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*Eidape o611 01 yTTaTapieg gival apkETA IKAVOTTOINTIKES YIa OTABEPO
@OPTIO AANG BeV PTTOPOUV VA QVTIUETWITIOOUV YPriyopa eVAAAQYEG
@opTiou. Av auTd XpEIOOTEI Ba TTPETTEI OI CUCTOIXEG UTTATAPIWY VA
gival onuavTik& YEYOAUTEPEG

* € QUTO PTTOPOUV Va CUHPBAAAOUV BIATAEEIG ME MEYAAN IKAVOTNTA
TTAPOXNG 10XUOG KI OXI EVEPYEIQG

* Ultracapacitors ka1 Flywheels ka1 Aiyotepo epapuooipeg SMES.

* [1a 10XU Kal evEPYEIQ UTTOPOUV VA TTPOCPEPDEI EVEPYEIQ KAl ATTO
ouoThuara Temeopévou aépa (CAES) tmou o€ 1o TpdoeaTn
EQApUOYN €ival Kal HETAPEPOIUA
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Storage technologies
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Teyvoloyieg Anodjkeveng Evépysiuc-Adda péca

Power vs. enerqy delivery profile technologies

Lead-Acid Ni-Cd Ni-MH Li-ion
Cell voltage (V) 2 12 12 3.6
Specific energy (Whikg) 1-60 20-33 1-80 3-100
Specific power (Wkg) <300 150 —-300 =200 100 — 1000
Energyv density (kWhm?) 25-60 25 70-100 80-200
Power density (MW/m®) = 0.6 0.125 15-4 04-2
Maximum cvcles 200-700 | 300-1000 | &00-1000 3000
Discharge time range = 1min | I min-8 hr > 1 min 10s-1h
Cost (SkWh) 125 600 340 600
Cost (SKW) 200 600 1000 1100
Efficiency (%) 75-90 75 81 99
Flywheel Ultracapacitor

Swvstem power ratings (kW) 2-300 5-1000

Specific energv (Wh'kg) 15-150 05-4

Specific power (Wikg) 900 - 20000 50 -3000

Energy density (kWhm®) 6—100 08-4

Power densitv (MWim?) 0.3-40 03-1

Maximum cycles =100 000 = 100 000

Discharge time range 4-60s 1-60s

Life expectancy (hours) 175000 100 000

Cost (SEW) 300 500

Efficiency (%) 90 — 93 90 — 95
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Ultracapacitors

» ATroBnkeUETal N EVEPYEIQ PE TN HOPPT) NAEKTPOOTATIKOU TTEDIOU
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Ultracapacitors

» Ultracapacitors technology: construction
* Double-layer technology

A Burke / Jowrnal of Power Sources 9] (2000) 37-50

Current flow
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Electrical doubile-tayer
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0 - http://www.ultracapacitors.org/img2/ultraca
pacitor-image.jpg

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

» Kataokeun

MukvwTég SITTAOU
TuTmikSg MukvwTtAg OTPWHATOG
(ultracapacitor)

Ultracapacitor with pe
NAEKTPIdA VaVOOWARVWY

Meguke
lara

Saparator . . C
fremem bobs Soparatar

[
Pusthi 1 3
wlae Astivated ® ,ﬂ*\
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The charge of ultracapacitors, [IEEE C _ i
Spectrum Nov. 2007 =&

* Baoiki apxn: au&dveral n emMEAVEIQ Kl YEIWVETAI N ATTOOTACT
* AvTiBeTa pe TIG uTTaTapieg 8 atnpiouv Tn AEITOUPYia TOUG O€ XNMIKES
avTIdPACEIG
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Ultracapacitors

« Ultracapacitors technology: construction

Current
collecting
plate

Electrode

www.ansoft.com/firstpass/pdf/CarbonCarbon_Ultracapacitor_Equivalent_Circuit_Model.pdf
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Ultracapacitors

* TUTTIKOI UTTEPTTUKVWTEG

2600

ESRac =06 021

ESRdc =08 031
T= 062 0.808

130

e = 105

www.ansoft.com/firstpass/pdf/CarbonCarbon_Ultracapacitdr_Equivalent Circuit Model.pdf

* 210 2.7 V, évOG UTTEP-TTUKVWTAG UTTOPET va a1roBnKeUoel TTEPICTOTEPA ATTO
7000 J o€ 6yKo i00 PE KOUTAKI avayuKTIKOU.

* O idi1og bykog avTioTolxei o€ NAEKTPOAUTIKG TTUKVWTA Twv 1.5 mF, 500 V kai
atrodnkevel Aiyotepa atréd 200 J.
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5 ]

Ultracapacitors

*Z0yKpIon d1aPOPWYV TEXVOAOYIWV YTTEPTTUKVWTWV

Current ‘Voltage Energy Energy Mass Response
Capacitor Type (pkirms) r P - Time
(A) (V) (Whiliter) (Whikg) 1MJ (kag) seconds)
Electrostatic
Palymer Film 200,000/300 500 0.03 0.024 12,000 107
Ceramic MLCC
Blectrolytic . 2140 40 | 0087 0.019 15,000 10¢
Aluminum electrolytic
Electrochemical
Carbon ulracasacitar 4,800/150 27 6.4 55 51 1
Electrochemical - na
Lithiurm-lan 2,000/150 38 286 123 2 10

www.ansoft.com/firstpass/pdf/CarbonCarbon_Ultracapacitor Equivalent Circuit Mo
del.pdf
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Current, Voltage

1.2

Double-layer Capacitor — Carbon/Carbon electrodes/KOH

Ultracapacitors

» ®opTion-ExedpTion:
* Y116 0100EPO pevpa, n Tdon TTPooeyyilel YPANMIKD
ouvdapTnon JE MEYAAN oTaBepd xpdvou

F ) Current
o R -gl- I
101 184 felat ] R

4. Burke / Jowrnal of Power Sources 01 (2000) 37-50

Test_Time-Sec
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Ultracapacitors

» ®opTion-ExedpTion:
» ETTnppeddeTal utto oTaBEPr POPTION ATTO TN BEpUOKpaTia

Vg (V) <4r'C 250 1 {A)-40C
Vi (W) 307

— Ve v 2'C

— Vexp (V) 60°C

x el & ¢ 10 » % 0

Time is)

www.ansoft.com/firstpass/pdf/CarbonCarbon_Ult
racapacitor_Equivalent_Circuit_Model.pdf
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Ultracapacitors

* 'Mpavon:
» Aev eTnpeddeTal atrd TOuG KUKAOUG (OTTwG N JTTatapia) aAAd
atroé TN ypavaon n otroia eTnEpPeddeTal amo Tn Beppokpaaia
Kal TNV Ta0N
*H yApavaon TTpoEpxeTal ATt TNV APOMO0iwan Tou UAIKOU Kai TN
pN KaBapdTnTa TOU UAIKOU

100
[
L\'
<
= 1 I}"‘Q'\.
(7]
2 o | —
—W-15C —=25°C —k=35C
i 45°C = 55°C e E5°C \]
0,01 : ! !
Linzen, et al., “Analysis and&Raluation 8fTharge-Baldncing 2,5 26 27

Circuits on Performance, Reliability, and cell-voltage / V
Lifetime of Supercapacitor Systems”
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Ultracapacitors

» JuvdeopoAoyia HAekTpovikwy loxuog:
* ZuvioTtaTtal yia 2 Adyoug:
*Alatnpei TNV TA0N £€§600U 0TABEPNA KATA TNV EKPOPTION)
*E¢ioopporTrei TIG TAo€Ig (aKOAOUBOUV KUKAWPATIKG diaypdupaTa)

LINZEN ef al.: ANALYSIS AND EVALUATION OF CHARGE-BALANCING CIRCUITS

(-HT L {I‘T I3 \.MT f'.‘T

a) by c) d)

Fig. 2. Cell equalization circuits (a) Resistor. (b) Switched resistor. (c) DC/DC converter. (d) Zener diodes.
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Ultra-capacitors

* H povteAoTroinon €ival apkeTa KOIVH JE TIG UTTATAPIES

— H
— sistances
Ucap I R _I_ UCID R A A wj
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Mierlo et al., Journal of Power Sources 128 (2004) 76-89 %’, é‘- %I,; %
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! Rojectolyte |2 %Rﬂﬂ
Rleakage'l th:a'kﬂgez Lw ESR C

Ultracapacitors for Use in Power Quality and
Distributed Resource Applications, P.'P4 Barker .
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Xpovovror-Ztpepouevec Malec (Flywheels)

* MEeTATPETTOUV TNV KIVNTIKI EVEPYEIQ OE€ NAEKTPIOUO PE
TTEPIOTPEPOPEVES BIOTAEEIS TTOAU UWNAAG TaXUTNTOG

* Al0Béoipeg o€ KAIJOKWTA ueyEOn pepikwyv kWs

* Kupiwg yIa epapPoyEG OUVTOUWY XPOVIKWY dIA0TANATWY

* YWnAR 10XUG @OPTIONG/EKPOPTIONG

30-80€/kW yuo

XOPMAOTEPNS

Utility — e ZLE

Bi-directional

Motor/

Gonerator e TAYVTINTOC OTOKPLO
- SN pong
o S

Compos ite

Hub
Courtesy of Beacon Power
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Flywheels

* Mnxavikr AtroBAkeuan (o€ OTPEPOUEVO BIOKO)

Bearing

Containment

Flywheel rotor

Motor/
Generator
(MG)

ac

Inverter/

Rectifier

dc

<+— Motor
—>Generator

= Bearing
B. Bolund et al | Revewable and Sustainable Energy Reviews 11 (2007) 235-258

g . Rotor

Motor/generator. Stato

Vaccum or Verry low
preassure

Systems
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Flywheels Energy

17

@ Configuration
Vertical for optimum efficiency

“—®Housing

Flywheels

® stator

Motor

Magnetic Bearing
Fully active S-axis

Rotor
Integral with hub

Dual Mode
Generator

Vacuum environment

e Hub

Aerospace high
performance steel

http://www.vyconenergy.com

http://www.pentadyne.com
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Soft start

+ 1
To

UES -
battery

input

o |

DC monitoring Motor-generator controls Magnetic
levitation madule
LM,

" r,l

Power conversion medule contreller (PCMC)
|| i
Control E é H ::::2:1':::»:-‘:;.
panel ﬁ Diagnostics & Contral
H

http://www.vyconenergy.com

http://www.pentadyne.com

Teyvohoyicg Awodijkeveng Evépyaiuc-Adda péca 19.
Flywheels-tutroAdyio
* Kivntikny Evépyeia:
E =—I1d’
2
010U 1 11 0100epd adpdivelog KAl w N YWVIAKA TaXUTNTA TOU OTPEPOUEVOU SiGKOU.
1= Irzdm

* [Na éva KUAIvdpo n aTabepd adpdveiag ivai: I= %r%ap

* Apa au&avetai n evépyeia av augnBei n ywviakr TaxuTnta r n otabepd
adpavelag.

* H adpaveia eaprarar amo 10 UAIKO Kai T YEWLETPIKA XAPAKTNPIOTIKA.

» KaBwg au&dvetal n Taxutnta Kal TepIoaoTePn PNAda cival ekTog Tou OioKou
UTTAPXOUV TTEPICCOTEPOI UNXAVIKOI TTEPIOPICOI
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Flywheels TUtTOAOVIO

* KABWG
e, =Ko, . /p (1)
Kal
E, =11 (2)
2
Kal
"I=r’m" (3)

TOTE, A0 (2) Ka (3)

1L, 5 1, (4)
2
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Flywheels

* Mavtwg, n peydAn Taxutnta dev gival 0 JOVOG UNXAVIKOG TTEPIOPIOHUOS

* Av BeAfjooupe va KpaTrooupue TNV 1I0XU €£600U aTaBepn KI OXI TNV TAON
€€0d0ou aTaBEPN, TOTE N POTTH TTPETTEI VA augnBei kKaBwg augdaveral n TaxuTnTa.
Emopévwg uttdpxel pia eAdyIoTn TaxUuTnTa oTnyv oTroia dev UTTopEi va e¢axBei
eVEPYEIQ.

1,2
1.0 A -
% J "
o
o] 2
0.4 7 —
2 04 E, V5 -1
0,0 T T T - P
. 1 3 5 7 9 E V
o r max r
:‘" Fig. 4: Evolution in useful energy vs. r

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

v,
V.
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Flywheels
* Av r=—:-

TO TTOOC0OTO TNG evépyelag (W) eival avdAoyn TnG dia@opds PeTagl Tng
eVEPYEIAG TOU OICKOU OTn PEYIOTN Kal TNV EAAXIOTN ETITPETTOUEVN TaXUTNTA a

1,2
1,0 5 3
g 08 1 ’
g 0.6 -
0.4
= 0,2 W 2 _1
0,0 | . . u_ _ T
1 3 5 7 k] - 2
r Wmax r
Fig. 4: Evolution in useful energy vs. r
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Flywheels

* [a va peiwBei n TpIRA (dpa Kai TIG aTTWAEIEG) 0 dioKOG BPIoKETAI EVTOG KEVOU
depPOG Kal XPNOIYOTIOIEI HAYVNTIKA POUAEUAV.

safely and vacuum

magnetic
bearings

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

Teyvoloyieg Anodjkeveng Evépysiuc-Adda péca 24'

AmoBnkevon evépyelag

12



Flywheels
* O1 nAekTpIkEG pnxavés (KivntApeg/IevvnTPIEG) gival TUTTIKA
Movigwyv payvnTtwyv YTrapyouv 2 TUTTwv: AEOVIKAG PONG Kai
QKTIVIKNG ponG.O1 agovikAg porRg JTTOPOUV Va TTPOCPEPOUV
MEYOAAUTEPN EVEPYEIQ KAl Eival EUKOAOTEPO Va WuxXOouv.

B Bolund et al { Renewable and Sustainable Energy Reviews 11 (2007 ) 235-258

a) ﬁ‘“}-{fﬁf“ Flywheel (UV Stator )
4 T 3 T |
armature || i fleld
winding. B Twinding  Fig. 20: Overview
Rotor axle i \ — the homopolar
! axial
5 1 3 synchronous
. epoxf/ = 12 motorigenerator
SHAlOr  Prmanent magnet Permanent magnet i !

Bearing fotor

: S
NRY
i .
T
Fig. 3. (a) show an AFPM machine arrangement and (b) show an RFPM machine arrangement flywheel 1 '

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

Distributed Electricity Generation
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Flywheels

« ATTAOTTOINUEVO POVTEAO

 MA—I™ -

}
Pep <*> . RECTIFIER/
- INVERTER

Flywheels Energy Systems
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Flywheels-TuttiKéC €IKOVEC

Representative Flywheel Energy Storage Module

———— Power Control Module

48OV Switchgear &

aling S
Cluster Controller Cooling System

480V Step-up
Transformer

Foundation Cover

Flywheel Foundation

Cocling System Power Control

Module Flywheel Dessicant Tank

Flywheel Foundation
[Flywheel inside)

Flywheel Assembly
Bolted to Foundation

http://beaconpower.com/resources/50°’ o€ Vyos-27" 6e dadpOLLO

Bépoc 16601b

Teyvohoyicg Awodijkeveng Evépyaiuc-Adda péca 27'

Flywheels-Y Bp1otkn mpocEyyion pe pumoropieg

* Ta Flywheels ptropouv va Trpoc@Epouv ueyain ioxu o€
MEYAAO apIBuS KUKAWV.
» Ag xpeidlovtal KAIJATIONO

* Agv €xouv XNMIKA KaTd Tn dIGpKEIQ AEITOUPYia TOUG Kal N
OUVTHPNON €ival KUPIWG YIa TO NAEKTPIKO HEPOG
dlaouvdeong

* Ol diatdgeig Twv 6kWh ptropoUv va TapExouv TTEPITTou
250kW og 1’

* Emopévwg yia PIKPG OIAPKEIAG EQAPUOYES ME MEYAAN 10XU
gival 10aVIKEG

* EIOIKA yI0 €YKATOOTACEIG ETTIKOIVWVIWV...

* Amraitouvtal 250kW-1MW yia Tnv eKTTOPTTA yia Aiya
OeutepedAeTtTa 12 (Gpa yupw oTig 4kWh) kai dAAeg 4KWh
yia 1-2kW Kai yio apKETEG WPEG...

* 2¢ €va container utropouv va xwpeoouv 250kWh,

Teyvoloyieg Anodjkeveng Evépysiuc-Adda péca 28'
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Flywheels-YBp1otkn npocéyyion pe pnatopieg

* MovtéA\o BHES-6
* 6kWh Mg 2kW 1ox0 oTig 22,5002AN

1 —Pbm:]kw

0.8 | P, =2kW]
0.6 | ] _
g Charge / N\ |==Peu=3kW
E 04l - { =P, . =4kW,
E ’ ~—+——1<_Décharge o

0.2+

0000 02 03 04 05 06 07 08 09 1

Etat de charge
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Compressor train Expander/generator train
Aé
e V KOwoaepLo
P. — - P
Intercoolers
P = Eicodog Zupmieot) Avéxtnon |

"
P ="E€odog yevvitprog FPHOTIEES

S I I Kavowo (e.g. natural gas, distillate)

70-100 bar
)4

Kod.smra pe ToONKELS
oTEYOVI AZ
opoen £pa
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|74 £ £
2 VOTH L0 2V UTLECILEVOD AEPO!

Awonpotepo Hapaderypa E@Qappoyng : Huntdorf(1979) eta 70 bar
2 Kowhotnteg 310 000m3
290MW gvtog 2 mpav
P ="E£odog yevvntprog
Apxketd tpoceata tpoteiveton n T-CAES
Mikpdtepn amobnKevTikn KavoTTo/16Y0S-PopnToHTTA

Teyvohoyicg Awodijkeveng Evépysiuc-Adda péca 3 l

TUKO ATTobnKeELGT B

Réfractaires Compresseur
chauffés
: Refroidisseur Récupérateur Turbine
electriguement de chaleur haute
tempeérature
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* YynAn Amodoon

* Alatageig yia
BeATiwon TToI6TNTOG
10XU0G

» EukoAia kai eueAigia
EYKATAOTAONG

* EykardoTtaon kupiwg
OTO €TTITTEdO TNG
OIaVOMNG

Teyvohoyicg Awodijkeveng Evépysiuc-Adda péca
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lllustrations are
Courtesy of Regenesys Technologies

NAS batteries

Awyopilopevov Hiektpoivt

Réservoir
d'électrolyte
oxydant

Pompe de //V

circulation
d'électrolyte

Membrane
sélective
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Redresseur

Onduleur

Réservoir
d'électrolyte
reducteur

33 kWh/m?

Rendement :
Canarits - 10

s

Exd6o¢1g

www.sunlight.qr
e 3 Manual of

OCM

 1L.K. Kaykopdkn, «DPwotofoAtaiky Te)vOAOYio,
ovppetpia, Adnva, 1987.
« 2.Zvotuato sunlight,kotocKe0oTNG

batteries-AaBéoo:
http://www.tavkapcsolat. hu/BATTERIE/HAGEN/GROE.PDF

UTOTOPLOV

www.storiesproject.eu

* 4. Amofnkevtikéc dataéeig-Epsuvntikd npoypappo STORIES,

« 5. Energy Storage Association, (ESA), www.energystorage.org

* 6. Znuewwoelg epyaotnpiov HITIEX I kon 1T

« 7. AEH Avavenoiueg Anuocio Emyeipnon Hiektpiopon
A.E. http://www.PpcR.gr (YBp1dukd épyo Ikapiog)

» Merge project (www.merge.cu) o nAekTpikd oynpoto
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