of cycles of charge and discharge cycle life and high current charge and
discharge characteristics, supercapacitors can adapt to high current fluctuations of RES
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MESFIA  SUPERCAPACITORS (or ultracapacitors)

Ultracaps rapid charge-discharge features, can absorb and energy conveniently under fluctuating RES
generation and achieve better grid connection.

They temporarily store a large amount of energy and power provided by the cyclical nature of RES.
They also provide peak power delivery when combined with a low-cost lead-acid battery, extending
battery life by a factor of four.

The UltraBattery is a hybrid rechargeable lead-acid battery and a
supercapacitor. The resulting cell performs with characteristics
beyond either a lead-acid cell or a supercapacitor, with charge and
discharge rates, cycle life, efficiency and performance all enhanced.

® Supercapacitors buffer power to and from rechargeable batteries, mitigating the effects of short power
interruptions and high current peaks.

¢ Batteries kick in only during extended interruptions, e.g., if the mains power or a fuel cell fails, which
lengthens battery life.

® This combination reduces the cost per cycle, saves on replacement and maintenance costs, enables the

coRatier] be downsized and extends battery life

i
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MESFIA Ultracapacitors-Size

« Some typical Maxwell’s ultracapacitor packages:

arbonCarbon_L

« At 2.7 V, a BCAP2000 capacitor can store more than 7000 J in the volume of a soda can.

« In comparison a 1.5 mF, 500 V electrolytic capacitor can store less than 200 J in the same
volume.
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MESFIA Ultracapacitors-Construction

Double layer capacitor
(ultracapacitor)

Traditional standard capacitor

The charge of ultracapacitors, IEEE Spectrum Nov. 2007

eKey principle: area is increased and distance i& _ gé
decreased

* There are some similarities with batteries but there are
no.reagkigns here.

Eresmus Frogamme
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Ultracapacitor with carbon nano-
tubes electrodes

ELECTRIC SHAG: A cross section of an
olootrode made with carbon nanotubes.

-n’w
MESFIA Ultracapacitors vs Capacitors

¢ Comparison with other capacitor technologies

Current . Response
) r Voltage Energy Energy Mass
Capacitor Type (pkirms) ! ! 5 Time
Ay ) (Nhiiter) (Whika) 1MI (kg) {seconds)
Electrostatic
Palymer Film 200,000/300 800 ooz 0.024 12,000 1073
Ceramic MLCC
Electralytic ) 7140 as0 o087 0.019 15,000 10+
Aluminum electrolytic
Electrachemical
Carbon ultracapacitor 4,500/150 27 6.4 55 51 1
Elsctrochemical . R
Lithium-lon 2,000/150 3sa 286 123 2 10°

arbonCarbon_L

e Eugeen Urian

itor_Equivalent_Circuit_Model.pdf
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eDouble-layer technology

MESFIA  Ultracapacitors-Construction 0 MESFIA Ultracapacitors-construction 0

Current
collecting
plate

Electrode

jpg

eElectrodes: Activated carbon (carbon cloth, carbon black, aerogel carbon, particulate from SiC,
particulate from TiC)
e Electrolyte: KOH, organic solutions, sulfuric acid.

Co-dunded by hi Co-dunded by the
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‘MESFﬁﬁ Classification of supercapacitors based on electrod

materials.
Supercapacitor
, ! ,
Electric double-layer . s Hybrid .
capacitor Pseudocapacitor upercapacitor

Activated Carbon Graphene Metal Conducting Composite Assymetric Bc:tteery
carbon Nanotubes P Oxide Polymers Hybrides Hybrides Hygl?ides

Co-dunded by hi
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‘MESFi(ﬁ Classification of supercapacitors based on electrod
materials.

» supercapacitors Types

00e 08
1. Double layer electric capacitors (EDLC) o © Oe
00 O @8
* They usually use KOH, H2504 as a liquid +I Prons OOMIQW@@ vl I-
electrolyte between the electrodes.. e @@(D O Fonde
* Helmholtz bilayer formation at the interface 0] O o8]
between conductive electrodes / 0 8] ® 0]
electrolyte. ®HO 000
EDLC EDLC

Figure 3. Schematic illustrating a basic EDLC supercapacitor.
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‘MESFF? Classification of supercapacitors based on electrod
materials.

2. Pseudo-capacitors

* They are made using metal oxides / hydroxides / sulfides or
conductive polymers or compounds with C and N functional groups.

* They operate on the basis of the rapid Faradaic redox reaction that
occurs at the electrode.

3. Combination of an EDLC electrode and a pseudo-capacitor electrode

* Combination of high power density of EDLC & high energy of pseudo-
capacitors.

* Good stability between cycles.

Cotredby the
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MEsFi(ﬁ Ultracapacitors-Modelling

e Capacitors store energy in its electric field.

¢ In ideal capacitors, the magnitude that relates the charge generating the electric field and the
voltage difference between two opposing metallic plates with an area A and at a distance d, is

the capacitance:
C= gé
d
¢ In ideal capacitors: C= 8

¢ Equivalent model of real standard capacitors:

R,
_ ESR=R, + >
€ @0°RC
Ly ESR s
_r""ﬁ_,\,w_"_
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MESFI'A Ultracapacitors-Modeling MESFI'A Ultracapacitors- Charge and discharge
» Model (sometimes similar to batteries) sistances Lo, » With constant current, voltage approximate a linear variation due to a very large time
WYY | constant: Double-tayes CarboniCarban dectrodes KOH
— e, . - 1.6 Wang
il il sk e ‘
Ri ulf 1R Z;, £ 5i
Ueap ¢ 2 2% & s . ‘
R / e |
Mierlo et al., Journal of Power Sources 128 (2004) 76-89 2 p ~ — |
VYV Yy yd ™~ ..
i{ 71(-., T o n - - . ‘;\
ER T T -
= ) — e . o
: e * %-me » Temperature affects the output (discharge on a constant power load)
. /ST : - ! - ] ‘ 1 Burke / Journal of Pawer Saurcas 91 (2000) 3750
! Rmiumm } Design/L
A/ V'\—-—| . ircuity%20F or%20P ircuitd62
‘E{/ }—r osimulation.pdf arbonCarbon_L - Equiv
VA AN alent_Circuit_Model.pdf
Riataper - L — c - - - o4 - ~ - -
Ultracapacitors for Use in Power Quality and —rm‘—‘\;\/\r—"— -
Cotrabalby the - Distributed Resource Applications, P. P. Barker Codungadby the -
Eresmus+ Progamme Eresmus+ Progamme
o the Eurcpeen Union of the Europeen Urion
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‘MESFﬁ Ultracapacitors- Aging process

e Life not limited by cycles but by aging
¢ Aging influenced by temperature and cell voltage

* Impurities reduce a cell’s life.

e Overtime the materials degrade, specially the electrolyte

cell-voltage / V/

Lifetime of Supercapacitor Systems”

Cotredby the
Eresmus* Frogaamme
o the Eurcpeen Urion

100
l-\-"
- 10‘ hh:\q‘-—.\
= ‘-—-\__!\
8 e
- 5--._‘:'-\\_‘--.______‘:__:___,
! == 15"C =—#=25'C == 35'C ‘—‘_‘_!‘-.-‘\'E
I e
0,01
22 2,3 2.4 25 2,6

Linzen, et al.. “Analysis and Evaluation of Charge-Balancing Circuits on Performance, Reliability, and

elt is not required but it is recommended
e It has 2 purposes:

converter can be used)
¢ Equalize cell voltages (circuit examples are shown next)

LINZEN er al: ANALYSIS AND EVALUATION OF CHARGE-BALANCING CIRCUITS

‘MESFi(gK Ultracapacitors-Power electronic interface:

* Keep the output voltage constant as the capacitor discharges (a simple boost

Fig. 2. Cell aqualization circuits, a3 Resistor, (b) Switched msistor. () DO/DC converter. (dh Zener disdes.,

Codunes by the
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FLYWHEELS
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MESFIA FLYWHEEL

Flywheel Energy Storage (FES) works by accelerating a rotor (flywheel) to a very high speed
and maintaining the energy in the system as rotational energy.

When energy is extracted from the system, the flywheel's rotational speed is reduced as a
consequence of the principle of conservation of energy. Adding energy to the system
correspondingly results in an increase in the speed of the flywheel.

Key Characteristics:
* Modular sizes of few kWs
« Short term applications

* High Charging/Discharging capacity

e Ho

Cedundadby the >
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MESFIA Flywheels-Operation

* Energy is stored mechanically (in a rotating disc)

—— Bearing

Containment

Flywheel rotor

Motor/generator. Rotor
Motor/generatar. Stator

Vaceum or Verry low
preassure

Bearing
#. Bolund eq al | Renewable and Sustatnable ® Configuration

Codraed by e | i
Ereamus Frogamme . .
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= sesanetc Bearing 9

Flywheels Energy Systems

* Rotor

—
MESFIA Flywheels-Components

In order to reduce the friction (hence, losses) the disc is usually in a vacuum chamber and uses
Magnetic bearings.

safety and vacuum

envelope -

P 1 e T s
m motor/generator

Bernard et al., Flywheel Energy Storage Systems In Hybrid And

Distributed Electricity Generation
Co-dunad by the
Ereamus+ Programme
o the Eucgeen Urion
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MESFI'A Flywheels-Motors e
* Motor / generators are typically permanent magnet machines. There are 2 types:
axial flux and radial flux. AFPM can usually provide higher power and are easier to
cool.

B Bokent et al. | Renewable and Sustainable Encrgy Reviews 1 (2007) 235258

Shal b ~
“-\k_'rl Flywheel ”,/ Stator

6

.
i X,
\ SI80r  Parmanent magnet

Bearing

armature . i field
wlndlng\ s = {winding Ex9:20: Ovaridew
CD/—:— — mopolar
axial

synchronous
motor/generator

Rolor axla epoxy— Z

= o
rotor O

Bernard et al., Flywheel Energy Storage Systems In Hybrid And
Distributed Electricity Generation

Fig. 3. () show an AFPM machine arrangement and (5) show an RFPM machine arrangement,

MESFIA

¢ Kinetic energy:

Flywheels-Kinetic energy

E, =l|a)2
2

where | is the moment of inertia and w is the angular velocity of a rotating disc.
1 = J'rzdm

« For a cylinder the moment of inertia is
1
| ==r*xza
> Tap

® So the energy is increased if  increases or if | increases.
¢ | can be increased by locating as much mass on the outside of the disc as possible.

¢ But as the speed increases and more mass is located outside of the disc, mechanical limitations
are more important.

Cotredby the
Eresmus* Frogaamme
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‘MESFI‘? Flywheels and Disc Dependence

e Disc shape and material: the maximum energy density per mass and the maximum tensile stress are related by®

o Typically, tensile stress has 2 components: radial stress and hoop stress. e, =Ko,/p
Bhape-fuceo: I for diffessat planas sires gomenries

Fiy whaet geometry ‘Groms socion S facor K
= oo
a3

and®
oS

strength  Max energy density (for | kel st (5 k)
0,19 M kg — 0.05 kW ki '

< res

E-glass 2000 100 0.05 MU flg == 0.014 K Wh kg 1.0

S2-glass 1920 1470 0.76 M kit = 0.21 kWh/k 24.6

Carbon T1H00 1520 19350 1,28 MU kg = 035k Whyks 1018

Carbon ASAC 1510 1650 11 MUk = 0,30 KW ke 313

Cotridby the B. Bolwid et al | Renewable and Sustainable Enery Reviews 11 (2007) 235-258
Eresmus* Frogamme
o he Eurpeen Urion

MESFIA

«Since

and "l =r?m"

then, from (2) and (3)

Codunes by the
Eresmus* Programme
o the Europeen Urion

Flywheels-Maths

1
en =Ko /p (1)and Ei=

(3)

e, ==
2

1 0?

2

2K o
So, replacing (1) in (4) it yields Vinax = 4 'T

()

4/20/2021
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MESFI'A Flywheels-Velocity and Voltage

» However, high speed is not the only mechanical constraint

o If instead of holding output voltage constant, output power is held constant, then the torque
needs to increase (because P = Tw) as the speed decreases. Hence, there is also a minimum
speed at which no more power can be extracted
o If Vv, = Vimax

len
and if an useful energy (E,) proportional to the difference between the disk energy at its maximum and

minimum allowed speed is compared with the maximum allowed energy (Enay) then
1,

WuWma
EfEr 0o =

onrmmON

1 3 s 7 El

r Bernard et al., Flywheel Energy Storage Systems In Hybrid And

Fig. 4: Evolution in useful energy vs. r Distributed Electricity Generation

Co-dunded by hi
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Flywheels-Electronics

Motor/ ac ®
(=}
Generator ;;Ive‘r_lfgr/
(MG) ectifier .’
| faie e RECTIFIER/
INVERTER
Soft start
- Motor IGBT power convertor
* J|
o NN (Y] e
- Generator ups 2

Codunes by the
Eresmus* Programme

o the Eurpeen Urion

battery T g <[

input l{
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| | |
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ing controls

Power conversion module controller (PCMC)

Control é 53 Prircicaney ..:::"

Mognetic
levitation module
(Mmm)
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MESFI'A Flywheels-Compact solutions

http://www.vyconenergy.com

VYCON Direct Connect (VDC)

http://www.pentadyne.com

Co-dunded by hi
Eresmus Frogamme
o the Eucpen Urion
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MESFI'A
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Flywheels- Typical outputs

AC Current M
140
= 120
£ o F 10 W
= F — 0 VY
= =0
E oo F 30 kW
5 F —0 kW
S an |
=3 C kW
= zo F
o
15 20 25 30
Rotor Speed (krpm)
o
Motor Efficiency
100%
10 kW
z 20 kww
2 o5% 30 kW
£ a0
—tr
oD%
15 0 25 30

Rotor Speed (krpm)

15
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MESFI'A Flywheels-Compact solutions

Representative Flywheel Energy Storage Module
——— Power Control Module

Cooling System

480V Switchgear &

Cluster Controller Foundation Cover

480V Step-up

Flywheel Foundation

Flywheel Assembly
Bolted to Foundation

http://beaconpower.com/resources/ 50" total height of which-27" above the ground-Weight 1660lb

Codriaby tha
Eresmus Frogamme
o the Eucpen Urion

Flywheel Dessicant Tank °

oo
MESFIA FLYWHEEL vs Other storage means

FES systems have long lifetimes, lasting decades with little or no
maintenance;

High specific energy (100-130 W-h/kg)
Large maximum power output.

The energy efficiency (ratio of energy out per energy in) of
flywheels, also known as round-trip efficiency, can be as high as
90%

Typical capacities range from 3 kWh to 133 kWh

Rapid charging of a system occurs in less than 15 minutes

® The high specific energies often cited with flywheels can be a little
misleading as commercial systems built have much lower specific
energy, for example 11 Wh/kg

Codnasty the
Eresnus* Progamme
o the Eurpeen Urion

Composite Rim

Hub Chamber

Source: Beacon Power, LLC

o»
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de Canarias
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MESFIA FLYWHEEL vs Other storage means

Flywheels can offer great power in a large number of cycles.

® They do not need air conditioning. Composite Rim Magnetic

® They have no chemicals during their operation and maintenance is
mainly for the electrical interface.

* 6kWh devices can provide approximately 250 kW in 1’
Therefore for short duration applications with high power are ideal
Especially for communication facilities ...

250kW-1MW are required for the transmission for a few seconds 12
(so around 4kWh) and other 4KWh for 1-2kW and for several hours

® A container can hold 250 kWh

Co-dunded by hi
Eresmus Frogamme
o the Eucpen Urion

Bearing

Vacuum
Chamber

Shaft

Source: Beacon Power, LLC

Gobierno
de Canarias

[ (-

<dey
MESFI'A

Model BHES-6 6kWh providing 2kW of power at 22,500rpm.

Py =1kW|

P, =2kW

. Charee =P, =3kW

0.4 1 Py, =KW
_Décharge !

0,2

0 01 02 03 04 05 06 07 08 09
Ftat de charge

=)

Rendement

Co-dunded by the
Eresnus* Progamme
o the Eurpeen Urion

Flywheels-Charge & Discharge
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‘MESFﬁ e MEsFﬁ Compressed Air Energy Storage (CAES) 5
system

Compressor train Expander/generator train

Air 3 Exhaust

OTHER STORAGE Pe — P
Intercoolers
P. = Compressor Heat recuperator
powerin Fuel (e.g. natural gas, distillate)
Pg = Generator = = = = T e ——
power out 70-100 bar
Aquifer, Air hg = Hours of storage
salt cavern, Storage (at Pg)
or hard mine &

Codurcedby e -I tc o Cokunded by the
Eresmus* Frogamme Gobierno Ereamuse Progranme
de Canarias

e Eurcpeen Urion f e Eupeen Urian
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‘MESFI‘? Compressed Air Energy Systems (CAES)

b Most Famous Application Example: Huntdorf (1979) at 70 bar
*2 Cavities 310 000m3

©290MW within 2 hours

*PG = Generator output

#T-CAES has been proposed quite recently

b Less storage capacity / power-portability.

Co-dunded by hi
Eresmus Frogamme
o the Eucpen Urion
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MESFI'A Electric vs. Magnetic energy storage
« Consider that we compare technologies based on energy density (J/m?3)
[Energy] =[Work]=[F][d]=Nm=J
_Nm _ N

m® m?

[Energy density] = % = Pa

* Plot of energy density vs. length scale (distance between plates or air gap):

Energy

density
(Pa)

“ Electric

10° 10" 107
Universiy of o at Ut Cransign
ECE 465 (spring 2004)

* Hence, magnetic energy storage (e.g. SMES) is effective for large scale systems (higher power)

Co-dunded by the
Eresnus* Progamme
o the Eurpeen Urion

Magnetic

Break-point: In

-...the order of mm

d(m)

19
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‘MESFI‘? Super-conducting Magnetic Energy Storage(SMES)

+ High performance

* Provisions for power quality
improvement

+ Convenience and installation
flexibility

* Installation mainly at the
distribution level

Co-drided by the
Erasmus* Proganme n Epyaotnplar doknon- AnoBrikeuon 39
o the Eurcpean Urion EpVELaG

MESﬂ(R Ragone Chart and Flywheels 0

10,000 1,000 100 10
1,000 -
1
100
2 - 0.1
=
= 10
=
2 0.01
S 1
S
=
=3
2
w 0.1 Electrolytic
capacitors
1 10 100 1000 10,000 100,000

Power density (W/kg)
* More information and charts can be found in Holm et. al., “A Comparison of Energy Storage Technologies as Energy Buffer in
Renewable Energy Sources with respect to Power Capability.”

Codnasty the
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MESFI'A Power vs. energy delivery profile technologies

Lcad-Acid | Ni-Cd Ni-MH Li-ion
Cell voltage (V) 2 12 36
Specific ensrgy (Whkg) 160 E 1-80 3-100
Specific power (W kg) =300 150 — 300 =200 100 — 1000
[Encrey density (kWhm®y | 2560 25 70-100 50-200
[Power density (MW m> ) =06 X 154 0.4-2
Maximum cyvcles 200-700 | 500-1000 | 600-1000 3000
[Discharge time range =1min | lminShr | > 1mmn 10s1h
Cost (SLWh) 125 600 540 600
Cost (SEW) 200 600 1000 1100
[Efficiency (%) 75 -90 75 31 )
Fliwheel Ultracapacitor
[Sstem povwer ratings (kW) > 500 S _ 1000
Specific enegy (Whkg) 15 150 05 4
[Specific power (Wksg) 900 - 20000 50— 3000
[Enerey density (kWhm®) &— 100 0s—4
[Pover density (MWom ) 0340 031
PMaximum cycles = 100 000 = 100 000
[Discharge time ranse 4-60s 1-60s
L ife cxpectancy (hours) 175 000 100 000
Cost (S 300 500
[Efficiency ooy 90 93 90 05

4/20/2021
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