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Forord

Fokus for hela projektet avseende inventering av framtidens produktionstek-
niker for el- och varmeproduktion har varit framtida madjlig utveckling av olika
produktionstekniker for kraft- och varmeproduktion med bedémning av pre-
standa samt nadr en eventuell implementering och kommersialisering kan vara
méjlig. Att kunna géra en sadan bedémning &r av stdrsta vikt fér att kunna
planera infér kommande fordndringar och investeringar och nar dessa kan
komma, men ocksad for att kunna satta in de FoU-resurser som erfordras.

Projektet har genomférts som olika deluppdrag inom de olika produktionsom-
radena med foreliggande rapport avseende delrapport Energilagring. Lars
Messing, Gothia Power AB, har varit projektledare for delstudien. Alla dvriga
delrapporter inom projektet samt en syntesrapport aterfinns fér nedladdning
pa Elforsks hemsida www.elforsk.se.

Projektet har finansierats av AB Fortum Varme samagt med Stockholms stad,
E.ON Varmekraft AB, Jamtkraft AB, Kraftringen Produktion AB, Malarenergi
AB, Skellefted Kraft AB, Umed Energi AB, Vattenfall AB, Oresundskraft AB
samt av Statens Energimyndighet.

Projektet har foljts av en styrgrupp bestdende av Bjorn Fredriksson Méller och
Mikael Palmgren E.ON Varmekraft, Sten Grahn Fortum Varme, Anders Jo-
hansson och Svante Sdéderholm Statens Energimyndighet, Maria Jonsson och
Leif Liinanki Vattenfall Research and Development, Ulf Lindqgvist Jamtkraft,
Magnus Stenvall Umed Energi samt Lars Wrangensten Elforsk.

Elforsk tackar styrgruppen fér vardefulla synpunkter och uppslag.

Lars Wrangensten

Elforsk AB

Programomrade El- och Vdrmeproduktion
December 2008
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Sammanfattning

I denna rapport gérs en genomgang av olika tekniker foér lagring av elenergi.
Féljande lagringstekniker beskrivs med avseende p& metod, egenskaper, po-
tential och ekonomi.

Batterier
Kondensatorer
Svanghjul
Pumpkraftverk
Vatgasgenerering

Luftkomprimering

Angdende metoder for energilagring gors féljande varderingar:

Batterilagring: Utvecklingen av Litium-jon batterier ar intressant. I
dagslaget ar det svart att se energilagring i batterier som ett bra alter-
nativ i applikationer med ofta férekommande omladdningscykler och
stora energimangder som omladdas. Den begransade livslangden och
effektbegransning vid in- och urladdning ar begransande.

Energilagring i kondensatorer: "Super-kondensatorer” med stor effekt-
kapacitet beddms vara intressanta for applikationer dar snabb effekt-
reglering ar nddvandig. I samband med utveckling av kondensatorer
baserade pa kol-nanorér dkas energilagringskapaciteten betydligt och
darmed kan detta bli ett alternativ till batterilagring. Vidare ar det
kombinera batteri- och kondensatorlagring for att fa langre livslangd
for de laddningsbara batterierna och snabbare effektreglering.

Energilagring i svanghjul: Energilagringskapaciteten ar relativt begran-
sad medan effektregleringen kan ske snabbt. Darmed kan detta sy-
stem vara jamférbart med energilager baserat pd kondensatorer.

Energilagring i pumpkraftverk: Detta system ar val lampat och bepré-
vat for energilagring i tidsskalan ett eller nagra dygn. I det svenska
kraftsystemet finns &nnu inte sa stort behov fér energilagring i denna
tidsskala eftersom andelen reglerbar vattenkraft ar stor. Dock kan man
tdnka sig att pumpkraftverk i sédra Sverige kan anvandas for att av-
lasta kraftndtet i vissa driftldagen och darmed kan behovet att bygga
nya kraftledningar minskas.

Energilagring med vatgas: Hantering av vatgas i stor skala anges som
ett problem.

Energilagring med luftkomprimering: Denna metod &r kombinerad med
gasturbinanlédggningar déar man under perioder med effektéverskott
komprimerar luft fér att anvand senare i gasturbinkraftverk (i stdllet
for kompressor). Denna teknik bor dvervagas i framtiden om man pla-
nerar att bygga nya gasturbinkraftverk i Sverige. Det bedéms dock att
behovet av detta &r litet i nulaget.

Olika anvéndningsomraden fér den upplagrade energin diskuteras, sasom:
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o Forbattring av elkvalitet

. Forbattring av transient stabilitet

. Dampning av elektromekaniska pendlingar i kraftsystemet
. Momentan aktiv stérningsreserv

o Frekvensreglering

o Snabb aktiv stérningsreserv

. Produktionsoptimering

. Okning av dverféringsformaga

Inom forskningsvériden pagdr teknikutveckling inom omrddena batterier,
kondensatorer med mycket stor kapacitans, svdanghjul med mera. Eftersom
utvecklingen ar snabb och denna rapport endast ger en dversiktlig bild av
forskningen inom omradet finns behov av att kontinuerligt folja teknikutveck-
lingen.

Beddmningen gors att det i Sverige framst finns behov av att utvardera nyt-
tan av elenergilagring i olika applikationer och att identifiera [ampliga metoder
for energilagring for de olika applikationerna.

Utifrdn forutsattningar och behov i Sverige och i Norden bér forsknings- och
utvecklingsinsatser goras enligt foljande:

Identifiera omraden dér det finns behov av dtgédrder och férbattringar i kraft-
systemet.

Utgdende fran identifierade behov utreds sedan om elenergilagring kan vara
anvandbart for att ge de forbattringar som kravs.

For varje applikationsomrade utvarderas sedan olika elenergilagringsalternativ
betraffande tekniska méjligheter, miljépaverkan och ekonomi.

Under de ndrmaste dren (2 till 4 &r framover) bér konceptuella I6sningar tas
fram for de olika applikationerna dar elenergilagring bedéms vara tekniskt och
ekonomiskt gangbara och dér applikationerna fyller nya behov i kraftsystemet
som beror pa 6kad méangd distribuerad generering (till exempel vindkraft),
okad elenergianviéndning beroende pa nya belastningsobjekt (elbilar), férand-
ring av distributionsnatens uppbyggnad, mm.

Beddémning av olika koncept for att g& vidare med pilotprojekt gors sa snart
det ar mdjligt med hansyn till ovan beskrivha konceptuella studier. Priorite-
ring fér genomférande gors.

Inom cirka 5 ar fran nu inleds férverkligande av pilotprojekt. Genomférandeti-
den for dessa varierar troligen betydligt mellan olika tekniklésningar.

Utvardering av pilotprojekt gors sa snart det &r mojligt, med malet att vidare
implementering kan ske inom 10 ar.
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Summary

In this report a survey of different techniques for storage of electrical energy.
The following alternatives are described regarding method, characteristics,
potential and economy.

Batteries

Capacitors

Flywheels

Pump storage hydro power plants
Hydrogen gas generation

Air compression

Regarding evaluation of methods for storage of electrical energy:

Battery storage: The development of Lithium-ion batteries are of great
interest. In the present situation it is however difficult of classify bat-
tery storage as a good alternation in applications with frequent re-
charging cycles and re-charging of large energy volumes. The batteries
have limited life length compared to other alternatives. Also the power
is limited at charging and discharging.

Energy storage in capacitors: “Super-capacitors” having large power
capacity is considered to be of interest in applications where fast con-
trol of power is necessary. The ongoing development of based on car-
bon-nanotubes will increase the energy storage capacity compared
with the today existing super-capacitors. This can in the future be an
alternative to battery storage. Of further interest is also the idea to
combine battery - and capacitor based storage to achieve longer life-
time of the batteries and faster power control.

Fly-wheel energy storage: The energy storage capacity is relatively
limited but power control can be fast. This system can be an alterna-
tive to capacitor based energy storage.

Pump-storage hydro power plant: This type of energy storage is well
suited and proven for time frame up to some days. I the Swedish
power system there is today not any large demand of energy storage
in this time frame as there is a large capacity in conventional hydro
power plants with storage capacity. Pump-storage can however be of
interest in the southern part of Sweden. In some operation stages the
grid is loaded up to its limit due to large power transmission from the
north. The pump-storage can reduce this power transfer during critical
periods and can therefore be an alternative to new power lines.

Hydrogen energy storage: The handling (storage and transfer) of hy-
drogen is considered to be difficult and dangerous.

Air-compression energy storage: This method is combined with gas
turbine plants. During periods with surplus of energy in the power sys-
tem this surplus energy is used to compress air and store it. This com-
pressed air is used in the operation of gas turbine power plant where
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the compressed air is used instead of the normal use where the gas
turbine makes the compression. The possibility should be considered in
the future if new gas turbine power plants are to be built in Sweden.
This is not the situation today.

Different application areas where the energy storage can be used are dis-
cussed, such as:

o Electrical supply quality improvement

o Improvement of power system transient stability

. Damping of electromechanical oscillations in the power system
. Spinning disturbance power reserves

. Power system frequency control

. Fast disturbance power reserves (activated within 15 minutes)
. Optimization of energy production dispatch

. Increase of power grid transmission capacity

In the scientific world the technical development is very active within areas
regarding batteries, capacitors with very large storage capacity, flywheels,
etc. As the progress is very fast and this report gives only a brief survey of
the research within the area, there is a need to continuously follow the tech-
nical development.

The judgement is done that there is demand for evaluation of the value of en-
ergy storage for different applications and to identify suitable methods to be
used in the different applications.

Regarding conditions and demands in Sweden and the other Nordic countries
research and development activities should be done as:

Identify application areas where there are requirements of improvements in
the power system.

From the identified demands it should be analysed if electrical energy storage
can be used to achieve the required improvements.

For each application area different alternatives for energy storages are evalu-
ated regarding technical feasibility, environmental influence and economy.

During the next 2 - 4 years conceptual solutions should be presented for ap-
plication where electrical energy storage is considered to be technically and
economically feasible. These applications should be linked to new require-
ments in the power system due to increased volume of distributed power
generation (for example wind power), increased consumptions of electrical
energy due to new load objects (for example electrical cars), changed struc-
ture of the distribution grids, etc.

Evaluation of the different concepts is done as soon as the above described
conceptual studies allow. Prioritization of realization should be done.
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Within 5 years from now realization of pilot projects are started. The project
time for the different projects will probably vary significantly due to different
technical solutions.

Evaluation of the pilot projects are done as soon as possible with the goal for
further implementation within 10 years.



ELFORSK

o
Innehall

1 Inledning 1

2 Bakgrund 2

2.1 ElanVaANANiNg .. i 3

2.2 VindKraftproduKEioN ... 5

2.3 KarnkraftprodUuKEioN ..o e 6

2.4 OVerforing P SLAMNELEL ..evvvveieieerieeeeeeteeeeeere e e e reetereeeesereesseraeeesenes 7

2.5 1] 00 o o o =] =] P 9

3 Teknikbeskrivningar 10

3.1 Energilagring i batterier ... 10

3.2 Energilagring i kraftkondensatorer.........coovviiiiiiiiii e 11

3.3 Energilagring i svanghjul........coooiiiiiiii 11

3.4 Energilagring i pumpkraftverk.......cocove i 12

3.5 Energilagring genom vatgasgenerering .......coovvevviriiiieiienniiinniiennenenannes 13

3.6 Energilagring genom luftkomprimering ........coovoviiiiiiiiiiiie e 14

4 Anvindningsomrdden 15

4.1 Forbattring av elkvalitet......ccoviiiii 15

4.2 Forbattring av den transienta stabiliteten ..., 17

4.2.1  ASKEANINGSEXEMPE +..vvviieieieeeeeee e e e e 18

4.2.2 FOrbattring av den transienta stabiliteten.............c.oeiiiiiini, 21

4.3 Dampning av elektromekaniska pendlingar.........cccocvviiiiiiiiiiiininenen 26

4.4 Momentan aktiv StOrNINGSIESErV .....ciuiiiiiiiiiii e 31

4.5 Frekvensreglering v 32

4.6 Snabb aktiv StOrNINGSIESEIV vttt 37

4.7 Produktionsoptimering .......oovieiiiiii e 37

4.7.1  Optimering Pa @rsbasiS..........ceuuvuieeerirriiieeeiiieieeeesieeeeeeeaanss 40

4.7.2 Optimering under en hoglastvecka.........ccocvviiiiiiiiiiiien, 41

4.7.3 Optimering under en 13g1astvecka.........ccoeevvvvnieeriiriieeereiannnnns. 44

4.7.4  SUMMEIING cuiutitiieiie et ettt e e et st e e s e aneeas 45

4.8 Andring av 6verféringsformagan och fOrluSter..........ovvevvvvvnieeriirieeeenenns 46

5 Energilagring i batterier 53

5.1  Nuvarande UtveckliNgSNIVA ......cceieeeieieriiiiieeeeeeeeeeeeriiee e e e e e e e eeeera e 53

5.2 EQENSKAPET . e e 54

5.3 Forskning och utveckling......coviiiiiii 55

5.4 Integrering i kraftsystemet.... ..o 55

5.5 EKONOMISK VArdering .....ovviniiiiiiiiii et 55

6 Energilagring i kraftkondensatorer 55

6.1 Nuvarande UtveckliNgSNIVa ........cceiivviuiiiiieeieeeeeeeeiiiieee e e e e e 56

6.2 EQeNSKaAP T e 56

6.3 Forskning och utveckling........oviiiiii e 56

6.4 Integrering i kraftsystemet......cccoiiiiiiii 57

6.5 (= oY le] 0 T ] SQAVZ= [ e [=1 T e [P PP 57

7 Energilagring i svanghjul 57

7.1 Nuvarande UtveckliNgSNIVA ......ciieeeiiieiiiiiieieeeeeeeeeeriee e e e e e e eeera s 58

7.2 [=lo =] ] =T o 1= 58

7.3 Forskning och utveckling......ccooiiiiiiii 58

7.4 Integrering i kraftsystemet.... ..o 59

7.5 EKONOMISK VArdering ....cuvvieieiii ettt eees 59



ELFORSK

10

11

12

13

14

15

Energilagring i pumpkraftverk
............................................................... 59
............................................................... 59
............................................................... 60
............................................................... 60

8.1  Nuvarande utvecklingsniva

59

61

............................................................... 61
............................................................... 61
............................................................... 61

8.2 Egenskaper..........ovevennne.
8.3 Forskning och utveckling...
8.4 Integrering i kraftsystemet
8.5 Ekonomisk vardering ........
Energilagring genom viatgasgenerering
9.1 Nuvarande utvecklingsniva
9.2 Egenskaper .........coceieninen
9.3 Forskning och utveckling...
9.4 Integrering i kraftsystemet
9.5 Ekonomisk vardering........

Energilagring genom luftkomprimering

10.1 Nuvarande utvecklingsniva

10.2 Egenskaper...........cccoeeuen.
10.3 Forskning och utveckling...
10.4 Integrering i kraftsystemet
10.5 Ekonomisk vardering........

Bedémt FoU-behov
11.1 Kommersialisering............

Pagdende FoU-verksamhet

Mojligt utvecklingsscenario
13.1 Tidsskala........covvvieininenen.
13.2 Uppskalningssteg.............
Diskussion

Slutsatser

62
62

62
62
62
63
63

63
63
63
64
64
64
64

65



ELFORSK

1 Inledning

Elforsk har inom programomrade El- och Varmeproduktion under hésten 2007
pabdrjat en teknikinventering fokuserad pa framtida méjlig utveckling av olika
produktionstekniker for kraft- och varmeproduktion med beddémning av pre-
standa samt nar en eventuell implementering och kommersialisering kan vara
majlig.

Visionen med projektet ar att ta fram troliga utvecklingsscenarier for olika el-
och varmeproduktionstekniker samt att kunna visa pa de méjligheter som ges
vid en implementering samt ndr denna kan komma. Malet &r att identifiera
mojliga teknikkliv for olika produktionstekniker i tidsperspektivet 2020/2030.
Deluppdrag har genomforts avseende mdjlig utveckling foér

. Kraftvarmeproduktion

o Vindkraft

. Karnkraft

. Smaskalig distribuerad produktion

Vissa av teknikerna (solceller, vindkraft, vagkraft) producerar el intermittent
beroende pa tillgdng och variationer i den priméra energikéllan (kdnnetecknad
av solinstralning, vindhastighet och vdghojd). Hur denna variation stammer
med variationen av elbehovet i elnatet d@r naturligtvis av storsta betydelse.
Olika typer av reglerkraft exempelvis vattenkraft maste anvédndas for att ut-
jamna skillnaderna mellan méjlig produktion och radande elbehov. Styrgrup-
pen for projektet har tyckt att det skulle vara av intresse att dven f& belyst
hur utvecklingen av tekniker fér energilagring kan komma att inverka och
mdjligen héja konkurrenskraften for dessa intermittenta produktionstekniker.
Féreliggande utredning avser olika moéjliga energilagringstekniker i tidsper-
spektivet 2020/2030.

M3let for detta uppdrag &r att i korthet beskriva ett méjligt teknikutvecklings-
scenario for omradet energilagring kopplat till intermittenta produktionstekni-
ker (i férsta hand vindkraft, solceller och vagkraft) i tidsperspektivet
2020/2030.

Uppdraget foreslds att framst gélla batterier men &ven andra intressanta tek-
niker bér tas med sasom vate-/vétgaslagring, avancerade kondensatorer och
andra tekniker dér teoretiska studier visar pa mycket stor utvecklingspotential
vad det galler prestanda/kostnad (jamfor utvecklingen inom IT-omradet). Med
IT-liknande avses en trend som skulle kunna goéra att utvecklingen av aktuell
lagringsteknik kraftigt avviker fran basscenariot, det vill siga likt IT-
utvecklingen fortsatter med regelbunden dubblerad prestanda/kostnad-kvot
de narmsta 10-15 3ren. Rimlig lagringskapacitet bedéms vara i dygnsskala
eventuellt ndgot langre. For de olika mojliga lagringsteknikerna ska foljande
beskrivas:

. Teknik, prestanda, miljéegenskaper
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o Ange om lagringstekniken bedéms anvandas for lokal produktion eller
tilsammans med natansluten produktion

. Nuvarande status/utvecklingslage fér omradet (kortfattat)

o Beddmt FoU-behov fram till kommersialisering och implementering

. Pa&gadende FoU-verksamhet

. Mojligt utvecklingsscenario (tidsskala, uppskalningssteg)

Elforskstudien ”El fran nya anldggningar 2007” samt Energimyndighetens
Iangtidsprognos har anvéants som grund vad géller el- och brénslekostnader
samt dvriga forutsattningar.

2 Bakgrund

Elektrisk energi i form av véxelstrom |3ter sig fér ndrvarande inte lagras i
kvantiteter av betydelse for elférsérjningen. Detta faktum gor att elforsoérj-
ningen intar en sarstallning bland tillverkningsindustrierna - elférsérjningsin-
dustrin saknar fardigvarulager. Aven lagret av halvfabrikat, rérelseenergi lag-
rad i turbingeneratoraggregatens roterande delar &r mycket litet. Beroende pa
typen av de infasade aggregaten kan detta energilager variera mellan varden
motsvarande 5 och 10 sekunders produktion. Tabell 1 visar den maximala sy-
stembelastningen i Nordel-systemet under ar 2006, som intraffade den 20 ja-
nuari klockan 8:00-9:00 (CET).

Tabell 1: Maximal systembelastning i Nordel-systemet under 2006
Land Belastning [MWh/h]
Danmark 5 965
Finland 14 863
Norge 21 368
Sverige 25 743
Nordel 67 939

Vid detta tillfélle var den upplagrade energimangden 95-190 MWh. I praktiken
kan endast en mindre del utnyttjas pa grund av kravet att natfrekvensen ska
hallas nara 50 Hz. Om néatfrekvensen skulle tillatas sjunka till 49 Hz, s3 skulle
3,8-7,6 MWh av den lagrade energimangden kunna frigéras.

I ett vaxelstromssystem maste det sdledes rada balans mellan tillférsel av
mekanisk energi till turbinerna & ena sidan och summan av anvéndning av
elektrisk energi och forluster i elférsérjningssystemet 8 andra sidan. Kost-
nadseffektiva anlaggningar for energilagring kan 6ka konkurrenskraften hos
intermittenta produktionsanldggningar (i forsta hand vindkraft, solceller och
vdgkraft). Sddana anldggningar kan dven leda till minskning av behovet av
upp- och nedreglering av vattenkraftproduktionen. Om anléggningarna for
energilagring placeras i sddra Sverige kan de eventuellt dven bidra till en ef-
fektivare utnyttjning av transmissionsnatet.
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2.1 Elanvandning

Figur 1 visar elanvandningen timme fér timme i Sverige under ar 2007 ut-
tryckt som medeleffekt [MWh/h] under var och en av de 8 760 timmarna un-
der aret.

Elanvandning (Timmedelvarde)

30,000

25,000

20,000

15,000

10,000

Medeleffekt [MWh/h]

5,000

0

0 1,000 2,000 3,000 4,000 5000 6000 7,000 8000
Tid [h]

Figur 1: Elanvandning i Sverige under &r 2007

Under &r 2007 var den hégsta medeleffekten lika med 25 418 MWh/h och det-
ta intraffade 2007-02-21 mellan klockan 18 och 19 (svensk normaltid). Detta
dygn var medeleffekten hégre &n 25 000 MWh/h under fem timmar; tre pa
formiddagen och tva pa kvallen. Detta syns tydligare i Figur 2. Under ar 2007
var den lagsta medeleffekten lika med 9 191 MWh/h och detta intraffade
2007-07-18 mellan klockan 03 och 04 (svensk normaltid). Denna natt var
medeleffekten lagre @an 10 000 MWh/h endast under tre timmar. Detta syns
tydligare i Figur 3. Under dr 2007 var medeleffekten 6ver hela 3ret lika med
16 097 MWh/h. Variationsbredden (skillnaden mellan hégsta och lagsta var-
det) ar lika med 16 227 MWh/h medan standardavvikelsen ar lika med
3 346 MWh/h.

Den stérsta skillnaden mellan tva pa varandra féljande varden pd medeleffek-
ten uppgar till 2 282 MWh/h. Elanvandningen uppvisar relativt stabila perio-
diska variationer under aret, veckan och dygnet, vilket gér det méjligt att
prognosera den framtida elanvandningen med relativt hdg noggrannhet. Pro-
gnhosfelet for nasta timme &r i allmanhet 1 till 2 % av medelvardet medan
prognosfelet fér ndsta dygn ar nagot storre.

Figur 2 och Figur 3 visar elanvandningen timme f6ér timme i Sverige under en
héglastvecka och en l8glastvecka ar 2007 uttryckt som medeleffekt [MWh/h]
under var och en av de 168 timmarna under veckan.
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Effektbehov (hdgbelastning)
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Figur 2: Elanvandningen under en hoglastvecka &r 2007

Effektbehov (lagbelastning)
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Figur 3: Elanvdndningen under en laglastvecka ar 2007

For att sarskilja arstidsvariationerna hos elanvéndningen fran variationerna
under veckan och under dygnet har medeleffekten vecka for vecka under ar
2007 beraknats, se Figur 4. Den har redovisade medeleffekten ar den under
veckan anvanda elenergin [MWh] dividerat med antalet timmar (168 h) under
veckan.
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Effektbehov (Veckomedelvarde)
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Figur 4: Elanvandningens 3rstidsvariation under ar 2007

2.2 Vindkraftproduktion

Figur 5 visar vindkraftproduktionen timme fér timme i Sverige under &r 2007
uttryckt som medeleffekt [MWh/h] under var och en av de 8 760 timmarna
under aret.

Vindkraftproduktion (Timmedelvarde)
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Figur 5: Vindkraftproduktionen i Sverige under ar 2007

Under ar 2007 var den hégsta medeleffekten lika med 589 MWh/h, den lagsta
medeleffekten lika med 5 MWh/h och medeleffekten lika med 152 MWh/h. Va-
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riationsbredden (skillnaden mellan hégsta och lagsta vardet) ar lika med
584 MWh/h medan standardavvikelsen &r lika med 114 MWh/h.

Den storsta skillnaden mellan tva pd varandra féljande varden pd medeleffek-
ten uppgar till 81 MWh/h. Det pagar utvecklingsarbete i avsikt att fa fram me-
toder att prognosera vindkraftproduktion men de praktiska mdjligheterna ar
fortfarande relativt begransade.

2.3 Karnkraftproduktion

Figur 6 visar karnkraftproduktionen timme fér timme i Sverige under ar 2007
uttryckt som medeleffekt [MWh/h] under var och en av de 8 760 timmarna
under aret.
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Figur 6: Karnkraftproduktionen i Sverige under ar 2007

Under &r 2007 var den hdgsta medeleffekten lika med 9 024 MWh/h, den
lagsta medeleffekten lika med 4 369 MWh/h och medeleffekten dver aret lika
med 7 351 MWh/h. Variationsbredden (skillnaden mellan hégsta och lagsta
vardet) ar lika med 4 655 MWh/h och standardavvikelsen ar lika med
420 MWh/h.

Den storsta skillnaden mellan tva p& varandra féljande varden pa medeleffek-
ten uppgick till 807 MWh/h. Bortfall av nagot av de stérsta kadrnkraftaggrega-
ten (Forsmark 3 och Oskarshamn 3) ger upphov till en momentan minskning
av karnkraftproduktionen om cirka 1 200 MW. Anledningen att &ndringen av
medeleffekten under 2007 &r mindre an den installerade effekten ar att inget
av de storsta karnkraftaggregaten kopplades bort omedelbart efter timskar-
ven.
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2.4 Overfoéring pa stamnéatet

Om anlaggningarna for energilagring placeras i sédra Sverige kan de eventu-
ellt dven bidra till en effektivare utnyttjning av transmissionsnatet. Figur 7 vi-
sar dverforing i Snitt 2 pa Stamnéatet under ar 2007. Positiva varden innebér
att effekten flyter fran norr till séder medan negativa varden innebér att ef-
fekten flyter frdn soder till norr. Snitt 2 &r en ténkt linje fran o6st till vast som
skiljer norra och sédra Sverige nar det géller 6verféring pa Stamnétet.

Overféring séderut i Snitt 2 p& Stamnétet
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Figur 7: Overféring sdoderut pd Stamnitet under &r 2007

Den hégsta overforingen fran norr till séder pd Stamnatet &r lika med
6 428 MWh/h och den hoégsta dverféringen frdn soder till norr ar lika med
1 358 MWh/h. Medelvirdet av 6verféringen pa Stamnatet fran norr till séder
ar lika med 2 863 MWh/h. Variationsbredden (skillnaden mellan hégsta och
lagsta vardet) ar lika med 7 785 MWh/h medan standardavvikelsen &r lika
med 1 517 MWh/h.

Figur 8 visar overforing i Snitt 2 pd Stamnatet under en hdoglastvecka ar
2007.

Den hégsta 6verféringen fran norr till séder i pa Stamnéatet &r lika med
5243 MWh/h och den hégsta éverféringen fran séder till norr ar lika med
550 MWh/h. Medelvardet av 6verféringen p§ Stamnéatet fran norr till soder ar
lika med 3 437 MWh/h. Variationsbredden (skillnaden mellan hdgsta och légs-
ta vardet) ar lika med 4 694 MWh/h medan standardavvikelsen ar lika med
1 440 MWh/h.
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Overféring soderut i Snitt 2 p&4 Stamnétet
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Figur 8: Overforing soderut p4 Stamnitet under en hoglastvecka 2007

Figur 9 visar dverfoéring i Snitt 2 pd Stamnétet under en I3glastvecka ar 2007.
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Figur 9: Overforing soderut pd Stamniitet under en ldglastvecka 2007

Den hégsta dverféringen fran norr till séder ar lika med 3 816 MWh/h och den
hégsta dverféringen fran séder till norr &r lika med 1 358 MWh/h. Medelvéardet
av overféringen p% Stamnatet frdn norr till séder ar lika med 1 894 MWh/h.
Variationsbredden (skillnaden mellan hogsta och lagsta vdrdet) &r lika med
5 173 MWh/h medan standardavvikelsen ar lika med 1 401 MWh/h.



ELFORSK

2.5 Spotpriset

P& den avreglerade elmarknaden kan en dgare av en anldggning for energi-
lagring uppnd ett positivt ekonomiskt resultat genom att kdpa elenergi nar
priset ar 1agt och sélja nar priset &r hégt. Méjligheten att uppnad ett gott eko-
nomiskt resultat okar nar prisskillnader i systemet 6kar. Omfattande installa-
tioner av anlaggningar torde minska prisskillnaderna och reducera intdkterna
for ytterligare installationer av anlaggningar for energilagringar.

Figur 10 visar spotpriset timme fér timme i Sverige (Stockholmsomradet) un-
der &r 2007 [SEK/MWh] under var och en av de 8 760 timmarna under aret.

Spotpris (Timvéarde)
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Figur 10: Spotpriset i Sverige (Stockholmsomradet) under ar 2007

Under &r 2007 var det hégsta spotpriset lika med 1 367 SEK/MWh, det lagsta
spotpriset lika med 38 SEK/MWh och medelpriset lika med 280 SEK/MWh. Va-
riationsbredden var lika med 1 329 SEK/MWh medan standardavvikelsen ar
lika med 98 SEK/MWh.

Prognoseringen av det framtida spotpriset &r av avgérande betydelse for ut-
nyttjandet av anlaggningarna fér energilagring i driftskedet. Priset uppvisar
férutom dygnsvariationer &ven arstidsvariationer och langsiktiga trender, se
Figur 11.
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Spotpris (Veckomedelvarde)
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Figur 11: Arstidsvariation for spotpriset i Stockholmsomradet un-
der ar 2007

Den framtida elenergianvandningen, den framtida nederbérden och de dar-
med férknippade vattenkrafttillgdngarna, varmekraftaggregatens framtida till-
ganglighet samt den framtida utrikeshandeln pdverkar alla det framtida spot-
priset och darmed resultatet av utnyttjningen av anlaggningarna for energi-
lagring.

3 Teknikbeskrivningar

Nedan visas mycket 6versiktligt hur olika typer av energilager for kraftsystem
kan byggas upp.

3.1 Energilagring i batterier

Figur 12 visar principen for ett energilager baserat pa uppladdningsbara bat-
terier. Vid perioder med produktionsdverskott i kraftsystemet fungerar strém-
riktaren som en likriktare och laddar batteriet. Vid perioder med behov av ef-
fekttillskott i kraftsystemet fungerar stromriktaren som en vaxelriktare och
omvandlar den upplagrade energin i batteriet till elenergi som matas ut i
kraftsystemet. I figuren visas laddningslikriktare och atermatningsvaxelriktare
som en enhet. Det ar mdéjligt att bygga upp systemet med separat likriktare
for batteriladdning och separat vaxelriktare for dtermatning till kraftsystemet.

10
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Laddningslikriktare /
Atermatningsvéxelriktare

AC

Laddningsbara
batterier

Kraftsystemet

DC

LHHHJ

Figur 12: Princip for batteribaserat energilager

3.2 Energilagring i kraftkondensatorer

Figur 13 visar principen for ett energilager baserat pd upp- och urladdning av
kondensatorer. Vid perioder med produktionsdverskott i kraftsystemet funge-
rar stromriktaren som en likriktare och laddar kondensatorenheten. Vid perio-
der med behov av effekttillskott i kraftsystemet fungerar stromriktaren som
en vaxelriktare och omvandlar den upplagrade energin i kondensatorenheten
till elenergi som matas ut i kraftsystemet. I figuren visas laddningslikriktare
och dtermatningsvaxelriktare som en enhet. Det &r mdjligt att bygga upp sy-
stemet med separat likriktare for laddning och separat véxelriktare for ater-
matning till kraftsystemet.

AC

Kraftsystemet

DC

LHHHJ

Figur 13: Princip for kondensatorbaserat energilager

Superkondensatorer har utvecklats p@ senare ar med kapacitans upp mot
2000 Farad och mer, se referens [1]. Jamfért med laddningsbara batterier ar
dock energitatheten trots detta mindre.

3.3 Energilagring i svanghjul

Figur 14 visar principen foér ett energilager baserat svanghjul. Svanghjulet ar
kopplat till ett motor/generatoraggregat. Vid perioder med produktionséver-
skott i kraftsystemet lagras energi i svdnghjulet sdsom rérelseenergi. Detta
sker genom att 6ka rotationshastigheten hos det mekaniska svanghjulet. Vid
perioder med behov av effekttillskott i kraftsystemet omvandlas den upplag-
rade energin i svanghjulet till elenergi som matas ut i kraftsystemet. Eftersom
energiinnehallet i svdnghjulet &r beroende av rotationshastigheten maste

11
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aven motor/generatoraggregatet kunna drivas med variabelt varvtal. Fre-
kvensomriktare uppbyggda med modern transistorteknik ar val lampade for
att styra motorer/generatorer med variabelt varvtal. Varvtal upp mot 10 000
varv/minut kan vara realistiska.

Kraftsystemet

Frekvens-
omriktare

Motor /

Generator Svanghjul

Figur 14: Princip for energilagring i svianghjul

3.4 Energilagring i pumpkraftverk

Figur 15 visar principen for ett pumpkraftverk. Pumpkraftverket &r i princip
ett normalt vattenkraftverk med &6vre och nedre vattenmagasin som kan
rymma en vattenmangd motsvarande den energimdngd som man vill lagra.
Vid upplagring av energi fungerar synkronmaskinen som motor och pumpar
upp vatten till det 6vre magasinet. Nar den upplagrade energin skall dterma-
tas till kraftsystemet fungerar synkronmaskinen som generator.

12



ELFORSK

Ovre
vattenmagasin

Generator/Motor

Nedre
vattenmagasin

Turbin

Figur 15: Oversiktsbild av pumpkraftverk

Normalt byggs pumpkraftverk i terrdng dar évre och nedre magasin kan fas
pa naturligt vis, till exempel med sjdéar pa olika niva. Dock skulle det vara
maojligt att spranga ut det nedre magasinet under jord (sub-terra). Har kan
man Overvaga att anvanda befintliga underjordsmagasin i nedlagda (utbrut-
na) gruvor. Tidigare byggdes flera pumpkraftverk med en pump och en turbin
men numera bygger man garna pumpkraftverk med en reversibel
pump/turbin. Man far pa s satt bara en strémningsmaskin men med olika ro-
tationsriktning vid pumpning och generering.

3.5 Energilagring genom vatgasgenerering

Figur 16 visar principen fér energilagring genom vatgasgenerering. Energi lag-
ras genom att generera vatgas till exempel genom elektrolys och att kompri-
mera gasen. El produceras i en brdnslecell eller gasmotor plus roterande ge-
nerator.

13
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~ El | Elektrolys Hz .
Komprimering
Vatgaslager
El Branslecell H,
} N Gasmotor N
Generator
Figur 16: Energilagring genom vatgasgenerering
3.6 Energilagring genom luftkomprimering

Figur 17 visar principen for energilagring med komprimerad luft. Vid perioder
med produktionsdverskott i kraftsystemet drivs synkronmaskinen (mo-
tor/generatoraggregatet) som motor och driver en kompressor som pumpar
luft till ett lagringsutrymme for tryckluft. Detta lagringsutrymme ar normalt
underjordiskt.

Kraftsystemet

Motor /

Generator Gasturbin

T

Bransle

Kompressor

| .

TN

Underjordiskt
lagringsutrymme
for tryckluft

Figur 17: Principiell uppbyggnad av system fér energilagring med
tryckluft

Vid perioder med produktionsunderskott i kraftsystemet leds den komprime-
rade luften till en brannkammare dar branslet forbranns och den varma gasen
driver turbin som i sin tur ar ansluten till synkronmaskinen (mo-

14
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tor/generatoraggregatet). En gasturbin driver normalt en egen kompressor
for sitt eget driftbehov. I detta fall anvands den upplagrade tryckluften i stadl-
let for en kompressor. Ddrmed kan man nyttja branslet till gasturbinen pa ett
effektivt satt samtidigt som tryckluften som krdvs av processen har genere-
rats med billiga kraftslag vid perioder med produktionsdverskott.

4 Anvandningsomraden

Energilagring kan paverka konkurrenskraften fér intermittenta produktions-
tekniker och effektivisera driften av elférsérjningssystemet. I detta avsnitt in-
venteras tédnkbara anvdndningsomraden fér anlaggningar for energilagring.

4.1 Forbattring av elkvalitet
Utover avbrottsfrekvens och avbrottstid brukar man med elkvalitet mena:

. kraftsystemets formaga att mata belastningsobjekten utan att stéra el-
ler skada dem vilket i stor utstrackning beror pa spanningens kurvform

. belastningsobjektens férmaga att drivas utan att stora eller minska ef-
fektiviteten i kraftsystemet vilket i stor utstrackning beror pa belast-
ningsstroémmens kurvform

Ett fenomen som brukar kdnneteckna elkvalitet ar forekomsten av spannings-
dippar, se Figur 18 nedan, som kan orsakas av shuntfel (kortslutningar och
jordslutningar) pd objekt i narheten av det belastningsobjekt som &r av in-
tresse.

Spanningsdip
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Figur 18: Spanningsdip

Overtoner och spénningsfluktuationer &r andra fenomen som &r férknippade
med elkvalitet.
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Computer Business Equipment Manufacturer Association (CBEMA) har publice-
rat en kurva, se Figur 19, som ursprungligen togs fram som vagledning for
CBEMA-medlemmarnas arbete att konstruera kraftférsérjningen i datorer och
annan elektronisk utrustning. Kurvan brukar dven anvandas for att vardera
(1) elkvalitén i kraftsystem och (2) risken fér att datorer och annan elektro-
nisk utrustning ska felfungera.

CBEMA kurvan
Efter: Arrilaga, Bollen & Watson (2000)
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Figur 19: CBEMA kurvan

CBEMA heter numera Information Technology Industry Council (ITIC) och
kurvan i Figur 20 har tagits fram for att ersatta CBEMA kurvan.

ITIC kurvan
Efter: Arrilaga, Bollen & Watson (2000)
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Figur 20: ITIC kurvan
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En anldggning for energilagring kan foérbéattra el-kvalitén pa féljande satt:

. avbrottsfri elférsérjning av kritiska belastningsobjekt med hjalp av
Uninterruptible Power Supply system (UPS system)

o forbattring av spanningshallningen med hjélp av ett energilager och
snabb reglering av den utmatade strommen

Aktiveringstiden fér anldggningar for forbattring av el-kvalitén bor vara korta-
re &n en period av fundamentalfrekvensen och medelutnyttjningstiden nadgra
minuter per ar.

Den ekonomiska nyttan beror i stor utstrackning pa tillampningen. EIférsérj-
ning av sakerhetsrelaterade objekt i karnkraftstationer maste bara finnas.
Tillverkare av halvledarkomponenter har valt plats for lokalisering bland annat
efter granskning av el-kvalitén p% tankbara lokaliseringsorter.

4.2 Férbattring av den transienta stabiliteten

Vid jordslutningar och framfér allt kortslutningar pa elnaten sjunker spanning-
en och utmatningen av elenergi fran ndgon eller ndgra generatorer kan mins-
ka. Om sa sker rubbas balansen mellan det accelererande mekaniska momen-
tet och det retarderande elektriska momentet hos vissa generatorer. S3 ldnge
det primara storningsfelet inte hunnit kopplas bort accelereras turbingenera-
toraggregaten nara felstéllet snabbt pd grund av att natspéanningen &r 18g och
den frdn aggregaten retarderande utmatade elektriska effekten ar obetydlig.
Den accelererande mekaniska effekten ar ungefar lika stor som den var innan
felet intraffade. Normalt kopplas den feldrabbade anldggningsdelen bort efter
en kortare tid dan 100 millisekunder. Nar det primara storningsfelet kopplas
bort stiger natspdnningen, vilket leder till att den retarderande utmatade
elektriska effekten 6kar. P& grund av att transmissionsnatet &r férsvagat och
den retarderande utmatade elektriska effekten blir lika med den accelereran-
de mekaniska effekten nir generatorns rotorvinkel ndr ett kritiskt varde bér-
jar rotationshastigheten minska och om transmissionsnatet ar tillrackligt
starkt kommer rotorvinkeln att bérja minska. Om transmissionsnatet ar kraf-
tigt forsvagat finns det risk att aggregatet faller ur fas.

17



ELFORSK

4.2.1 Rskddningsexempel

For att illustrera ovanstdende beskrivning studeras det system som visas i Fi-
gur 21. I detta 3skadningsexempel antas att generatorn har en skenbar effekt
om 1 500 MVA.

Bl B2

L1

—il — By

Gl T1 i Starkt nat

L2

—il —

Figur 21: Enlinjeschema for dskddningsexempel p3 transient stabi-

litet

Vi antar att ledning L1 drabbas av en trepolig kortslutning omedelbart utanfér
ledningsbrytaren i stationen med samlingsskena B1. Spanningen pa samlings-
skena B1 kommer da att sjunka till ett varde mycket nara noll, se Figur 22.

Spanning pa transformatorns uppspanningssida
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Figur 22: Spanning pa transformatorns uppspanningssida

Under feltiden kommer spédnningen p& samlingsskena B1 att anta ett vérde
néra noll. N&r kortslutningen kopplats bort stiger spanningen pa samlingsske-
na B1 till ett varde i narheten av den normala driftspanningen.
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Aven spanningen pa generatorns fasuttag sjunker under feltiden, se Figur 23.

Spanning pa generatoruttagen
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Figur 23: Spanning pa generatorns fasuttag

Under feltiden sjunker spanningen pa generatorns fasuttag till ett varde som
bestams av transformatorns kortslutningsreaktans och generatorns subtransi-
enta reaktans.

Aven spanningen pd samlingsskena B2 vid bortre &ndan av de bdda ledning-
arna L1 och L2 sjunker under feltiden som framgar av Figur 24.

Spanning vid ledningarnas bortre dnda
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Figur 24: Spdnning pa samlingsskenan vid bortre dndan av led-
ningarna

Under feltiden sjunker spdnningen pa samlingsskena B2 till ett virde som be-
stédms av natets kortslutningsreaktans och ledningarnas reaktans.

Spanningssankningen pd samlingsskena B1 goér att den utmatade aktiva ef-
fekten fran generator G1 till natet sjunker till ett varde n&ra noll under felti-
den, se Figur 25 medan den mekaniska effekten till aggregatets roterande de-
lar &r nastan konstant som framgar av Figur 26.
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Elektrisk effekt
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Figur 25: Elektrisk effekt fran generatorn

Innan felet intraffar ar den elektriska effekten lika med den mekaniska effek-
ten om vi forsummar alla forluster.

Mekanisk effekt
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Figur 26: Mekanisk effekt till aggregatets roterande delar

Har antar vi att den mekaniska effekten till aggregatets roterande delar ar
konstant, vilket ar ett rimligt antagande.
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Skillnaden mellan mekanisk effekt och elektrisk effekt brukar kallas accelere-
rande effekt eftersom den Okar turbingenerators rotationsvarvtal, som fram-

gar av Figur 27.
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Figur 27: Turbin- generatoraggregatets rotationshastighet

Om inte varvtalsstegringen hejdas i tid faller aggregatet ur fas och kopplas i
allménhet bort fran det dvriga natet.

Figur 28 visar vinkeln mellan generatorns rotor och det starka natet och Figur
22 till och med Figur 28 beskriver alla ett fall av transient instabilitet.
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Figur 28: Vinkel mellan generatorns rotor och det starka natet

4.2.2 Forbattring av den transienta stabiliteten

En anlaggning for energilagring, som kan ©ka det retarderande elektriska
momentet under och efter feltiden, skulle kunna bidra till att minska risken
for transient instabilitet. Detta i sin tur skulle kunna bidra till 6kad 6verf6-
ringsférmaga hos det befintliga elférsérjningssystemet och eventuellt dven
senareldaggning av planerade férstarkningar av éverféringsnatet.
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Nedan visas hur ett energilager, se Figur 29, kan utnyttjas for att forhindra
transient instabilitet hos det dskadningsexempel som beskrivs i avsnitt 4.2.1.

Bl B2
L1

Gl T1 - f - Starkt nat

L2

Energilager

Figur 29: Enkelt kraftsystem med energilager

Observera att energilagret ar anslutet till nedspanningssidan av aggregat-
transformatorn och inte till samlingsskenan B1. Om energilagret hade varit
anslutet till skena Bl skulle det inte vara méjligt att ladda energilagret under
feltiden pd grund av att spanningen pa skena B1 da &r néra noll. P& nedspan-
ningssidan sjunker spanningen men det finns viss spanning, se Figur 23 som
gor det majligt att ladda energilagret.

Vid konstruktionen av det energilager som visas i Figur 29 maste man beakta
att kortslutningseffekten i anslutningspunkten &r mycket hég. Séarskilda 3t-
garder kan behdva vidtas for att alla delar i anldggningen fér energilagring
inte ska bli utsatt fér dessa héga felstrémmar.

Det antas att ledning L1 drabbas av en trepolig kortslutning omedelbart utan-
for ledningsbrytaren i stationen med samlingsskena B1. Spanningen pa sam-
lingsskena B1 kommer d& att sjunka till ett varde mycket nara noll, se Figur
30.
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Spanning pa transformatorns uppspanningssida
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Figur 30: Spanning pa transformatorns uppspanningssida

N&r kortslutningen kopplats bort stiger spanningen p@ samlingsskena B1 till
ett varde i narheten av den normala driftspanningen.

Aven spanningen pa generatorns fasuttag sjunker under feltiden, se Figur 31
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Figur 31: Spanning pa generatorns fasuttag

Under feltiden sjunker spanningen pa generatorns fasuttag till ett virde som
bestams av transformatorns kortslutningsreaktans, generatorns subtransienta
reaktans och effekten till energilagret.
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Spanningssankningen pd samlingsskena Bl gor att den utmatade aktiva ef-
fekten fran generator G1 till natet sjunker till noll under feltiden, se Figur 32.

Elektrisk effekt
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Figur 32: Elektrisk effekt fran generatorn

Innan felet intraffar ar den elektriska effekten lika med den mekaniska effek-
ten om vi forsummar alla forluster. Har antar vi att den mekaniska effekten
till aggregatets roterande delar ar konstant, vilket ar ett rimligt antagande.

Figur 33 visar turbin- generatorns rotationsvarvtal.
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Figur 33: Turbin- generatoraggregatets rotationshastighet
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Figur 34 visar vinkeln mellan generatorns rotor och det starka natet.
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Figur 34: Vinkel mellan generatorns rotor och det starka natet

Energilagret formar att férhindra transient instabilitet men dédmpningen av de
elektromekaniska pendlingarna ar inte tillfredstallande.

Figur 35 visar den effekt som flyter till energilagret.

Elektrisk effekt till energilagret
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Figur 35: Effektflode till energilagret

Fér att undvika transient instabilitet har energilagret i detta exempel laddats
med en hdgsta effekt om cirka 250 MW och lagrat 0,007 MWh. Har antas att
den under feltiden upplagrade energin atermatas vid ett senare tillfille sd att
anldggningen fér energilagring ar redo att lagra energi vid nasta fel pd det
yttre natet. I dskadningsexemplet ovan antas att energi lagrades endast un-
der feltiden. Man kunde dessutom ha lagrat energi sa ldnge aggregatet acce-
lererades. Detta ar det normala foérfarandet ndr man anvander bromsmot-
stand for att férbattra den transienta stabiliteten. Fér att ett bromsmotstand
ska kunna aktiveras under feltiden maste det vara férsett med ett snabbare
kopplingsorgan @an en mekanisk elkopplare (effektbrytare).

Aktiveringstiden maste vara kort och bér inte vara langre &n cirka
100 millisekunder och insatstiden upp emot 1 sekund. Storleken av energilag-
ret behéver inte vara stérre @n summan av den installerade aktiva effekten
som riskerar att falla ur fas vid ett primart stérningsfel men bor inte vara
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mindre an cirka 20 % av den installerade effekten. De stérsta aggregaten i
det synkrona Nordel-systemet har for narvarande en installerad effekt om cir-
ka 1 200 MW. Denna kommer att oka till cirka 1 450 respektive 1 600 MW ef-
ter effekthdjningarna i befintliga varmekraftaggregat i Sverige och idrifttag-
ning av ett nytt véarmekraftaggregat i Finland. Ett energilager med en effekt
om cirka 300 MW och en lagringskapacitet om 0,01 MWh har férutsattningar
att patagligt reducera risken for transient instabilitet i 8skadningsexemplet.
Observera att det maste vara mojligt att absorbera elektrisk effekt &ven om
spanningen pa dverforingsnitet skulle vara sa 18g som cirka 50 % av den
normala driftspanningen.

4.3 Dampning av elektromekaniska pendlingar

De elektromekaniska pendlingar mellan generatorer och grupper av generato-
rer, som uppkommer i samband med stérningar i elférsdrjningssystemet mas-
te ddmpas ut. Stoérningarna kan vara kortslutningar och jordslutningar eller
bortkoppling av ledningar och transformatorer utan féregdende fel. Om ef-
fektpendlingarna inte dampas ut utan fortsatter att véxa kommer generatorer
sa smaningom att falla ur fas och kraftsystemet kommer att drabbats av dy-
namisk instabilitet. Det finns aven ett behov att dampa ut de elektromekanis-
ka pendlingar som kan uppkomma till synes utan anledning (sa kallade sj&lv-
alstrade pendlingar).

Figur 36 visar exempel pa effektpendlingar med olika ddmpning. Den &versta
kurvan visar en effektpendling med negativ démpning medan den mellersta
kurvan visar en effektpendling utan ndgon ddampning. Den nedersta kurva vi-
sar en effektpendling med positiv dampning. Vid planeringen av Nordel-
systemet har man tidvis anvant kriteriet att en effektpendling skall minska till
halften pa 10 sekunder.
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Effektpendling med negativ dampning
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Figur 36: Effektpendlingar med olika dampning

Observera att terminologin varierar och ekvation (1) visar ett satt att beskriva
effektpendlingar i elkraftsystem.

PP, e " cos@t+5_ (1)

27



ELFORSK

Effektpendlingar i elkraftsystem analyseras tidvis med hjalp av egenvardes-
analys av en linjariserad modell och effektpendlingarna beskrivs av det domi-

nerande paret av egenvérden till den linjériserade modellen 4 =o; t jo,, se
ekvation (2) nedan.

PC:=P, e cos@t+¢

Den enda principiella skillnaden mellan ekvation (1) och (2) &r tecknet pa den
term som anger dampningen d respektive o;. I ekvation (1) ger ett positivt

varde pd parametern d positiv ddmpning, det vill sdga pendlingar med avta-
gande amplitud eller positiv ddmpning enligt gdngse sprakbruk i elkraftsam-
manhang. I ekvation (2) ger ett negativt virde pa parametern o,; pendlingar

med avtagande amplitud. I Figur 36 géller att: d =—-0.02 (6versta kurvan),
d =0.00 (mellersta kurvan) och d =0.07 (nedersta kurvan), vilket motsvarar
o, =0.02 (6versta kurvan), o, =0.00 (mellersta kurvan) och o, =-0.07 (ne-

dersta kurvan). Med d =0.07 minskar storleken pa effektpendlingarna till
halften pa 10 sekunder.

Ovan konstaterades att ett energilager som styrs pa lampligt satt kan foérhind-
ra transient instabilitet. I 8skddningsexemplet, se avsnitt 4.2.2, blev damp-
ningen av de elektromekaniska pendlingarna inte tillracklig. Genom att
komplettera styrutrustningen fér energilagret i Figur 29 med en dampterm
kan dampningen av de elektromekaniska pendlingarna férbattras. Dampter-
men boér ge en effektinmatning till energilagret som &r proportionell mot rota-
tionshastighetens avvikelse fran medelvérdet av rotationshastigheten hos 6v-
riga aggregat. Med rotationshastighet menas har kvoten mellan aktuellt varv-
tal och markvarvtal. Nedan illustreras hur energilagret kan utnyttjas for att
utdéver att forhindra transient instabilitet dven férbattra dampningen av elek-
tromekaniska pendlingar.

Det antas att ledning L1 drabbas av en trepolig kortslutning omedelbart utan-
for ledningsbrytaren i stationen med samlingsskena B1. Spanningen pa sam-
lingsskena B1 kommer d& att sjunka till ett vdrde mycket néra noll, se Figur
37. Nar kortslutningen kopplats bort stiger spdnningen pa samlingsskena B1.

Spanningssankningen pd samlingsskena Bl gor att den utmatade aktiva ef-
fekten fran generator G1 till natet sjunker till noll under feltiden, se Figur 38.

Innan felet intraffar ar den elektriska effekten lika med den mekaniska effek-
ten om vi forsummar alla férluster. Har antar vi att den mekaniska effekten
till aggregatets roterande delar ar konstant, vilket ar ett rimligt antagande.
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Spanning pa transformatorns uppspanningssida
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Figur 37: Spanning pa transformatorns uppspanningssida
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Figur 38: Elektrisk effekt fran generatorn

Figur 39 visar turbin- generatorns rotationsvarvtal.
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Figur 39: Turbin- generatoraggregatets rotationshastighet
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Figur 40 visar vinkeln mellan generatorns rotor och det starka natet.
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Figur 40: Vinkel mellan generatorns rotor och det starka natet

Energilagret formar att férhindra transient instabilitet och att éka dampningen
av de elektromekaniska pendlingarna.

Figur 41 visar den effekt som flyter till energilagret.
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Figur 41: Effektflode till energilagret

For att forbattra dampningen var den maximala inmatningen till energilagret
cirka 140 MW medan den maximala effektutmatningen var 65 MW. Skillnaden
mellan den maximalt och den minimalt upplagrade energin var 0,015 MWh.

For att dampa effektpendlingar géller det att dstadkomma en periodiskt varie-
rande eleffekt med medelvérdet noll, det vill séga omvaxlande effektinmat-
ning och effektuttagning, och en periodtid mellan 0,5 och 5 sekunder. S8dana
energilager kan behdva installeras pa ett fatal perifera stéllen i Nordel-
systemet och effekten ska styras sd att den varierar i takt med variationerna i
vinkelfrekvens hos generatorerna i de aktuella omradena. Fér en grupp av
generatorer med en sammanlagd skenbar effekt om 1 000 MVA behévs en an-
laggning med en effekt om 100 MW och en lagringskapacitet om 0,01 MWh.
Observera att det maste vara mdjligt att effektinmatningen och effektuttag-
ningen kan ske &ven om spanningen pa dverféringsnatet skulle variera med
ett tiotal procent av den normala driftspanningen.
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4.4 Momentan aktiv stérningsreserv

Vid bortfall av ndgot turbingeneratoraggregat rubbas balansen mellan summa
mekaniskt moment & ena sidan och summa elektriskt moment & andra sidan.
Under forutsattning att samtliga kvarvarande generatorer i det vaxelstréms-
massigt samkdérande systemet forblir i synkronism och uppkomna pendlingar
dampas ut kommer alla aggregat att retarderas och medelfrekvensen i sy-
stemet sjunker. For narvarande galler kravet att natfrekvensen efter ett stort
produktionsbortfall i det synkrona Nordel-systemet inte ska sjunka under
49,0 Hz. Efter en tid kommer den momentana aktiva produktionsreserven,
och frekvensreglerreserven, om den inte redan ar fullt utnyttjad, att borja 6ka
sin uteffekt och frekvensfallet kommer att hejdas. Det finns ett krav att nat-
frekvensen 30 sekunder efter ett stort produktionsbortfall inte ska vara lagre
dn 49,5 Hz. Praktiskt innebar detta att den aktiva effektbalansen maste vara
dterupprattad inom cirka 5 sekunder. Den momentana aktiva stérningsreser-
ven i det vaxelstromsmassigt samkérande Nordel-systemet ska vara stoérre an

P,m —200 MW dar P, &r storleken pa det dimensionerande produktionsbort-
fallet, normalt det stoérsta aggregatet i systemet. Nar natfrekvensen sjunker
under 50 Hz kommer elférbrukningen i hela systemet att sjunka under det
varde som gallde vid 50 Hz. Belastningsobjektens frekvensberoende hjalper
till att dteruppratta den aktiva effektbalansen och den minskade effektfor-

brukningen vid 49,5 Hz anses vara 200 MW i det synkrona Nordel-systemet.

Figur 42 visar i grafisk form kraven pa uppregleringen av den totala aktiva
stérningsreserven i det synkrona Nordel-systemet for det fall att det dimen-
sionerande produktionsbortfallet &r lika med 1 400 MW. Uthalligheten maste
vara minst 15 minuter, vilket leder till kravet att lagringskapaciteten maste
vara minst 250 till 350 MWh fér hela Nordel-systemet.

Uppreglering av momentan stérningsreserv
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Figur 42: Uppreglering av den momentana aktiva storningsreser-
ven
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Kravet pa storleken av den momentana aktiva stérningsreserven férdelas
mellan omrddena i Nordel-systemet i proportion till det dimensionerande pro-
duktionsbortfallet i respektive delsystem. Detta innebéar att Sverige, for nar-
varande, ska halla en momentan aktiv stérningsreserv som uppgar till cirka
1/3 av den totala reserven, vilket innebdar ett virde i omradet mellan 300 och
400 MW

4.5 Frekvensreglering

For att mota tillfélliga belastningsvariationer och effektobalanser, som upp-
kommer i samband med normal start och stopp av aggregat, ska det i Nordel-
systemet finnas en frekvensreglerreserv. Denna reserv ska ha en storlek om
600 MW och den ska ingripa med en reglerstyrka om 6 000 MW/Hz. Kravet att
halla frekvensreglerreserv och reglerstyrka fordelas mellan omradena i det
synkrona Nordel-systemet i proportion till den arliga elenergiférbrukningen
inom omradet. Kravet och reglerna for férdelning leder till att man i Sverige
ska halla en frekvensreglerreserv om narmare 250 MW och en reglerstyrka
om narmare 2 500 MW/Hz. Kraven inom Nordel anger att effekten fran fre-
kvensreglerreserven ska vara proportionell mot frekvensens medelvarde un-
der 2 till 3 minuter. Detta innebar att det slutna reglersystemet kan ha en
dominerande tidskonstant om cirka en minut. Frekvensvariationer i det syn-
krona Nordel-systemet haller sig normalt inom +0,1 Hz och tidsavvikelsen
inom +30 sekunder. Kostnaden for att halla frekvensreglerreserven i Sverige
kan uppskattas till mellan 150 och 200 MSEK/3r.

For att illustrera behovet av frekvensreglering betraktas tre timmar frén tors-
dagen den 15 december 2005. Timmarna mellan kl. 06 och 07 (morgonpa-
lastningen), mellan kl. 10 och 11 (jé@mn belastning) samt mellan kl. 22 och 23
(kvallsavlastningen) analyseras. Figur 43 visar frekvensavvikelsen under mor-
gonpalastningen den 15 december 2005.
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Figur 43: Frekvensavvikelsen under morgonpalastningen
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Figur 44 visar effektvariationerna fran frekvensreglerreserven nar reglerstyr-
kan ar 2 500 MW/Hz.

Uteffekt fran frekvensreglerreserven
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Figur 44: Effektvariationer fran frekvensreglerreserven

Den lagsta och hogsta effektutmatningen &r lika med -223 respektive
162 MW.

Figur 45 visar andringen av den upplagrade energin under timmen. Begynnel-
sevardet for den upplagrade energin ar godtyckligt valt.
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Figur 45: Upplagrad energi
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Den lagsta och hogsta upplagrade energin ar lika med 187 respektive
223 MWh och skillnaden ar lika med 37 MWh

Figur 46 visar frekvensavvikelsen under jamn belastning den 15 december

2005.
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Figur 46: Frekvensavvikelsen under jamn belastning

Vi noterar att frekvensen ligger stadigt dver det lagsta tilldtna vardet 49,9 Hz

men under den nomin

ella frekvensen 50,0 Hz. Figur 47 visar effektutmatning-

en fran frekvensreglerreserven under samma antagande som ovan.

Uteffekt fran frekvensreglerreserven

300

200

100 /\'/J\ MW\~_MM P ch i Yo

Effekt [MW]
o

-100
-200
-300
0 600 1,200 1,800 2,400 3,000 3,600
Tid [s]
Figur 47: Uteffekt fran frekvensreglerreserven
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Den lagsta och hdgsta effektutmatningen ar lika med -3 respektive 182 MW.

Figur 48 visar den upplagrade energin under timmen.
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Figur 48: Upplagrad energi

Den lagsta och hdgsta upplagrade energin ar lika med 77 respektive 200 MWh
och skillnaden &r lika med 123 MWh

Figur 49 visar frekvensavvikelsen under kvallsavlastningen den 15 december
2005.
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Figur 49: Frekvensavvikelsen under kvdllsavlastningen
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Figur 50 visar effektutmatningen fran frekvensreglerreserven under samma
antagande som ovan.
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Figur 50: Uteffekt fran frekvensreglerreserven
Den lagsta och hdgsta effektutmatningen ar lika med -203 respektive 25 MW.

Figur 51 visar den upplagrade energin under timmen.
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Figur 51: Upplagrad energi

Den lagsta och hogsta upplagrade energin ar lika med 200 respektive
258 MWh och skillnaden ar lika med 58 MWh
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Den tilldtna tidsavvikelsen &r +£30 sekunder vilket innebér att det skulle vara
tankbart att driva systemet med en konstant frekvensavvikelse om 0,1 Hz i
drygt 8 timmar for att komma fran en tidsavvikelse om -30 till +30 sekunder
eller omvant. Detta skulle i sin tur innebdra att frekvensreglerreserven skulle
mata in eller ta ut 250 MW under denna tid och andringen av upplagrad ener-
gi blir drygt 2 000 MWh. I verkligheten torde man inte kéra systemet sa hart
och den maximala andringen under en timme av den upplagrade energin for
de tre betraktade timmarna den 15 december 2005 har berdknats till
123 MWh.

4.6 Snabb aktiv stérningsreserv

For att aterstélla den momentana stérningsreserven efter ett produktionsbort-
fall och aterstilla beredskapen infér ett nytt produktionsbortfall stédller man
inom Nordel kravet att det ska finnas en snabb stérningsreserv som kan akti-
veras inom 15 minuter efter ett produktionsbortfall. Storleken pa den snabba
stérningsreserven ska vara minst lika stor som det dimensionerande produk-
tionsbortfallet, det vill sédga 1 200 till 1 600 MW. Aktiveringstiden ska vara
kortare &n 15 minuter och uthlligheten ldngre &n 4 timmar. Den nédvéndiga
lagringskapaciteten fér hela den snabba stérningsreserven blir d@ 4 800 till
6 400 MWh. Den snabba stérningsreserven bestdr normalt av driftklara, stilla-
stdende vattenkraftaggregat och gasturbiner. Om anldggningar for energilag-
ring ska anvidndas som snabb aktiv stérningsreserv maste de kunna konkur-
rera med tillgadngliga driftklara, stillastdende vattenkraftaggregat och gastur-
biner.

4.7 Produktionsoptimering

Utdver ovan beskrivna anvdndningsomraden kan anldggningar for energilag-
ring anvandas for produktionsoptimering, dvs. att mata in energi till energi-
lagret nar spotpriset &r 1dgt och mata ut energi fran energilagret nar priset ar
hégt, se Figur 10 och Figur 11. Det d&r en utmaning att bestdmma styrstrate-
gin for ett energilager under férutsattningen att det framtida spotpriset inte ar
kant.

Fér att f& en uppfattning om nyttan av energilagring har spotpriset fér ar
2007 anvants. Anlaggningen for energilagring antas ha en markeffekt

P, =1 MW och en tillrdckligt stor lagringskapacitet for att kunna tillampa fol-
jande enkla strategi:

P& =-P, omC(Kk)<€-mC,
P& =0 omC, €-m <C(k)<€+mC,,
P(<::+Pn omC(:> ¢+ m/bref

Ekvation (3) beskriver den enkla strategin: mata in effekten P(} P, till
energilagret om spotpriset C(: for den aktuella timmen ar lagre an
(-mC, och mata ut effekten P& > P, fr3n energilagret om spotpriset
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C € _for den aktuella timmen &r hogre an €+mC

sa att den upplagrade energin vid periodens slut ar lika med den upplagrade
energin vid perioden bdrjan. Denna enkla strategi forutsatter att det framtida
spotpriset ar kant eller kan uppskattas med god noggrannhet. Strategin ger
darfor en 6vre grans for det ekonomiska utbytet av driften av anlaggningen
for energilagret och en undre grans for den nédvandiga lagringskapaciteten.

« « Parametern C . valjs

Parametern m véljs sa att dgaren aldrig férlorar pa att mata in energi till lag-
ret och senare mata ut energin igen. Parametern m maste viljas med tanke
pa att energiomvandlingen fran véxelstrém till upplagrad energi ar forknippad
med forluster och att energiomvandlingen fran upplagrad energi till véxel-
strom ocksa &r forknippad med foérluster. Vi antar har att verkningsgraden vid

inmatning av energi till lagret ar lika med 7, och att verkningsgraden vid
energiutmatning fran lagret ar lika med n,. D& blir det geometriska medel-

vérdet n av de bada verkningsgraderna lika med /7,7, och vid grénserna
for kdp och forsaljning maste villkoret i ekvation (4) galla.

‘_:Er =€+ m?ﬂ?z

Detta ger sedan ett virde pa parametern m enligt ekvation (5) nedan.

1= _1-mm,
1+n* 1+,

Figur 52 visar parametern m som funktion av medelverkningsgraden. Obser-
vera att den verkningsgrad som anges for energilager ibland &r lika med 7,7, .
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Parametern m
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Figur 52: Parametern m som funktion av medelverkningsgraden

Om medelverkningsgraden &r lika med 90 % blir parametern m lika med
0,105 och om medelverkningsgraden &r 80 % blir parametern m lika med
0,220.
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4.7.1 Optimering pa arsbasis

Med en medelverkningsgrad om 90 %, den ovan angivna strategin och spot-
priset i Figur 10 kommer den upplagrade energin att variera pa det satt som

visas i Figur 53. Begynnelsevardet pa den upplagrade energin har valts god-
tyckligt.
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Figur 53: Upplagrad energi under ar 2007

Den minimalt och maximalt upplagrade energin uppg%r till 442 respektive
2 910 MWh och variationsbredden ar lika med 2 468 MWh.
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Det ekonomiska resultatet av ovan beskrivna strategi fér driften av anlagg-
ningen framgar av Figur 54 nedan. Begynnelsevéardet pa saldot ar valts god-
tyckligt.
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Figur 54: Rorelsekapital under ar 2007

Det minimala och maximala saldot uppgar till 37 respektive 930 kSEK och det
noédvandiga rorelsekapitalet ar lika med 893 kSEK. Det ekonomiska resultatet
av ett ars drift av anlaggningen fér energilagring enligt strategin ovan uppg%r
till 430 kSEK (2007).

4.7.2 Optimering under en hdglastvecka

I stallet for att optimera pa arstidsbasis ar det mdjligt att optimera pad vecko-
basis och d& kommer det ekonomiska resultatet att variera under aret. Fér att
fa en uppfattning om nyttan med energilagring pa veckobasis studeras nedan
en vecka med hdg belastning, se Figur 2. Figur 55 visar spotpriset under den-
na vecka med hég belastning.
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Spotpris (hdgbelastning)
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Figur 55: Spotpriset under en hoglastvecka ar 2007
Det lagsta och hogsta spotpriset ar 228 respektive 690 SEK/MWh.

Med den ovan angivna strategin och spotpriset i Figur 55 kommer den upplag-
rade energin att variera pa det sitt som visas i Figur 56 nedan.
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Figur 56: Lagrad energi under en hoglastvecka ar 2007

Den lagsta och hdgsta lagrade energin ar 6 respektive 35 MWh medan varia-
tionsbredden ar 29 MWh

Det ekonomiska resultatet av ovan beskrivna strategi for driften av anldagg-
ningen fér energilagring framgar av Figur 57 nedan.
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Figur 57: Rorelsekapital under en hdglastvecka &r 2007

Det lagsta och hogsta saldot uppgar till 8 734 respektive 19 819 SEK och det
nédvandiga rorelsekapitalet ar lika med 11 085 SEK. Det ekonomiska resulta-
tet av en veckas drift av anldaggningen for energilagring enligt strategin ovan
uppgar till 3 826 SEK (hdglastveckan 2007).

43



ELFORSK

4.7.3 Optimering under en laglastvecka

Nedan studeras en vecka med |&8g belastning, se Figur 3. Figur 58 visar spot-
priset under denna vecka med hég belastning.
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Figur 58: Spotpriset under en laglastvecka ar 2007
Det lagsta och hégsta spotpriset ar 38 respektive 232 SEK/MWh.

Med den ovan angivna strategin och spotpriset i Figur 58 kommer den upplag-
rade energin att variera pa det satt som visas i Figur 59 nedan.
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Figur 59: Lagrad energi under en laglastvecka ar 2007
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Den lagsta och hégsta lagrade energin ar 20 respektive 38 MWh medan varia-
tionsbredden ar 18 MWh.

Det ekonomiska resultatet av ovan beskrivna strategi for driften av anlagg-
ningen fér energilagring framgar av Figur 60 nedan.
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Figur 60: Rorelsekapital under en laglastvecka ar 2007

Det lagsta och hdgsta saldot uppgar till 9 248 respektive 13 592 SEK och det
noédvandiga rorelsekapitalet ar lika med 4 343 SEK. Det ekonomiska resultatet
av en veckas drift av anlaggningen foér energilagring enligt strategin ovan
uppgar till 2 065 SEK (l&glastveckan 2007).

4.7.4 Summering

Det ekonomiska resultatet av ett rs (2007) drift av anldggningen for energi-
lagring baserat pd ovanstdende enkla strategi uppgar till 521 kSEK. Med en
kapitaliseringsfaktor om 10 blir nuvardet av denna penningstrom lika med
5,2 MSEK, vilken skall stéllas i relation till investeringskostnaden for ett ener-
gilager med en markeffekt om 1 MW och en lagringskapacitet om cirka
2 500 MWh.

Det ekonomiska resultatet av en veckas drift, under en héglastvecka ar 2007,
av anldggningen fér energilagring uppgar till 3 826 SEK. Det ekonomiska re-
sultatet av en veckas drift, under en laglastvecka ar 2007, av anldggningen
for energilagring uppgar till 2 065 SEK. Resultatet av ett ars drift av ett
veckolager kan, mycket grovt, uppskattas till
52x(3 826+2 2065)/2=153 166 SEK.

Med en kapitaliseringsfaktor om 10 blir nuvardet av denna penningstrém lika
med 1,532 MSEK, vilken skall stallas i relation till investeringskostnaden for
ett energilager med en markeffekt om 1 MW och en lagringskapacitet om cir-
ka 30 MWh.
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Tabell 2 visar resultatet av en kanslighetsanalys med avseende pa medel-

verkningsgrad.

Tabell 2: Kdnslighetsanalys
Verkningsgrad 85 % 90 % 95 %
Ekonomiskt resultat [SEK] &rsbasis 341 561 430 045 531 198
Ekonomiskt resultat [SEK] hdglastvecka 3029 3 826 5 605
Ekonomiskt resultat [SEK] laglastvecka 1716 2 065 3213

Verkningsgraden vid energiomvandlingen har mycket stor inverkan pa det
ekonomiska resultatet. I praktiken kommer det ekonomiska resultatet av
energilagringen att bli l&gre &n vad som berdknas ovan pa grund av att det
framtida spotpriset inte ar kant.

4.8

Overforingsformagan pa det svenska transmissionsnatet (Stamnétet) &r inte
konstant utan beror pa en rad omsténdigheter. Om ndgon 400 kV ledning fran
norr till séder tas ur drift sjunker éverféringsformagan pa Stamnétet. Overfo-
ringsformagan beror dven pad tillgdngen pa reaktiv effekt i sddra Sverige.
Overforingsformagan fran norr till séder brukar anges som en grans for den
tilldtna 6verféringen i ett antal snitt. Snitt 2 &r en tankt linje fran ost till vast
som gar ungefir vid Gdvle och Mora. Den tilldtna éverféringen i Snitt 2 brukar
vara cirka 7 000 MW, se referens [3] och [5].

Nar man betraktar Figur 7 forefaller det som om ett energilager i sédra Sveri-
ge inte skulle vara av ndgot stérre virde med tanke pa att den hogsta dverfo-
ringen i Snitt 2 pd Stamnatet var 6 428 MW och 6verféringsférmagan &r om-
kring 7 000 MW. Frdn allmént tillgangliga uppgifter &r det svart att avgéra i
vilken utstrackning Svenska Kraftnat har gjort motkop i sédra Sverige for att
halla nere dverféringen i Snitt 2 pd Stamnétet. En fordjupad analys skulle
kunna belysa nyttan av ett energilager i sddra Sverige.

Andring av 6verféringsférmagan och forluster

Enligt referens [8] var forlusterna pd stamnatet under &r 2007 lika med
2,8 TWh och den hégsta forlusteffekten under 2007 lika med 634 MW. Under
ar 2007 uppgick kostnaderna for férlusterna till 634 MSEK.

En anlaggning fér energilagring i sddra Sverige skulle kunna minska forluster-
na pa Stamnéatet genom att flytta dverforingen fran hégbelastningstid till 13g-
belastningstid for éverféringen i Snitt 2 pa Stamnéatet. Det finns en viss sam-
variation av spotpriset i Stockholmsomrddet och &éverféringen i Snitt 2 pa
Stamnatet.
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Spotpris (Stockholmsomradet) 2007
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Overféring i Snitt 2 pa Stamnatet

En agare av en anldaggning fér energilagring i sédra Sverige skulle darfor kun-
na anvanda foéljande mycket foérenklade strategi for driften av anldaggningen.
K6p energi och ladda energilagret om dverféringen pd Stamnétet &r hog: Salj
energi och ladda ur energilagret och dverféringen pa Stamnatet ar hég. For
att agaren av anlaggningen for energilagret ska fa full betalning for driften av
anldggningen krévs ndgon form av avtal eller 6verenskommelse med Svenska
Kraftndt om ersattning for de minskade forlusterna pa Stamnétet.

Har gor vi det kraftigt forenklande antagandet att forlusterna P, [MW] pa

Stamnétet kan skrivas som en summa av tomgangsfériusterna P, [MW] och

belastningsforlusterna P, vid en éverféring om 7 000 MW i Snitt 2 pd Stam-

natet. Dessutom antas att belastningsforlusterna ar proportionella mot kva-
draten pd 6verféringen i Snitt 2 pa Stamnatet.

P 2
Pr=hor Pl[mz)oj

En enkel kurvanpassning ger att Py =150 MW och P, =575 MW.

Figur 61 visar approximationen av forlusterna pa Stamnatet under &r 2007.

47

(6)



ELFORSK
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Figur 61: Forluster pd Stamnaétet

Approximationen ger en maximal effektférlust om 635 MW och en energifér-
lust om 2,4 TWh under ar 2007.

Dessutom antar vi att kostnaderna for forlusterna ar proportionella mot pro-
dukten av forlusteffekten och spotpriset och far da foérlustkostnaden som visas
i Figur 62
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Figur 62: Kostnad for forlusterna pa Stamnitet

En kraftigt férenklad modell fér driften av anlaggningen fér energilagret kunde
vara att sdlja nar dverféringen i Snitt 2 pa Stamnétet &r hdgre an en saljgrans

48



ELFORSK

P, [MW] och kdépa néar éverféringen ar lagre &n en képgrans P, [MW]. Salj-

gransen ar en fri variabel och képgransen bestams av saljgransen och kravet
att slutvardet pd den upplagrade energin ska vara lika med begynnelsevardet
pd den upplagrade energin. Figur 63 visar hur kdpgrénsen beror av séljgran-
sen i ovan beskrivna strategi.
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Figur 63: Kopgrans

Om man véljer att salja endast nar éverféringen fran norr till sdéder i Snitt 2
pd Stamnatet &r hogre an 5 500 MW récker det att kdpa nar dverféringen fran
soder till norr ar stérre an 532 MW. Om man valjer att salja endast nar 6éver-
foringen fran norr till séder i Snitt 2 pd Stamnéatet &r hégre &n 3 500 MW
racker det att kopa nar overféringen fran norr till séder a&r mindre &n
2 654 MW.
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Det ekonomiska resultatet och de minskade kostnaderna for forluster av ovan
beskrivna strategi for driften av anldggningen framgar av Figur 64 nedan.

Ekonomiskt utbyte och minskad forlustkostnad
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Figur 64: Ekonomiskt resultat och minskad kostnad for forluster

Det bésta ekonomiska resultatet av ett ars drift av anldggningen fér energi-
lagring enligt strategin ovan uppgar till cirka 80 kSEK (2007) vilket ska jamfo-
ras med de 430 KkSEK som blev resultatet av produktionsoptimering i avsnitt
4.7. Att enbart 13ta 6verféringen i Snitt 2 pd Stamnétet styra uppladdning och
urladdning av energilagret forefaller inte var en framgangsrik strategi.

Anta nu att &garen av anldggningen for energilagring far ersattning fran
Svenska Kraftnat for minskade férluster p& Stamnéatet och far betala ersatt-
ning foér 6kade forluster. Anta dessutom att ersattningen ar lika med produk-
ten av &ndringen av férlusterna génger spotpriset. Det ekonomiska resultatet
av forlustersattningen vid driften av anlaggningen enligt samma strategi som
beskrevs i avsnitt 4.7 framgar av Figur 65 nedan. Begynnelsevardet pa saldot
ar valts godtyckligt.
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Rorelsekapital forluster
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Figur 65: Rorelsekapital for forlustersittning under &r 2007

Det minimala och maximala saldot uppgar till 2 respektive 68 kSEK och det
nédvandiga rorelsekapitalet ar lika med 66 kSEK. Det ekonomiska resultatet
av ett ars drift av anldggningen for energilagring enligt strategin ovan uppgar
till 48 kSEK (2007). Samvariationen hos spotpris och éverféring p& Stamnatet
gor att en strategi baserad enbart pa spotpriset dven reducerar kostnaden for
forlusterna pa Stamnéatet med nastan 50 %.
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Med en medelverkningsgrad om 90 %, den ovan angivna strategin och spot-
priset i Figur 10 kommer den upplagrade energin att variera pd det satt som

visas i Figur 66. Begynnelsevardet pd den upplagrade energin har valts god-
tyckligt.
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Figur 66: Upplagrad energi under ar 2007

Den minimalt och maximalt upplagrade energin uppgar till 442 respektive
2 910 MWh och variationsbredden ar lika med 2 468 MWh.
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Det ekonomiska resultatet av ovan beskrivna strategi fér driften av anlagg-
ningen framgar av Figur 67 nedan. Begynnelsevardet pa saldot ar valts god-
tyckligt.
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Figur 67: Rorelsekapital under ar 2007

Det minimala och maximala saldot uppgar till 20 respektive 978 kSEK och det
noédvandiga rorelsekapitalet ar lika med 958 kSEK. Det ekonomiska resultatet
av ett ars drift av anlaggningen foér energilagring enligt strategin ovan uppg%r
till 478 kSEK (2007).

5 Energilagring i batterier

Laddningsbara batterier (ackumulatorer) finns i manga olika utféranden och
anvénds i manga olika applikationer.

5.1 Nuvarande utvecklingsniva

Blybatterier (bly-syra) har anvénts under mycket Iang tid, bAde som stationa-
ra batterier (hjalpkraft i transformatorstationer mm) och i traktionara tillamp-
ningar (startbatterier i bilar, for el-truckar, med mera). Man har aven utnytt-
jat laddningsbara batterier i elkraftsammanhang vilket har lett till viss nyut-
veckling. Det finns ett antal alternativ till de klassiska blybatterierna.

Bly-syra batterier har relativt 1&gt pris och &r val beprévade i saval mobila ap-
plikationer (elbilar) som stationdra applikationer sdsom UPS-system. I vissa
fall har bly-syra batterier anvants i anlaggningar fér energilagring. En valkand
anlaggning (Chino i USA) [5] ar dimensionerad: 40 MWh och 10 MW. Foér bly-
syra batterier kan man saga att verkningsgraden ar beroende av hur snabbt
upp/urladdning sker. Hoéga strémmar, det vill saga snabba omladdningsfor-
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lopp, ger stora férluster. Typisk verkningsgrad fér Chino-anldggningen anges
till 70 - 75 %. I detta fall har omladdningsférloppen varit relativt Id8ngsamma.

En typ av laddningsbara batterier har elektrolyt som cirkuleras med hjdlp av
pumpar (flow battery). Exempel pa batterier med cirkulerande elektrolyt &r:

. Polysulfid-Bromid (PSB) batterier: Verkningsgraden anges av Energy
Storage Association [6] till cirka 75 %. Man rapporterar om tva prov-
anlaggningar dels i Storbritannien: 15 MW, 120 MWh, och dels i USA:
12 MW, 120 MWh.

. Vanadium Redox (VRB) batterier: Verkningsgraden anges av Energy
Storage Association [6] till cirka 85 %. Man rapporterar om provan-
laggning i Japan: 5 MWh, anvand for spanningskvalitetsapplikation.

. Zink Bromid (ZnBr) batterier: Verkningsgraden anges av Energy Sto-
rage Association [6] till cirka 75 %. Anlaggningar finns i drift i dag.

Bland andra lésningar kan féljande namnas:

Natrium Svavel (NaS) batterier. Eftersom elektroderna bestar av flytande
svavel respektive natrium maste batteriet halla hég temperatur (cirka
300 °C). Verkningsgraden anges av Energy Storage Association [6] till cirka
89 % det vill sdga betydlig hogre an ovan visade alternativ.

Litium-jon (Li-ion) batterier dominerar i dag nar det géller marknaden fér sma
portabla batterier (mobiltelefoner med mera). Batteritypen har manga positi-
va egenskaper, sdsom hdg energitathet, hég verkningsgrad (ndra 100 %) och
relativt 18ng livstid (cirka 3000 upp/urladdningscykler med 80 % av kapacite-
ten). For de stora batterierna ar problemet de stora tillverkningskostnaderna
som anges till 6ver 600 USD/kWh. Batteritypen kraver skyddskretsar for att
begrdnsa strém och spanning.

5.2 Egenskaper
Batterilagring kdnnetecknas av féljande:

) Livslangden for ett uppladdningsbart batteri ar begransat av antal upp-
och urladdningar. Kapacitet och verkningsgrad férsamras efter hand.

. Beroende p& typ av laddningsbart batteri kan verkningsgraden, det vill
saga kvoten mellan inmatad och dtermatad energi, vara I&g. Litium-jon
batterier synes dock ha betydligt hégre verkningsgrad dn andra batte-
rityper.

. I applikationer som innebdr manga omladdningar per tidsenhet be-
gransas livslangden.

. Olika batterityper har olika egenskaper varfér applikationen kan vara
avgodrande for valet av batterityp.

. Snabbheten vid upp- och urladdning av batterier ar begransad, bland
annat av batteriernas interna resistans. Upp- och urladdningstiden va-
rierar mellan olika typer av batterier.
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5.3 Forskning och utveckling

Man arbetar i dag med att reducera tillverkningskostnaden for Litium-jon bat-
terier. Vidareutveckling av Litium-jon batterier pagdr foér att gora tekniken
mer konkurrenskraftig. Livslangden, betraffande antal omladdningscykler, pa
batterier behdver férlangas.

Angdende applikation av energilagring baserade pa batterier finns foljande
uppslag for utvecklingsprojekt. Energilager baserade pa batterier placeras pe-
rifert i distributionsnat. I normal drift underhdllsladdas batterierna, det vill
siaga inga upp- och urladdningar gérs. Vid planerad eller oplanerad frankopp-
ling fran yttre nat kan batterilagret utgora alternativ till ledningsreserv eller
mobilt reservkraftaggregat.

5.4 Integrering i kraftsystemet

Batterilagring kréaver kraftelektronik for laddning av batterierna och atermat-
ning till kraftsystemet. Batterilager kan placeras relativt fritt i kraftsystemet
vilket mdjliggor applikationer dar narhet till exempelvis stérande belastning ar
viktig.

For energilagring i tidsskalan upp till ett dygn kan batterilager anvandas. I det
nordiska kraftsystemet finns stor andel vattenkraftverk med dammar dar
dygnsreglering sker pa ett effektivt satt. Darfér beddms behovet av batterila-
ger for detta andamal vara litet i det svenska kraftsystemet.

Volymen laddningsbara batterier kommer att 6ka i samband med utveckling
av bilparken till elbilar och elhybridbilar. Bilar som ansluts till elndtet fér ladd-
ning skulle aven kunna utnyttjas som elenergilager for kraftsystemets behov.

5.5 Ekonomisk vardering

Den ekonomiska varderingen av energilagring i batterier varierar mycket mel-
lan olika typer av batterier [6]. Kostnaden kan delas upp i kapitalkostnad och
kostnader pa grund av effektforluster.

Litium-jon batterier har i dag stor investeringskostnad medan den goda verk-
ningsgraden medfér sma kostnader for effektférluster.

Bly-syra batterier har relativt sett lagre investeringskostnader men 18g verk-
ningsgrad och begrénsad livslangd paverkar kostnadsbilden negativt.

I dagsldget &r det svart att se energilagring i batterier som ett bra alternativ i
applikationer med ofta férekommande omladdningscykler och stora energi-
mangder som omladdas.

6 Energilagring i kraftkondensatorer

P& senare ar har man kunnat tillverka ”"super”-kondensatorer for elkraftdnda-
mal. Detta har gett nya mojligheter fér energilagring fér vissa applikationer i
kraftsystem.
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6.1 Nuvarande utvecklingsniva

Kondensatorer med kapacitans upp mot 2000 Farad ar tillgangliga. Vidare kan
kondensatorer upp- och urladdas i stort sett obegransat antal cykler utan att
livslangden paverkas. Snabb upp- och urladdning &r méjlig och begrénsas i
stort sett enbart av kraftelektroniken fér upp- och urladdning. Fér enbart
kondensatorerna dr verkningsgraden nara 100 %. For applikationer med stort
effektbehov och litet energibehov ar energilagring i kondensatorer ekonomiskt
fordelaktig (cirka 200 USD/kW och 8 000 USD/kWh).

6.2 Egenskaper
Kondensatorlagring kannetecknas av féljande:

o Livsldngden fér ett energilager baserat pd kondensatorer &r betréffan-
de antal upp- och urladdningar betydligt ldngre an vad som galler for
batterilager.

. Verkningsgraden, det vill sdga kvoten mellan inmatad och atermatad
energi, ar hoég (néra 100 %) om man betraktar enbart kondensatorn.

. Ett kondensatorlager kan leverera stor effekt under kort tid. Daremot
ar energilagringskapaciteten begransad.

. Energiinnehdllet i en kondensator aterspeglar sig i spanningen 6ver
kondensatorn. For att kunna fa snabb upp- och urladdning vid 18g grad
av uppladdning, ddrmed vid 18g spanning, kravs att strémriktaren for
upp- och urladdning dimensioneras for s& hég stromniva sa att énskad
effektutmatning kan bibehallas &ven vid 18g spanning.

) Lagringsmetoden ar lamplig i applikationer dar snabbhet ar av betydel-
se, till exempel for spanningskvalitetsférbattring och for transient
kraftsystemstabilitet.

6.3 Forskning och utveckling

Superkondensatorer kan, férutom energilagringskapacitet, anses ha éverlags-
na egenskaper jamfort med batterier. De tillgdngliga superkondensatorerna
anges kunna lagra ca 5 Wh/kg medan Litium-jon batterier kan lagra ca
140 Wh/kg. Eftersom energilagringskapaciteten i en kondensator ar kraftigt
beroende pa ytan hos kondensatorn elektroder &r forskningen inriktad p& hur
man skall kunna utéka denna yta. Har har tekniken med kol-nanorér visat sig
vara lovande. Kommersiell produktion av superkondensatorer baserade pa
kol-nanorér bedéms starta inom 3 - 8 ar (uppskattning gjord av professor
Joel Schindall, MIT).

For kraftapplikationer vid hég spanning, dar snabb reglering ar betydelsefull,
finns i dag FACTS-anlaggningar (Flexible AC Transmission Systems) av olika
typ STATCOM, SVC, med mera. Har har utvecklingen kommit I%ngt. Dessa sy-
stem betraktas inte som system for energilagring dven om de i en kort tids-
skala, det vill sdga under en kraftfrekvensperiod, i realiteten lagrar en viss
energimangd.
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En svarighet som man identifierat med vindkraftverk &r svarigheter att bibe-
halla driften av ett vindkraftverk vid natstérningar (fault ride through). Med
dagens teknik har man ofta ett system ddr man “brénner bort” energin fran
vindkraftverket i ett resistivt motstand néar inte natet kan ta emot denna
energi. Ett alternativ till detta kan vara att lagra energin i ett kondensatorla-
ger. Detta lager skulle kunna anslutas till de likspanningsmellanled som ofta
finns i vindkraftverkens generatorsystem. Méjlighet till denna teknik och eko-
nomisk jamforelse med nu anvand teknik kan vara ett uppslag for forsk-
ning/utveckling.

I konventionella kraftverk kan ett uppslag vara att ansluta ett kondensatorba-
serat energilager till generatorskenan for att forbattra transient stabilitet vid
kortslutning i yttre nat. Detta ar i dag ett fenomen som kraver mycket snabb
felbortkoppling av natfel for att sakerstalla stabilitet.

6.4 Integrering i kraftsystemet

Energilagring i kondensatorer kraver kraftelektronik fér laddning av konden-
satorerna och atermatning till kraftsystemet. Kondensatorlager kan placeras
relativt fritt i kraftsystemet vilket méjliggér applikationer dar narhet till exem-
pelvis stérande belastning ar viktig. Den snabba responsen goér tekniken
lamplig for applikationer dar kortvarig och snabb respons ar viktig. Exempel
pa detta ar forbattring av transient stabilitet nara kraftverk, spanningskvali-
tetsforbattring, med mera. Den begransade energilagringskapaciteten innebar
att tekniken med lagring i kondensatorer inte ar [amplig fér utjamning av be-
lastningsvariationer i minutskala och Iangsammare.

En intressant applikation for superkondensatorer ar att kombinera dessa med
batterilager. Darmed kan egenskaperna kombineras, d v s batteriernas mdj-
lighet att lagra stora energimangder och kondensatorernas mdéjlighet att leve-
rera stor effekt under kort tid. Darmed kan man minska batteriernas omladd-
ningsfrekvens vilket kan ge forlangd livsléangd hos dessa batterier.

6.5 Ekonomisk vardering

Foér applikationer som kraver stor effekt men liten energilagring goérs bedém-
ningen att energilagring i kondensatorer ar ekonomiskt konkurrenskraftigt.

7 Energilagring i svanghjul

Energilagring i svanghjul &r en gammal idé som ofta har anvénts for stabilise-
ring av kraftsystem eftersom ett direkt inkopplat svanghjulssystem tillfér
troghetsmoment i kraftsystemet.

S& lange svanghjulet baseras pa konventionell teknik, framst betrdffande de
mekaniska lagren som haller rotorn p& plats, har systemet vissa lagerforius-
ter. Vidare kraver svanghjulslagring hég rotationshastighet och stor roterande
massa for att kunna lagra tillrackligt stor rérelseenergi. Med traditionell lager-
teknik fas stort slitage och darmed kort livsldngd. Moderna svénghjulslager
anviander magnetiska lager dar den rorliga delen “svévar” pd ett magnetfalt
varvid friktionen blir obefintlig.
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Ett svanghjulsbaserat energilager kraver aven att rotorn skall kunna variera
varvtalet inom ett stort omrade eftersom upplagrad energi &r proportionell
mot varvtalet i kvadrat. For att kunna ansluta ett svanghjulsbaserat energila-
ger till kraftsystemet (som har en i stort sett konstant frekvens) kravs en fre-
kvensomriktare som kopplar svdnghjulet till kraftsystemet.

7.1 Nuvarande utvecklingsniva

Moderna energilager som baseras pa svanghjul anvander avancerade kompo-
nenter sdsom magnetiska lager for rotorn och frekvensomriktare [2]. Lag-
ringskapaciteten ar relativt begransad eftersom upplagring av stora energi-
mangder i svanghjul kraver hég rotationshastighet och stor roterande massa.

7.2 Egenskaper

Energilagring med svanghjul kannetecknas av féljande:

. Livsldngden for ett energilager baserat pa svanghjul &r i stort sett obe-
gransad.

. Verkningsgraden, det vill sdga kvoten mellan inmatad och 3termatad

energi, ar hoég (néra 90 %) inkluderande omriktaren.

. Ett energilager baserat pd svanghjul kan leverera stor effekt under
kort tid. Daremot ar energilagringskapaciteten begransad.

. Energiinnehdllet i ett svanghjul dterspeglar sig i rotationshastigheten.
Stromriktaren maste darfér kunna arbeta inom ett stort frekvensomra-
de for svanghjulsgeneratorn.

) Lagringsmetoden ar lamplig i applikationer dar snabbhet ar av betydel-
se, till exempel foér spanningskvalitetsférbattring och for transient
kraftsystemstabilitet.

7.3 Forskning och utveckling

Det hade varit vardefullt med 6kad energilagringskapacitet. Detta kan ske om
den roterande delen kan ges stérre massa och hdgre rotationshastighet. I
stort &r detta frdga om materialutveckling.

En svarighet som man identifierat med vindkraftverk ar svarigheter att bibe-
halla driften av ett vindkraftverk vid natstérningar (fault ride through). Med
dagens teknik har man ofta ett system dar man ”branner bort” energin fran
vindkraftverket i ett resistivt motstand nar inte natet kan ta emot denna
energi. Ett alternativ till detta kan vara att lagra energin i ett energilager med
svanghjul. Detta lager skulle kunna anslutas direkt till vindkraftverkens gene-
ratorsystem. Mdgjlighet till denna teknik och ekonomisk jamférelse med nu an-
vand teknik kan vara ett uppslag for forskning/utveckling.

I konventionella kraftverk kan ett uppslag vara att ansluta ett energilager
med svanghjul till generatorskenan for att forbdttra transient stabilitet vid
kortslutning i yttre nat. Kortslutning i yttre nat kraver i dag mycket snabb fel-
bortkoppling for att sakerstélla stabilitet.
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7.4 Integrering i kraftsystemet

Energilagring i svanghjul kréaver kraftelektronik fér utbyte av energi med
kraftsystemet. Energilager baserat pa svanghjul kan placeras relativt fritt i
kraftsystemet vilket mo6jliggdr applikationer dar narhet till exempelvis stéran-
de belastning ar viktig. Den snabba responsen gor tekniken lamplig for appli-
kationer dar kortvarig och snabb respons ar viktig. Exempel pa detta ar for-
battring av transient stabilitet ndara kraftverk, spanningskvalitetsforbattring,
med mera. Den begrdnsade energilagringskapaciteten innebdr att tekniken
inte ar lamplig for utjamning av belastningsvariationer i minutskala och 1ang-
sammare.

7.5 Ekonomisk vardering

Beddémningar gors [6] att energilager med svanghjul ar ekonomiskt konkur-
renskraftiga i applikationer som kraver stor effektkapacitet och liten energika-
pacitet.

8 Energilagring i pumpkraftverk

Pumpkraftverk har funnits under 13ng tid. Ett pumpkraftverk &r i grunden ett
vattenkraftverk med méjlighet att pumpa upp vatten till en hégre niva for att
darigenom lagra energi.

8.1 Nuvarande utvecklingsniva

Tekniken med pumpkraftverk kan betraktas som mogen.

8.2 Egenskaper
Energilagring i pumpkraftverk kannetecknas av féljande:

o Livslangden for ett pumpkraftverk ar i samma storleksordning som for
ett "vanligt” vattenkraftverk, det vill séga minst 50 ar.

o Verkningsgraden, det vill sdga kvoten mellan inmatad och atermatad
energi, ar relativt hég (cirka 80 %).

. Ett pumpkraftverk kan leverera stor effekt under relativt 18ng tid bero-
ende p& magasinsstorlek och fallhéjd. Likaledes &r energimangden som
kan lagras beroende av magasinsstorlek och fallhdjd.

. Pumpkraftverket kraver inte strémriktare under full generatordrift,
men stromriktare kravs normalt fér start till pumpdrift.

o Lagringsmetoden kan anvéndas bade i applikationer som kréver rela-
tivt snabb respons vid effektédndring (till exempel frekvensreglering)
och vid 18ngvariga regleringsfunktioner (lastutjidamning).

. Beroende pa var i natet ett pumpkraftverk kan placeras kan det an-
vandas for utjdmning av effektdverféring i kraftnatet. I Sverige sker
ofta stor effektdéverféring fran norr till sdder. Denna dverféring varierar
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kraftigt under dygnet. Om man kan placera pumpkraftverk i sédra
Sverige kan dessa lagra energi nattetid (I8glasttid) genom effekt fran
norr for att sedan avlasta férbindelserna dagtid (hdglasttid).

8.3 Forskning och utveckling

Ett problem med nuvarande pumpkraftverk ar att de maste placeras dér geo-
grafin ger naturliga forutsattningar:

. Tillgdng pa vatten
. Naturligt dvre vattenmagasin
. Naturligt nedre vattenmagasin

I manga fall &r de tva forsta forutsattningarna uppfyllda i manga befintliga
vattenkraftverk. Daremot ar ofta det nedre magasinet “icke existerande”. Man
har i vissa fall studerat méjligheterna att "konstruera” nya vattenmagasin. En
sadan mojlighet som diskuterats ar att bygga bergrum, det vill sdga springa
ut bergrum under markniva for att skapa det “nedre” vattenmagasinet. I vissa
fall kan det vara mojligt att utnyttja befintliga skapade vattenmagasin:

. Nedlagda gruvor dar stora underjordiska “tomrum” finns dar malmen
brutits ut.
. Underjordiska beredskapslager fér olja som inte langre anvands.

Det finns behov av kartlaggning i Sverige var pumpkraftverk kan placeras, fo-
retradesvis i soder. I en sddan kartldggning bér man géra en ekonomisk
kalkyl av nyttan i varje enskilt fall. Har finns troligen behov av en mall fér en
sadan kalkyl.

8.4 Integrering i kraftsystemet

Pumpkraftverk maste placeras dar de naturliga hydrologiska férutsattningarna
finns. Detta i sin tur kan medféra att etablering av pumpkraftverk dven med-
for behov av nya ledningar.

Férutom ekonomisk vinst genom lastutjédmning kan pumpkraftverk anvandas
féor minskning av maximalt &verféringsbehov i stamndtet, regionnadt och
lokalnat. Detta kan resultera i senareldggning av ledningsutbyggnader.

8.5 Ekonomisk vardering

I likhet med konventionella vattenkraftverk innebar byggandet av pumpkraft-
verk stora investeringar. Investeringskostnaden &r i hdg grad beroende av de
naturliga férutsattningarna, det vill saga tillgang till naturliga magasin och
narhet till [dAmpliga anslutningspunkter i kraftsystemet. Man kan dock jamfdra
kostnaderna for pumpkraftverk med att bygga “energineutrala” HVDC-lankar
till kontinenten.
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9 Energilagring genom vatgasgenere-
ring
Energi lagras genom att generera vatgas till exempel genom elektrolys och att

komprimera gasen. El produceras i en branslecell eller gasmotor plus roteran-
de generator.

9.1 Nuvarande utvecklingsniva

Metoder att producera vétgas ar kdnda. Dock arbetas pa en del nya metoder,
daribland artificiell fotosyntes [3].

9.2 Egenskaper
Vatgas kan produceras genom elektrolys av vatten vilket kan beskrivas:
2H,0 + elektricitet - 2H, + O,

Vatgas har 18gt energiinnehdll per volymsenhet (cirka en tredjedel jamfort
med biogas). Detta innebar att man vill lagra vatgas vid hogt tryck, vilket ger
stora krav pd material for lagring, distribution, med mera.

Energilagring med vatgas kannetecknas av féljande:

) Verkningsgraden, det vill sdga kvoten mellan inmatad och 3termatad
energi, ar relativt 18g (ndgra siffror pd detta &r svara att finna). En
uppskattning &r att elektrolysen i sig har en verkningsgrad pa 80 %
men att komprimering och lagring kommer att ge ytterligare forluster,
ungefar lika mycket.

. Vatgasen har relativt 13gt energiinnehdll per volymsenhet jamfért med
till exempel biogas.

) Vid atermatning till kraftsystemet kan detta ske genom brénsleceller
eller med konventionella termiska kraftverkstyper.

o Sjalva vatgastillverkningen ar troligen en process som bdr ske med, i
stort sett, konstant effekt. Daremot ar 5termatningen till natet beroen-
de av vilken teknik som anvands.

. En svarighet med vatgaslagring &r att géra kringsystemen med kom-
primering av gasen och lagring av gasen pa ett sdkert och effektivt
satt. Manga lagringssatt medfér lackage av vatgasen.

Troligen har vatgaslagring sin stdrsta potential i fordon dar elenergin éverférs
till fordonet som vatgas i stéllet for laddning av batterier.

9.3 Forskning och utveckling

Kompression och lagring av vétgas anges som omraden dar ytterligare ut-
veckling behévs.
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9.4 Integrering i kraftsystemet

Energilagring i form av vatgas kraver anlaggning fér produktion av vatgas
(omvandling frén elenergi), lagring av vatgas och omvandling av vétgas till
elenergi. Energilager baserade pa vatgas kan placeras relativt fritt i kraftsy-
stemet vilket mo6jliggdr applikationer dar narhet, exempelvis till stérande be-
lastning ar viktig.

Den begransade energilagringskapaciteten innebar att tekniken inte ar lamplig
for utjdmning av Idngsamma belastningsvariationer.

9.5 Ekonomisk vardering

Uppgifter om detta har vi inte funnit.

10 Energilagring genom luftkomprime-
ring

Vid perioder med produktionsdverskott i kraftsystemet drivs synkronmaskinen

(motor/generatoraggregatet) som motor och driver en kompressor som pum-

par luft till ett lagringsutrymme for tryckluft. Detta lagringsutrymme ar nor-

malt underjordiskt. Vid perioder med produktionsunderskott i kraftsystemet

leds den komprimerade luften till en brannkammare dar branslet férbranns

och den varma gasen driver turbin som i sin tur d@r ansluten till synkronmaski-
nen (motor/generatoraggregatet).

10.1 Nuvarande utvecklingsniva

Som det anvands i dag ar detta system framst anvandbart i kraftsystem med
gasturbinanlédggningar. Tekniken anvands framst for att effektivisera proces-
sen genom att anvanda billig energi, producerad vid 18glasttider, fér kompres-
sorbehovet i gasturbinanlaggningar.

Anlaggningar for lagring av komprimerad luft har varit i drift under mer an
25 &r. De omraden som &r i fokus foér potentiella problem &r relaterade till
tryckluftlagret, som normalt ar underjordiskt. Det handlar om risk fér korro-
sion, termodynamiska problem samt langtidsstabilitet.

10.2 Egenskaper
Energilagring med tryckluft kdnnetecknas av féljande:

o Verkningsgraden, det vill sdga kvoten mellan inmatad och atermatad
energi, ar relativt 13g.

. Framsta applikation ar belastningsutjamning med gasturbindrift. Det
har dock angetts att systemet kan anvandas som rullande reserv.

o Aven om det inte finns s& mycket gasturbiner i Sverige for energipro-
duktion kommer det troligen att finnas en del kombikraftverk med
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kombination av gasturbin och angturbin. I ett sddant kraftverk kan det
vara av intresse att utnyttja tekniken med upplagrad tryckluft.

10.3 Forskning och utveckling

I det nuvarande konceptet utgdr vi fran att I3gprisel i kraftsystemet anvénds
for komprimering av luft. Man kan undersoka mdjligheterna att komprimera
luft direkt fran vindturbiner utan att ga vagen oéver elgenerering. Detta skulle
kunna foérbattra verkningsgraden och dessutom ge enklare vindkraftkonstruk-
tioner.

Utgdende fran befintligt eller planerat kombikraftverk kan man undersoka
mojligheten att nyttja vindkraft for luftkomprimering for vidare anvandning i
kombikraftverk.

10.4 Integrering i kraftsystemet

Lagring av tryckluft m3ste placeras dar det &r lampligt att bygga lagringsut-
rymmen for tryckluften, normalt underjordiska lager. Vidare bdr anldaggningen
placeras dar behovet finns i kraftsystemet.

10.5 Ekonomisk vardering

Beddmningar har gjorts [6] att systemet &r relativt ekonomiskt gangbart.

11 Beddomt FoU-behov

Det pdgdr omfattande forskningsinsatser pd olika omraden betréffande olika
tekniker, till exempel batteriteknik, for elenergilagring. Dessa utvecklingsin-
satser gar ofta ut pa forbattring av verkningsgrad och livslangd.

Beddémningen goérs att det i Sverige framst finns behov att utvardera nyttan
av elenergilagring i olika applikationer och att identifiera Iampliga metoder fér
energilagring for de olika applikationerna. De olika applikationerna for den
lagrade elenergin bdr utredas vidare betraffande nyttovardering, kostnader,
miljépaverkan, med mera.

11.1 Kommersialisering

Har tar vi inte stallning till hur nya uppslag, som bedéms vara ekonomiskt
Ibnsamma, skall kommersialiseras. Det krdvs kapital for eventuella provan-
ldggningar.

12 Pagaende FoU-verksamhet

Forskning angaende batterier, kondensatorer och svdnghjulslagring pagar vid
de svenska universiteten. Det kan finnas fler omrdden som inte identifierats i
denna Oversiktliga rapport.
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13 Mojligt utvecklingsscenario

Forsknings- och utvecklingsinsatser kan leda till ett antal forslag om uppf6-
rande av olika pilotanlaggningar. Foljande projektidéer kan vara aktuella att
implementera:

o Pumpkraftverk for lastutjamning, frekvensreglering, stérningsreserv
samt som alternativ till ledningsutbyggnad.

. Batterilagring for elkvalitetsférbattring och som alternativ till lednings-
reserv i distributionsnat.

. Energilager baserat pa kondensatorer kopplat till kraftverk for forbatt-
ring av transient och dynamisk stabilitet.

. Energilager baserat pa svanghjul kopplat till kraftverk for férbattring
av transient och dynamisk stabilitet.

. Mycket annat baserat pa idéer som fods under tidens gang. Erfaren-
hetsmassigt vet vi att alla uppslag for applikationer med mera inte
finns nar man startar forsknings- och utvecklingsarbete men att idéer
fods.

13.1 Tidsskala

Under de ndrmaste aren (2 till 4 &r framdver) bér konceptuella 16sningar tas
fram for de olika applikationerna dar elenergilagring bedéms vara tekniskt och
ekonomiskt gdngbara och déar applikationerna fyller nya behov i kraftsystemet
som beror pa 6kad méangd distribuerad generering (till exempel vindkraft),
okad elenergianvéndning beroende pa nya belastningsobjekt (elbilar), férand-
ring av distributionsnatens uppbyggnad, med mera.

Beddmning av olika koncept for att g& vidare med pilotprojekt gors sa snart
det ar mdjligt med hansyn till ovan beskrivha konceptuella studier. Priorite-
ring fér genomférande gors.

Inom cirka 5 ar fran nu inleds foérverkligande av pilotprojekt. Genomférandeti-
den for dessa varierar troligen betydligt mellan olika tekniklésningar.

Utvardering av pilotprojekt gérs sa snart det ar méjligt, med malet att vidare
implementering ska kunna ske inom 10 3ar.

13.2 Uppskalningssteg

Beddémning av uppskalning av olika system maste ske efter hand baserat pa
tekniska och ekonomiska utvarderingar.

14 Diskussion

Det kan konstateras att inom forskningsvarlden pagar teknikutveckling inom
omradena batterier, kondensatorer med mycket stor kapacitans, svanghjul
med mera. Eftersom denna rapport endast ger en dversiktlig bild av forskning
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som férekommer kan det konstateras att det finns behov att kontinuerligt fél-
ja utvecklingen.

Bedomningen gors att det i Sverige framst finns behov att utvardera nyttan
av elenergilagring i olika applikationer och att identifiera lampliga metoder for
energilagring for de olika applikationerna. Behoven av olika applikationer for
elenergilagring boér utredas vidare betraffande nyttovardering, kostnader, mil-
jopaverkan, med mera.

15 Slutsatser

Utifran forutsattningar och behov i Sverige och i Norden bér forsknings- och
utvecklingsinsatser goras enligt foljande:

Identifiera omraden déar det finns behov av atgérder och forbattringar i kraft-
systemet. Uppslag till detta:

. Produktionsutjamning i kraftsystgemet dar behoven 6kar pd grund av
okad andel generering som ar svar att prognostisera (vindkraft).

. Produktionsutjamning i kraftsystemet driven av ekonomisk optimering.

o Utjdmning av effektéverféring i elnaten.

. Férbattring av frekvensstabilitet i kraftsystemet dar reglerbehoven tro-

ligen dkar pa grund av nya produktionsanldggningar med liten trég-
hetstidskonstant.

. Framtagning av alternativ till koncept fér distributionsnat dar det finns
ekonomiska incitament att begransa lednings/kabelutbyggnad.

) Vardering av risk for instabilitet i kraftsystemet bor goras (transient
stabilitet, risk for oddmpade elektromekaniska pendlingar och spéan-
ningsstabilitet) i dagens och det framtida elnatet.

Utgdende fran identifierade behov utreds sedan om elenergilagring kan vara
anvandbart for att ge de forbattringar som kravs.

Fér varje applikationsomrade utvérderas sedan olika elenergilagringsalternativ
betréffande tekniska mojligheter, miljépaverkan och ekonomi.

Under de ndrmsta aren (2 till 4 8r framoéver) bor konceptuella I8sningar tas
fram for de olika applikationerna dar elenergilagring bedéms vara tekniskt och
ekonomiskt gangbara och dér applikationerna fyller nya behov i kraftsystemet
som beror pa 6kad méangd distribuerad generering (till exempel vindkraft),
okad elenergianvéndning beroende pa nya belastningsobjekt (elbilar) och for-
andring av distributionsnatens uppbyggnad.

For de olika konceptuella 16sningarna bér en djup ekonomisk analys genomfé-
ras.

Bedémning av olika koncept foér att g& vidare med pilotprojekt gérs sa snart
det ar mdjligt med hansyn till ovan beskrivha konceptuella studier. Priorite-
ring for genomférande gors.
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Inom cirka 5 ar fran nu inleds férverkligande av pilotprojekt. Genomférandeti-
den for dessa varierar troligen betydligt mellan olika tekniklésningar.

Utvardering av pilotprojekt gors sa snart det &r méjligt, med malet att vidare
implementering kan ske inom 10 ar.

Angdende metoder for energilagring gors féljande varderingar:

Batterilagring: Utvecklingen av Litium-jon batterier ar intressant. I
dagslaget ar det svart att se energilagring i batterier som ett bra alter-
nativ i applikationer med ofta forekommande omladdningscykler och
stora energimangder som omladdas. Den begransade livslangden och
effektbegransning vid upp- och urladdning ar begransande.

Energilagring i kondensatorer: “Super-kondensatorer” med stor effekt-
kapacitet beddms vara intressanta for applikationer dar snabb effekt-
reglering ar nddvandig. I samband med utveckling av kondensatorer
baserade pa kol-nanorér dkas energilagringskapaciteten betydligt och
darmed kan detta bli ett alternativ till batterilagring. Vidare &r det
kombinera batteri- och kondensatorlagring fér att fa langre livslangd
for de laddningsbara batterierna och snabbare effektreglering.

Energilagring i svanghjul: Energilagringskapaciteten ar relativt begran-
sad medan effektregleringen kan ske snabbt. Darmed kan detta sy-
stem vara jamférbart med energilager baserat pd kondensatorer.

Energilagring i pumpkraftverk: Detta system ar val lampat och bepré-
vat for energilagring i tidsskalan ett eller ndgra dygn. I det svenska
kraftsystemet finns &nnu inte sd stort behov for energilagring i denna
tidsskala eftersom andelen reglerbar vattenkraft ar stor. Dock kan man
tanka sig att pumpkraftverk i sédra Sverige kan anvandas for att av-
lasta kraftnatet i vissa driftldgen och dérmed kan behovet av att bygga
nya kraftledningar minskas.

Energilagring med vatgas: Hantering av vatgas i stor skala anges som
ett problem.

Energilagring med luftkomprimering: Denna metod &r kombinerad med
gasturbinanlaggningar dar man under perioder med effektdverskott
komprimerar luft fér att anvand senare i gasturbinkraftverk (i stdllet
for kompressor). Denna teknik bor dvervagas i framtiden om man pla-
nerar att bygga nya gasturbinkraftverk i Sverige. Det bedéms dock att
behovet av detta &r litet i nulaget.
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s6dra Sverige skulle mdjligen ett eller flera pumpkraftverk i anslutning till Vanern eller
Véattern kunna vara ett alternativ till 6kad transmission fr&n Norrland. Svanghjul har den
storsta potentialen att fungera som energilager i samband med utbyggnad av férnybar
elkraft b&de vad géller effekt- och energi kapacitet.

Bhargava, B. & Dishaw, G.: "Application of an energy source power system
stabilizer on the 10 MW battery energy storage system at Chino substation”,

IEEE Transactions on Power Systems, vol. 13, no. 1, pp. 145-151, 1998.
Southern California Edison (SCE) installed a 10 MW battery energy storage system
(BESS) at its Chino substation facility in 1988. The BESS facility has been in operation
for six years and has been used for load leveling and peaking functions. The BESS power
conversion system was built with the then state of the art technology and has a very fast
response rate when changing power output of the batteries. SCE installed an energy
source power system stabilizer (ESPSS) to test the concept of providing damping of
power system swings using the ESPSS. The ESPSS basically modulates the power out-
put/input of the energy storage batteries to respond to system frequency deviations
caused by power system oscillations. The ESPSS differs from a conventional power sys-
tem stabilizer. It is designed to change the power output of the power source rather than
the voltage or the reactive power output. While installing the ESPSS several upgrades to
the BESS were made to improve reliability. Installation of the ESPSS on the battery
enables SCE to test the concept of system stabilization using power source output mod-
ulation instead of reactive power modulation. The energy storage batteries provide an
easy test bed for conducting field tests and response of the ESPSS to system distur-
bances. This paper discusses the BESS, the ESPSS and presents recorded results from
system disturbance monitoring and field tests conducted on the ESPSS and the batteries.

Bilodeau, A. & Agbossou, K.: "Control analysis of renewable energy system
with hydrogen storage for residential applications", Journal of Power Sources,
vol. 162, no. 2, pp. 757-764, 2006.

The combination of an electrolyzer and a fuel cell can provide peak power control in a
decentralized/distributed power system. The electrolyzer produces hydrogen and oxygen
from off-peak electricity generated by the renewable energy sources (wind turbine and
photovoltaic array), for later use in the fuel cell to produce on-peak electricity. An issue
related to this system is the control of the hydrogen loop (electrolyzer, tank, fuel cell). A
number of control algorithms were developed to decide when to produce hydrogen and
when to convert it back to electricity, most of them assuming that the electrolyzer and
the fuel cell run alternatively to provide nominal power (full power). This paper presents
a complete model of a stand-alone renewable energy system with hydrogen storage con-
trolled by a dynamic fuzzy logic controller (FLC). In this system, batteries are used as
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energy buffers and for short time storage. To study the behavior of such a system, a
complete model is developed by integrating the individual sub-models of the fuel cell,
the electrolyzer, the power conditioning units, the hydrogen storage system, and the
batteries. An analysis of the performances of the dynamic fuzzy logic controller is then
presented. This model is useful for building efficient peak power control.

Blankinship, S.: "Compressed air energy storage development gets funding”,
Power Engineering, vol. 106, no. 6, pp. 18, 2002.

Compared to peaking gas turbines, CAES (compressed air energy storage) can provide
80% efficiency in power production mode, 60% lower emissions, and 2 to 3 times faster
ramp rates. Ridge Energy Storage and Grid Services has announced an agreement with
El Paso Corp. subsidiary EP Energy Finance for $15 million of capital to develop com-
pressed air energy storage projects.

Blarke, M.B. & Lund, H.: "The effectiveness of storage and relocation options

in renewable energy systems", Renewable Energy, vol. 33, no. 7, pp. 1499-

1507, 2008.
Across the world, energy planners and transmission system operators are faced with de-
cisions on how to deal with challenges associated with high penetration levels of inter-
mittent energy resources and combined heat and power (CHP). At the same time, dis-
tributed plant operators are eager to reduce uncertainties related to fuel and electricity
price fluctuations. These interests meet-up for options in distributed supply that intro-
duces the principle of storage and relocation, typically by integrating heat pumps (HP) or
electric boilers (EBs) into the operational strategies of existing CHP plants. This paper in-
troduces the principle of storage and relocation by energy system design, and proposes
for the storage and relocation potential of a technology option to be found by comparing
options by their storage and relocation coefficient Rc, defined as the statistical correla-
tion between net electricity exchange between plant and grid, and the electricity demand
minus intermittent renewable electricity production. Detailed operational analyses made
for various CHP options within the West Danish energy system, point to the concepts of
CHP-HP and CHP-HP cold storage for effectively increasing energy system flexibility. For
CHP-HP cold storage, Rc increases from 0.518 to 0.547, while the plant's fuel efficiency
increases from 92.0% to 97.2%. These findings are discussed within frameworks of re-
newable energy systems, suggesting principles for 1st, 2nd, and 3rd generation system
designs.

Blind, H.: "Planning of Pumped Storage Plants", Water Power, vol. 19, June-
July, 1967.

Bockris, J. O'M & Drazic, D.M.: "Electro-Chemical Science", Taylor & Francis,
London, 1972.

Bode, H.: "Lead Acid Batteries", John Wiley & Sons New York, 1977.

Bojtor, L. & Paal, E.: "Static starter for gas turboset and pumped storage hy-
dropower plant", Proceedings of the Symposium on Power Electronics Electri-
cal Drives Advanced Machines Power Quality (SPEEDAM), Sorrento, 3-5 June
1998, vol. 1, pp. P4/29-32, University Federico II, Napoli 1998.
The paper introduces a modern static frequency converter family developed by Ganz
Ansaldo mainly for start -up purposes of gas turboset and pumped storage hydropower
plants. The main circuit configuration and the technical data of the static starter equip-
ment are described. The control strategies and the architecture of the microcomputer
control system are discussed in detail. Field experiences are also presented.

Bolund, B.; Bernhoff, H. & Leijon, M.: "Flywheel energy and power storage
systems", Renewable and Sustainable Energy Reviews, vol. 11, no. 2, pp.
235-258, 2007.

For ages flywheels have been used to achieve smooth operation of machines. The early
models where purely mechanical consisting of only a stone wheel attached to an axle.
Nowadays flywheels are complex constructions where energy is stored mechanically and
transferred to and from the flywheel by an integrated motor/generator. The stone wheel
has been replaced by a steel or composite rotor and magnetic bearings have been intro-
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duced. Today flywheels are used as supplementary UPS storage at several industries
world over. Future applications span a wide range including electric vehicles, intermedi-
ate storage for renewable energy generation and direct grid applications from power
quality issues to offering an alternative to strengthening transmission. One of the key is-
sues for viable flywheel construction is a high overall efficiency, hence a reduction of the
total losses. By increasing the voltage, current losses are decreased and otherwise nec-
essary transformer steps become redundant. So far flywheels over 10kV have not been
constructed, mainly due to isolation problems associated with high voltage, but also be-
cause of limitations in the power electronics. Recent progress in semi-conductor technol-
ogy enables faster switching and lower costs. The predominant part of prior studies has
been directed towards optimising mechanical issues whereas the electro technical part
now seems to show great potential for improvement. An overview of flywheel technology
and previous projects are presented and moreover a 200 kW flywheel using high voltage
technology is simulated.

Bonner, J.A.; Hurst, W.M.; Rocamora, R.G. Dudley, R.F.; Sharp, M.R. & Twiss,
J.A.: "Selecting ratings for capacitors and reactors in applications involving
multiple single-tuned filters", IEEE Transactions on Power Delivery, vol. 10,
pp. 547-555, 1995.

Boost, M. & Ziogas, P. D.: "Towards a zero output impedance UPS system", in

PESC Record - IEEE Power Electronics Specialists Conference, pp. 497, 1987.
The types of loads requiring clean uninterruptible power has expanded substantially dur-
ing recent years. Since a number of these loads are unbalanced and/or nonlinear, to-
day's typical uninterruptible power supply can no longer guarantee clean power for many
of these loads without additives and/or interfacing techniques. The authors categorize
these loads, analyze their effects, and survey present, partial solutions. A topology is
presented for a low-impedance 3-phase high power inverter stage that alleviates these
difficulties.

Boretz, J.F.: "Space power alternatives for laser radar sensor system", IEEE
Aerospace and Electronic Systems Magazine, vol. 5, pt. 1, no. 3, pp. 3-8,
March, 1990.

Seven candidate power systems for the sensor of a space-based laser radar system are
identified, and their performance and operating characteristics are briefly described. The
systems are the NiCd battery, NiH//2 battery, NaS battery, LiSO//2Cl//2 battery, LiAl-
FeS//2 battery, H//2/0//2 fuel cell, and an inertial flywheel generator. The systems en-
compass a current or projected specific energy range of from 15.0 to 100 Wh/Ib. To ar-
rive at a meaningful basis for comparison and to aid in system selection, a figure-of-
merit (FOM) was established. Because the FOM is somewhat qualitative in content, scor-
ing weighting factors were utilized to further quantify the results. The NiH//2 battery and
the NaS battery received the highest FOM rankings. Following next in order were the
H//2/0//2 fuel cell and the inertial flywheel generator. The NiCd and lithium thermal bat-
teries received the lowest ratings. These results are of a preliminary nature. Extension of
these analyses to include reliability and cost factors is recommended.

Bose, B.; Canay, M. & Simond, J.-]J.: "Frequency Starting in Pumped Storage
Plants: Possibilities and Optimization", Brown Boveri Review, vol. 70, no. 7-8,
pp. 295-302, July-August 1983.

Boyes 1.D.: "Overview of energy storage applications", IEEE Power Engineer-
ing Society Summer Meeting, vol. 3, pp. 1514-1516, 2000.

Sandia National Laboratories has been studying energy storage systems since the late
1970s. Sandia's role, as a Department of Energy funded program, is to look ahead at
emerging technologies, perform early R&D and identify applications for energy storage
systems that offer significant benefit to the nation's electricity providers and users. In
order to identify applications of energy storage, a two-phase Opportunities Analysis was
conceptualized in FY94. The group of industry experts participating in the study reviewed
the requirements for each of the applications identified in Phase I, modified application
names, and combined some applications to better reflect the nature of the electricity in-
dustry today. Participants of the Phase II analysis used the perceived need for the appli-
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cation across the nation, and the potential technical and economic benefits for utilities as
criteria to evaluate the applications.

Brad, R.: "Energy Storage", Power, vol. 150, no. 8, pp. 76-77, 2006.

As load growth on U.S. transmission and distribution grids continues to shrink reserve
margins nationwide, utilities are looking for new ways to meet demand peaks. Until re-
cently, the most elegant (no moving parts) option at utility-scale levels - adding a siz-
able storage battery to a substation - remained just out of reach because available bat-
teries weren't able to meet the hours of discharge on a daily basis. Welcome to the fu-
ture of bulk electricity storage. Earlier this year, American Electric Power (AEP) installed
a 1.2-MW sodium sulfur (NaS) battery and accompanying inverter at the Charleston
Substation of its subsidiary, Appalachian Power. The Charleston Substation was chosen
to host the installation for several reasons related to economics, service reliability, and
local load growth. The main function of the system is to supply up to 7.2 MWh of electri-
cal energy on demand for peak-shaving purposes.

Brauner, G.; Pesch, H. & Wahi, A.: "Load management and dynamic stability
improvement in industrial networks by battery energy storage plant", 10th In-
ternational Conference on Electricity Distribution, CIRED, pp. 397-401, vol. 5,
1989.
Battery storage plants (BSP) are either already in operation or under planning in many
utility and industrial companies. The main fields of their application are the improvement
of frequency control in island networks, voltage maintenance in radial feeder networks,
and load control. In industrial networks with a large component of motoric load, BSP can
help in the fast balancing of active and reactive power after network separation. The au-
thors show that problems of reacceleration of motors and damping of power oscillations
of generators can be coped with equally well.
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Buckles, W. & Hassenzahl, W.V.: "Superconducting magnetic energy storage",

IEEE Power Engineering Review, vol. 20, no. 5, pp. 16-20, 2000.
Superconducting magnetic energy storage (SMES) is an energy storage technology that
stores energy in the form of DC electricity that is the source of a DC magnetic field. The
conductor for carrying the current operates at cryogenic temperatures where it is a su-
perconductor and thus has virtually no resistive losses as it produces the magnetic field.
The overall technology of cryogenics and superconductivity today is such that the com-
ponents of a SMES device are defined and can be constructed. The integrated unit ap-
pears to be feasible for some utility applications at a cost that is competitive with other
technologies. SMES is the only technology based on superconductivity that is applicable
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to the electric utilities and is commercially available today. In addition to today's power
quality application, the historical development of SMES starting with the concept of very
large plants that would store hundreds of megawatt hours of energy and were intended
for diurnal load leveling are described.

Bumby, J.R.; Clarke, P.H. & Forster, I.: "Computer modelling of the automo-
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Evaluation of battery and other energy-storage technologies for stationary uses is pro-
gressing rapidly toward application-specific testing. This testing uses computer-based
data acquisition and control equipment, active electronic loads and power supplies, and
customized software, to enable sophisticated test regimes which simulate actual use
conditions. These simulated-use tests provide more accurate performance and life
evaluations than simple constant resistance or current testing regimes. Several organiza-
tions are cooperating to develop simulated-use tests for utility-scale storage systems,
especially battery energy-storage systems (BESSs). Some of the tests use stepped con-
stant-power charge and discharge regimes to simulate conditions created by electric util-
ity applications such as frequency regulation (FR) and spinning reserve (SR). Other test
profiles under development simulate conditions for the energy-storage component of
remote-area power supplies (RAPSs), which include renewable and/or fossil-fuelled gen-
erators. Various RAPS applications have unique sets of service conditions that require
specialized test profiles. AlImost all RAPS tests and many tests that represent other sta-
tionary applications need, however, to simulate significant time periods that storage de-
vices operate at low-to-medium states-of-charge without full recharge. Consideration of
these and similar issues in simulated-use test regimes is necessary to predict effectively
the responses of the various types of batteries in specific stationary applications. This
paper describes existing and evolving stationary applications for energy-storage tech-
nologies and test regimes, which are designed to simulate them. The paper also dis-
cusses efforts to develop international testing standards.
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Canay, M.: "Der Frequenz-Anlauf von Synchronmaschinen", Archiv fir Elekro-
tecchnik, vol. 44, no. 4, pp. 251-270, 1959.

Canay, M.: "Anlaufverfahren bei Synchronmaschinen", Brown Boveri Mittei-
lungen, pp. 618-629, 1967.

Canay, M.: "Methods of starting synchronous machines", Brown Boveri Re-
view, vol. 54, no. 9, pp. 618-629, September 1967.

Canay, M.: "Graphische Behandlung des Asynchronlaufes von Synchronma-
schinen mit lamellierten und massiven Polen", ETZ-A, pp. 123-129, 1967.
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II: Salient Pole Machines ", Brown Boveri Review, vol. 57, no. 3, pp. 134-145,
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rectifiers in the field circuit", Proceedings IEE, vol. 119, no. 12, pp. 1701-
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Canay, M.: "Asynchronous starting of synchronous machines with or without
rectifiers in the field circuit", Proceedings IEE, vol. 120, no. 11, pp. 1414-
1416, November 1973.

Canay, M.: "Asynchronous Starting of a 230 MVA Synchronous Machine in 'Vi-
anden 10' Pumped Storage Station", Brown Boveri Review, vol. 61, no. 7, pp.
313-318, July 1974.

Canay, M.: "Partial Frequency Starting in Pumped Storage Stations", Brown
Boveri Review, vol. 61, no. 7, pp. 319-326, July 1974.

Carbone, R.; Mangoni, V.; Mirone, C.; Paterno, P.; Testa, A. (Naples Univer-
sity): "Interharmonic distortion in the static starting-up system of a hydro-
electric pumped- storage power station", Proceedings of 7th International
Conference on Harmonics and Quality of Power (ICHQP), Las Vegas, 16-18
October 1996, pp.299-306, University of Nevada, Las Vegas, 1996.

The results of several measurements and numerical simulations on the static start -up
system of a high-power Italian hydroelectric power station are reported and analysed.
Their main outcome is that, in some working conditions, surprisingly high values charac-
terise the low frequency interharmonic components on the DC-side current of the two-
power converter scheme utilized for the plant's start -up system; also amplitudes higher
than those of the main characteristic harmonics are reached. Considerations on the in-
fluence of the main static start -up system parameters on the distortion and possible ex-
planations of the interharmonic high levels are also reported.

Carr, D.S.: "Ten-megawatt load-levelling lead/acid battery project", Journal of
Power Sources, vol. 23, no. 1-3, pp. 183-192, 1988.

To demonstrate the economic and operational feasibility of using lead/ acid batteries for
load management by electric utilities, a 10 MW/40 MW h battery energy storage plant is
being constructed at the 12 kV substation of Southern California Edison Company in
Chino, California. This U.S. $13 million project is a cooperative effort by Edison, Electric
Power Research Institute, and International Lead Zinc Research Organization, Inc. The
design, construction and operation of this plant are presented. The Chino facility is
scheduled to begin load-levelling duties in April, 1988. Several related projects in other
areas of the world are also described briefly.

Chang, M.-Y.; Ou, R.-S. & Tzou, Y.-Y.: "DSP-based fuzzy control of bilateral
IGBT PWM DC-to-AC and DC-to-DC converters for battery energy storage sys-
tem", Proceedings of the International IEEE Conference on Industrial Electron-

ics, Control, and Instrumentation, IECON'93, vol. 2,, pp. 1117-1122, 1993.

This paper presents the full digital control of a bilateral pulsewidth modulated (PWM)
DC/AC and DC/DC converter for a battery energy storage system (BESS) using a digital
signal processor (DSP). The concerned BESS consists of a switched-mode current-
controlled rectifier (SCR) for power flow control and a bilateral buck/boost converter
(BBC) for battery charging control. The gating signals for the SCR and BBC are deter-
mined at every sampling instant by a DSP-based fuzzy controller using a set of instanta-
neous feedback signals. The experimental results of a 0.75 kW prototype system are
shown to verify the proposed control scheme.

Chatelain, J.: "Motor-generators for pumping power stations", Electra, no. 14,
pp. 17-20, 1970.

Chatelain, J. & Simond, J.].: "Back-to-Back Starting of High Power Synchro-
nous Motors for Storage Schemes", Report 11-02, 25" CIGRE Session, Paris,
August 21-29, 1974.

Chen Chao & Grantham, C.: "Design Consideration of a High-Temperature
Superconducting Magnet for Energy Storage in an Active Power Filter", IEEE
Transactions on Applied Superconductivity, vol. 16, no. 2, pp. 612-615, 2006.
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Installing active power filters (sometimes called active harmonic filters or line condition-
ers) in an electric power network can improve the quality of electricity supply. A shunt
active power filter, with a current-source PWM inverter and a conventional copper induc-
tor as its energy storage, has a significant power loss. The power loss in this copper in-
ductor can be substantially reduced by replacing the inductor with a high-temperature
superconducting (HTS) magnet. Several solenoid design alternatives using silver-
sheathed BSCCO-2223 tape have been made for the HTS magnet that has an inductance
of 0.5 H for this application. A liquid-nitrogen-cooled HTS magnet has been built and
tested for use in an active power filter. The loss-reduction effect of using the HTS mag-
net with the current-source active power filter has been investigated experimentally, and
the results are compared with those when using a conventional copper inductor. Practical
issues such as air-core design versus iron-core design and using liquid-nitrogen cooling
or a cryocooling are analyzed and discussed.

Chiang, J.-C.; Wu, C.-J. & Yen, S.-S. (Dept. of Electrical Engineering, National
Taiwan Institute of Technology,Taipei): "Mitigation of Harmonic Disturbance at
Pumped Storage Power Station with Static Frequency Converter", IEEE Trans-

actions on Energy Conversion, vol. 12, no. 3, pp. 232-240, September 1997.
This paper investigates the harmonic distortion problem and mitigation method at the
Mingtan pumped storage power station in Taiwan, where six 300 MVA synchronous gene-
rator/motors are started by a static frequency converter (SFC) before the pumping
stage. Since the SFC uses a 6-pulse rectifier technique, a large amount of harmonic cur-
rents are produced during the starting period. The harmonic distortion level at each bus
of the power plant was very high. Especially, the total harmonic distortion (THD) of cur-
rent at the lighting feeder reached up to 184%, so that power fuses burned out. At first
a 5 mH reactor was inserted in the SFC feeder and a 5th order and high pass filter was
installed. However, the harmonic distortion levels were still too high, but there is no
space for additional higher-order filters. Finally, the SFC is fed with an individual trans-
former and the harmonic disturbance problem is avoided. This paper also gives computer
simulations to investigate the harmonic distortion problems and verify the mitigation me-
thods.

Chiang, S.J.; Huang, S.C. & Liaw, C.M.: "Three-phase multifunctional battery
energy storage system", IEE Proceedings - Electric Power Applications, vol.
142, no. 4, pp. 275-284, 1995.

A three-phase multifunctional battery energy storage system (BESS) is designed and im-
plemented. When the utility power is in normal condition, the proposed BESS can be ar-
ranged to shave the peak load or charge the battery bank. In either case, since the load
unbalanced, harmonic and reactive powers can be compensated through the proposed
active power filter control, the power factor is maintained at nearly unity and the line
currents drawn from the utility are balanced and sinusoidal with very low distortion. As
the utility power failure occurs, the proposed BESS can immediately supply uninterrupti-
ble power to the loads. In this case, an instantaneous control technique is developed to
yield good three-phase voltage waveforms. The determination of the reactive compo-
nents, the dynamic modelling, and the design of controllers for the proposed BESS are
introduced. A 5 kVA prototype system is implemented and some experimental results are
provided to demonstrate the functions and performance of the proposed BESS. Finally,
the strategies for scaling up the power capacity of the proposed BESS are discussed.

Chiang, S.J.; Liaw, C.M.; Chang, W.C. & Chang, W.Y.: "Multi-module parallel
small battery energy storage system", IEEE Transaction on Energy Conver-
sion, vol. 11, no. 1, pp. 146-154, 1996.

This paper presents a multi-module parallel single-phase battery energy storage system
(BESS). The single module BESS to be paralleled consists of only a full-bridge power
converter. When the utility is in normal condition, the BESS serves as a power condition-
er as well as an active power filter. It can be arranged to charge the battery bank or to
share daily peak load. In any case, the current supplied by the electric utility can be
maintained sinusoidal and almost in phase with voltage. When a utility power failure oc-
curs, the BESS functions as an inverter to supply uninterruptible power to the load. With
the good current sharing feature possessed by this BESS, a central power distribution
control scheme with smooth current transfer characteristic is proposed to control the pa-
rallel operation of the multi-module BESS. The current sharing of each BESS module can
be programmed according to its rating and the load condition. Designs of the power cir-
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cuit and the central power distribution control scheme are described detailedly in this
paper. The effectiveness and performance of the proposed parallel BESS are demon-
strated by some experimental results.

Chiang, S.J.; Chang, K.T. & Yen, C.Y.: "Residential photovoltaic energy sto-
rage system", IEEE Transactions on Industrial Electronics, vol. 45, no. 3, pp.

385-394, 1998.

This paper introduces a residential photovoltaic (PV) energy storage system, in which the
PV power is controlled by a DC-DC power converter and transferred to a small battery
energy storage system (BESS). For managing the power, a pattern of daily operation
considering the load characteristic of the homeowner, the generation characteristic of the
PV power, and the power-leveling demand of the electric utility is prescribed. The system
looks up the pattern to select the operation mode, so that powers from the PV array, the
batteries and the utility are utilized in a cost-effective manner. As for the control of the
system, a novel control technique for the maximum power-point tracking (MPPT) of the
PV array is proposed, in which the state-averaged model of the DC-DC power converter,
including the dynamic model of the PV array, is derived. Accordingly, a high-performance
discrete MPPT controller that tracks the maximum power point with zero-slope regulation
and current-mode control is presented. With proposed arrangements on the control of
the BESS and the current-to-power scaling factor setting, the DC-DC power converter is
capable of combining with the BESS for performing the functions of power conditioning
and active power filtering. An experimental 600 W system is implemented, and some si-
mulation and experimental results are provided to demonstrate the effectiveness of the
proposed system.
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333, Technological Education Institute, Iraklio, 1996.

The electricity production system of the island of Crete is far from optimum; a consider-
able part of the energy produced originates from inefficient units burning expensive die-
sel oil. Due to large seasonal and daily variations of power demand, future expansion of
the production system cannot be realised by cost effective base load units, as these
should stop and start on a daily basis. In this paper, the effect of the addition of pump
storage systems (PSSs) on the electricity production cost is examined. The PSSs pump
water from a low-level reservoir by using power produced during the night from the base
load units of the system, which burn inexpensive heavy fuel oil. Water from the high
level reservoir is exploited by the PSS to produce low cost energy during the peak de-
mand hours, thus replacing operation of diesel oil burning units.
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Conte, M.; Prosini, P.P. & Passerini, S.: "Overview of energy/hydrogen stor-
age: state-of-the-art of the technologies and prospects for nanomaterials",

Materials Science and Engineering B, vol. 108, no. 1-2, pp. 2-8, 2004.

A sustainable energy economy will be demanding primary energy sources, preferably re-
newable and mainly domestically available, using energy carriers, such as hydrogen and
electricity, able to solve environmental problems and to assure adequate energy secu-
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One of the solutions for the problems may be to put hydrogen energy to practical use.
Superconducting devices for power applications are promising technologies for saving
energy. By convergence of high temperature superconductors (HTS) or MgB2 and liquid
hydrogen, advanced energy systems can be introduced to power applications. We have
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hand, the liquid hydrogen can store energy with high density and the fuel cell can supply
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verter, series reactors, output transformers, AC circuit breakers, and a PCS controller, is
described. The functions of the controller are outlined. Results of performance tests that
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input. The products of the electrolysis are recombined in a lower temperature fuel cell,
generating more voltage output than required to operate the electrolytic cell. The excess
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available from a nuclear reactor. The zirconia cells of solid oxide electrolyte under devel-
opment by Ztek would serve as the high temperature electrolytic cell. The low tempera-
ture fuel cells, which are under development in various space programs, can be adapted
for this system. Studies suggest that this system is a desirable light-weight option in
meeting future space power needs. Recent technical advances in zirconia cell develop-
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Principle and characteristics of vanadium redox flow battery (VRB), a novel energy stor-
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founded in Central South University in 2002 with the financial support of Panzhihua Steel
Corporation. The laboratory focused their research mainly on the selection and prepara-
tion of electrode materials, membrane material and modification, stable concentrated
electrolyte producing approach, test cell configuration design and optimization. Some
relevant foundation problems, such as state of vanadium in sulfurous acid with various
additives, the difference of electrochemical reaction rate in anode and in cathode, the
crossover of vanadium ions and so on, have been emphasized. The details of these stud-
ies have been given and discussed. A 5kW VRB stack was fabricated in the laboratory
and its performances, especially electrochemical performance such as voltage efficien-
cies, energy efficiencies, and durability, were fully tested. The results will be shown in
the talk. The key technologies of developing VRB, such as to improve the activity of its
electrode materials, the stability of electrolyte and selectivity of separator, were also dis-
cussed. In addition, the research progresses in other laboratories in China were briefly
introduced.
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This report presents a comparison of battery and fuel cell economics for ten different
technologies. To develop an equitable economic comparison, the technologies were eva-
luated on a life-cycle cost (LCC) basis. The LCC comparison involved normalizing source
estimates to a standard set of assumptions and preparing a lifetime cost scenario for
each technology, including the initial capital cost, replacement costs, operating and
maintenance (O&M) costs, auxiliary energy costs, costs due to system inefficiencies, the
cost of energy stored, and salvage costs or credits. By considering all the costs asso-
ciated with each technology over its respective lifetime, the technology that is most eco-
nomical to operate over any given period of time can be determined. An analysis of this
type indicates whether paying a high initial capital cost for a technology with low O&M
costs is more or less economical on a lifetime basis than purchasing a technology with a
low initial capital cost and high O&M costs. It is important to realize that while minimiz-
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ing cost is important, the customer will not always purchase the least expensive technol-
ogy. The customer may identify benefits associated with a more expensive option that
make it the more attractive over all (e.g., reduced construction lead times, modularity,
environmental benefits, spinning reserve, etc.). The LCC estimates presented in this re-
port represent three end-use applications: utility load-leveling, stand-alone power sys-
tems, and electric vehicles.
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Momentary and sustained electrical power interruptions and voltage depressions
represent two of the most difficult and important power quality and delivery problems
that face many industrial and commercial users. There is a definite need at many indus-
trial processing plants and commercial users of electrical power to have a dependable,
efficient and controllable source of real and reactive power that is available instantly to
support large electrical loads (greater than 5 MVA), even if the incoming utility a.c. con-
nection is lost. When power is interrupted or lost, the results can be extremely disruptive
for critical processes and cause lost production, costly downtime and loss of customer
good will, and in certain industries, can lead to environmental damage through the re-
lease of toxic emissions into the air. Recently, this challenge was faced by GNB Technol-
ogies at its lead reclaiming and smelting facility in Vernon, CA, USA. This study describes
a versatile, cost-effective, workable solution to the problem that has resulted in the de-
sign and installation of a 5 MVA, 3.5 MWh battery energy storage system (BESS) which
provides uninterruptible power to the critical environmental control equipment through-
out the plant. The BESS at Vernon provides the required power, combined with both vol-
tage and frequency control, to allow the plant to tolerate disconnection from the utility
grid without suffering unacceptable impacts on critical loads. The system also provides
the company with a demand-side energy management system for conducting daily peak
shaving of energy demand and, thereby, reduces its electrical bills.

Hunt, G.W.: "Valve regulated lead/acid battery systems", Power Engineering

Journal, vol. 13, no. 3, pp. 113-116, 1999.

The Power Control Division of GNB Technologies commissioned on the 13th May 1996 a
new facility housing a 5 MW battery energy storage system (BESS) at GNB's Lead Recy-
cling Center in Vernon, California, USA. The Vernon BESS is the largest known installa-
tion of its kind in the world owned and operated by an industrial manufacturer to support
critical manufacturing process equipment, including the operation of emission control
systems associated with handling lead dust. GNB's primary concern is to assure the con-
tinual operation of these systems during a power outage.
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valve-regulated lead-acid battery energy-storage system for providing the
customer with critical load protection and energy-management benefits at a
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The Power Control Division of GNB Technologies, commissioned on May 13, 1996 a new
facility which houses a 5-MW battery energy-storage system (BESS) at GNB's Lead Re-
cycling Centre in Vernon, CA. When the plant loses utility power (which typically happens
two or three times a year), the BESS will provide up to 5 MW of power at 4160 VAC in
support of all the plant loads. Since the critical loads are not isolated, it is necessary to
carry the entire plant load (maximum of 5 MVA) for a short period immediately following
an incident until non-critical loads have been automatically shed. Plant loading typically
peaks at 3.5 MVA with critical loads of about 2.1 MVA. The BESS also provides the manu-
facturing plant with customer-side-of-the-meter energy management options to reduce
its energy demand during peak periods of the day. The BESS has provided a reduction in
monthly electric bills through daily peak-shaving. By design, the battery can provide up
to 2.5 MWh of energy and still retain 2.5 MWh of capacity in reserve to handle the possi-
bility of a power outage in protecting the critical loads for up to 1 h. By storing energy
from the utility during off-peak hours of the night in the batteries when the cost is low
(US4.5&; per kWh), GNB can then discharge this energy during high demand periods of
the day (US$14.50 per kW). For example, by reducing its peak demand by 300 kW, the
lead-recycling centre can save over US$4000 per month in its electric bills. The BESS at
Vernon represents a first large-scale use of valve-regulated lead-acid batteries in such a

93



ELFORSK
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Distributed generation is expected to play an important role in the future with growth in
electric load, enhancing economical efficiency and protection of the environment. Energy
storage technology is one of the effective methods to ensure the quality of the electrical
power supply and the effective operation of the distributed generation systems. In this
paper, several main energy storage technologies are compared with regard to their per-
formances. Especially the use of high temperature superconducting (HTS) energy stor-
ages, i.e. in forms of superconducting magnetic energy storage and flywheel energy
storage, will be analyzed with regard to the device performances in distributed genera-
tion systems.
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This study aims to show methods of determining the installation site and the optimal ca-
pacity of a battery energy storage system (BESS) to attain load leveling. The methods
are based on the hardware characteristics of 20 kW/100 kWh and 1 MW/4 MWh proto-
type BESSs, which are already developed and are being developed, respectively. The
candidate site of BESS installation is the secondary side of a distribution substation's
main transformer (MTR). These tasks are performed by first classifying the load pattern
of an MTR and comparing it to the load pattern of a total power system. If the load factor
improves, then the location is determined to be a BESS installation site. Subsequently,
the optimal BESS capacity for an MTR is determined using the given operation pattern,
the charging/discharging characteristics and efficiency. Computational experimentation
was performed on an actual distribution system in Korea. After determining the optimal
capacity, the authors verified that installing the BESS on the selected MTR improved
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Kalaitzakis and Vachtsevanos proposed a methodology for the effective integration of
photovoltaic devices into the electric utility distribution network operations. They focused
on the storage requirements for control and stability purposes, power flow control, and
power modulating device contributing to the improvement of system stability. System
stability can be improved by monitoring the variations in system frequency, utility grid
bus voltage, and the real power at the inverter output bus. Finally, their simulation stu-
dies indicate that an application of the proposed control approach may result in reduced
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The high wind and solar potential along with the extremely high electricity production
cost met in the majority of Greek Aegean islands comprising autonomous electrical net-
works, imply the urgency for new renewable energy sources (RES) investments. To by-
pass the electrical grid stability constraints arising from an extensive RES utilization, the
adaptation of an appropriate energy storage system (ESS) is essential. In the present
analysis, the cost effect of introducing selected storage technologies in a large variety of
autonomous electrical grids so as to ensure higher levels of RES penetration, in particu-
lar wind and solar, is examined in detail. A systematic parametrical analysis concerning
the effect of the ESSs' main parameters on the economic behavior of the entire installa-
tion is also included. According to the results obtained, a properly sized RES-based elec-
tricity generation station in collaboration with the appropriate energy storage equipment
is a promising solution for the energy demand problems of humerous autonomous elec-
trical networks existing worldwide, at the same time suggesting a clean energy genera-
tion alternative and contributing to the diminution of the important environmental prob-
lems resulting from the operation of thermal power stations.
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This paper presents a novel prototype of resonant DC link with a two-level PWM control
scheme and a three-phase voltage-fed PWM inverter with a resonant DC link. This reso-
nant DC link circuit is capable of controlling two-level PWM modes; a clamped supply
voltage PWM and zero voltage PWM modes in the DC bus line can operate under the
principle of zero voltage and zero current soft-switching. The operating analysis is car-
ried out and a design procedure of this resonant DC link is described on the basis of
simulation results. A three-phase voltage-fed inverter and power converter using this
unique resonant DC link are analyzed which operate under a new pulse vector modula-
tion scheme and their performances in a utility-interactive power processor for a battery
energy storage system (BESS) are evaluated and discussed, including a reactive current
compensator and active power filter using this resonant DC link.
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Powertrain hybridization as well as electrical energy management are imposing new re-
quirements on electrical storage systems in vehicles. This paper characterizes the asso-
ciated vehicle attributes and, in particular, the various levels of hybrids. New require-
ments for the electrical storage system are derived, including: shallow-cycle life, high
dynamic charge acceptance particularly for regenerative braking and robust service life
in sustained partial-state-of-charge usage. Lead/acid, either with liquid or absorptive
glass-fibre mat electrolyte, is expected to remain the predominant battery technology for
14V systems, including micro-hybrids, and with a cost-effective battery monitoring sys-
tem for demanding applications. Advanced AGM batteries may be considered for mild or
even medium hybrids once they have proven robustness under real-world conditions,
particularly with respect to cycle life at partial-states-of-charge and dynamic charge ac-
ceptance. For the foreseeable future, NiMH and Li-ion are the dominating current and po-
tential battery technologies for higher-functionality HEVs. Li-ion, currently at develop-
ment and demonstration stages, offers attractive opportunities for improvements in per-
formance and cost. Supercapacitors may be considered for pulse power applications.
Aside from cell technologies, attention to the issue of system integration of the battery
into the powertrain and vehicle is growing. Opportunities and challenges for potential
"battery pack" system suppliers are discussed.

Kashem, M.A. & Ledwich, G.: "Energy requirement for distributed energy re-

sources with battery energy storage for voltage support in three-phase distri-
bution lines", Electric Power Systems Research, vol. 77, no. 1, pp. 10-23,

2007.
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cept for improving system capacity and stability, feeder voltage, and supply quality and
reliability. This paper has addressed voltage support in distribution systems by energy
injection from a battery storage distributed energy system. An operation strategy for an
inverter interface battery energy storage DER has been developed for maximum im-
provement in feeder voltage with minimum energy injection from the DER. A control
strategy has been proposed for inverter based battery storage DER to regulate network
voltage effectively, through operating the DER to generate real (P) and reactive (Q)
power with Q priority. The implementation of the inverter interface DER with battery en-
ergy storage will save fuel cost of DER but be of much higher capital cost than using a
rotary generator. The proposed technique has been evaluated by simulation on a three-
phase distribution system with time varying loads. Test results indicate that DER operat-
ing with Q priority offers the best solution for maximum voltage improvement. The re-
sults also confirm that DER injecting P and Q at the ratio of maximum voltage sensitivity
of line presents better solution for power loss reduction than the solution offered by the
DER operating with Q priority.
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ponses could provide better emergency control and so extend the capabilities of the ex-
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ity power is off, the BES system operates in the inverter mode to supply power to the
load. A sinusoidal output voltage with low distortion and good regulation is obtained by
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parallel-connected current-regulated pulse width modulated (CRPWM) converters, a cur-
rent command distributor and an outer-loop common controller. Every single-module
CRPWM 3/spl phi/ converter possesses good current tracking control characteristics, so is
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easy to parallel connect. The proposed current command distributor receives current
commands from the common controller and generates suitable current commands for
each paralleled converter module according to the proposed current sharing control
strategy. The sophisticated system arrangement of the common controller gives the
BESS many power processing functions. When it is connected to the utility grid, it can be
arranged to give peak load shaving, active power filtering, power factor and battery
charging. In the event of utility failure the BESS can supply uninterrupted power with low
distortion sinusoidal voltage waveform to critical loads. Performance of the proposed
paralleled BESS at various operating conditions is demonstrated experimentally.
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A power control method using the power flow concept is described. The authors formu-
late a new and general control equation for the real-time control of a battery energy sto-
rage system (BESS). A control strategy for a BESS to operate in a real power mode and
a reactive power mode is discussed. Simulations for a demand-side BESS are presented,
together with experiments on operating system set-up in a power laboratory using a real
time control implementation. The real and reactive power control of a BESS were tested
using a 10 kVA/30 kWh laboratory system. The results illustrate that the proposed me-
thod is effective and easy.
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This paper presents a design and implementation of battery energy storage system
(BESS) for general applications in a demand-side industrial power system. Different con-
trol modes for operating BESS to improve demand-side power supply capability are stu-
died. The basic principle using the conventional control method is implemented to ac-
complish the desired control functions. The proposed methods are proved by both theo-
retical simulations and experimental test results on a prototype BESS.
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Stored energy can provide electricity during periods of high demand, as currently dem-
onstrated with bulk storage systems such as pumped hydro storage (PHS), which ac-
counts for only 2.5% of the current installed base load in the USA. Sites for future devel-
opments have become less available, and environmental siting issues, as well as high
costs have stopped further prospects. This paper looks at the potential beyond PHS, with
bulk storage systems such as compressed air energy storage (CAES) flow-batteries and
1MW flywheel systems that can provide system stability/support at the grid, substations
and distributed level. Current developments in bulk energy storage will be reviewed as
well as some storage project developments incorporating wind energy and the impact on
base-loaded coal and natural gas fired GT combined cycle plants. The large potential and
the economic benefits for energy storage in the US will be examined.
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Flywheel energy storage (FES) can have energy fed in the rotational mass of a flywheel,
store it as kinetic energy, and release out upon demand. It is a significant and attractive
manner for energy futures 'sustainable'. The key factors of FES technology, such as fly-
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wheel material, geometry, length and its support system were described, which directly
influence the amount of energy storage and flywheel specific energy. It is very suitable
to such applications that involve many charge-discharge cycles and little in the way of
long-term storage applications including International Space Station (ISS), Low Earth
Orbits (LEO), overall efficiency improvement and pulse power transfer for Hybrid Electric
Vehicles (HEVs), Power Quality (PQ) events, and many stationary applications. Design
margins, fault protection and containment were considered as three good approaches to
solve safety issue. Vacuum enclosures or helium-air mixture gas condition were dis-
cussed for solution of windage energy loss. In short, with the aid of new technologies the
cost of FES can be lowered and the FES will play a significant role in securing global en-
ergy sustainability.
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This paper presents a study of the dynamic behaviour of a static frequency converter
driving a 300 MVA synchronous generator, which is used in a pumped storage power
plant of Taiwan Power Company. The static frequency converter, which consists of a
three-phase AC/DC phase converter, a filtering inductance, and a six-step current-source
inverter, is used to start a 300 MVA synchronous machine. In this paper, first the
mathematical model of the whole system, which consists of a synchronous machine, a
static frequency converter, a microprocessor, and sensors, is established. Then, the con-
trol method of the static frequency converter based on field oriented control is pre-
sented. Next, a filter circuit has been designed to reduce the harmonics of the AC
source. By using this filter, the harmonics can be effectively reduced. Finally, some com-
puter simulated and experimental results are shown to verify the theoretical analysis.
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This paper describes several control strategies to utilise a modern battery energy storage
system (BESS) to provide simultaneous control of both its MW and Mvar outputs to im-
prove power system operation and control with the following objective in mind: ability to
absorb harmonics, provide load leveling, provide damping of inter-area oscillations, help
in damping transient stability, provide effective and fast control power flow along a
transmission line corridor, in many ways acting like flexible AC transmission system
(FACTS) devices, provide back-up electricity supply on loss of AC supply very similar to
UPS applications and provide active power filtering to meet power quality standards. This
work shows that BESS offers an important resource for improving power system control.
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This paper describes a new topology of a battery energy storage system (BESS) that can
provide simultaneously fast control of both its MW and MVAr outputs to improve power
system operation and control. The proposed BESS topology also provides several other
important contributions to the power systems such as active harmonic filtering to meet
power quality standards, load leveling, damping of inter-area oscillations, damping of
transient stability, effective and fast control of power flow along a transmission line cor-
ridor, many of the flexible AC transmission system (FACTS) features, and emergency
supply on loss of AC source (very similar to UPS applications). This paper shows that
BESS can offer an important resource for improving power system control.

Leung, K.K. & Sutanto, D.: "Using battery energy storage system in a deregu-
lated environment to improve power system performance", Proceedings of the
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ing and Power Technologies, DRPT 2000, pp. 614-619, 2000.
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This paper embodies recent work at the Hong Kong Polytechnic University on the appli-
cation of energy storage in general and BESS in particular in four areas: control of active
and reactive power, load leveling, power quality improvement and power flow controller.
The research aims at developing novel strategies for controlling those dynamic problems
and investigating the advantages and limitation of BESS for the applications investi-
gated. This paper discusses the hardware configuration and software technologies cur-
rently being used to implement some of the above objectives, in particular, the fast con-
trol of active and reactive power demand and generation when a BESS is connected to
the grid. The proposed three-phase multi-purpose BESS will provide active and reactive
power independent of the supply voltage with excellent power quality in terms of its
waveform.
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The proposed energy cache control enables fast compensation of stochastic power fluc-
tuations through the use of Superconducting Magnetic Energy Storage (SMES) connected
to the DC bus of Distributed Generation (DG). The term energy cache control is chosen
to reflect its analogy to the utilization of the data cache in computers. The SMES pro-
vides an energy cache for other types of storage with a higher capacity of energy but
also longer response times. Together, the two types of storage provide high controllabil-
ity over diverse time scales. The SMES so enables the creation of modular DG building
blocks which can be readily connected to the network in a plug-and-supply mode. In the
developed case study, the SMES is part of a DG unit of a model commercial facility that
includes renewable-based electric power generation and a hydrogen-electric conversion
and storage plant composed of an electrolyser, a fuel cell, and tanks. It is shown how
the cache energy control deals with fast fluctuations of power generation and load that
are caused by changing wind and sudden power demands of an elevator, respectively.
Through its shock-absorbing role, the energy cache control of the SMES prevents the in-
volved disturbances from propagating over the network interface and makes the DG unit
behave as a good citizen in terms of network integration.
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Generation, Transmission and Distribution, vol. 142, no. 4, pp. 429-435,
1995.
A useful and systematic dynamic model of a battery energy storage system (BES) is de-
veloped for a large-scale power system stability study. The model takes into account
converter equivalent circuits, battery characteristics and internal losses. Both charging
mode and discharging mode are presented. The model is expressed in equivalent trans-
fer function blocks, and it can be easily used in dynamic stability analysis of a power sys-
tem. To examine the dynamic behaviour of the model, applications to the damping of
turbogenerator torsional oscillations are performed. Active and reactive power modula-
tion by the BES can be controlled according to system requirements. Eigenvalue analysis
and dynamic simulations are performed to demonstrate the damping effect of the BES. .
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Since a battery energy storage system (BES) can provide fast active power compensa-
tion, it also can be used to improve the performance of load-frequency control. In this
paper a new incremental model of a BES is presented and merged into the load-
frequency control of a power system. A comprehensive digital computer model of a two-
area interconnected power system including governor deadband and generation rate
constraint is employed for a realistic response. Computer simulations show that the BES
is very effective in damping the oscillations caused by load disturbances. The BES model
is suitable for charging mode and discharging mode operations. Optimization of control-
ler gains is obtained by the second method of Lyapunov.
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tions. The conventional designs require a DC-DC converter to interface the UC unit.
Herein, the UC can be directly switched across the motor drive DC link during the peak
power demands. The resulting wide voltage variation due to UC power transfer is ad-
dressed by the simple modulator that is introduced in this paper, so that the motor drive
performance is not disrupted. Based on this new methodology, this paper further intro-
duces two ESS schemes with different topologies, namely 1) UC rating and 2) energy
flow control. They are applicable to both lightly and heavily hybridized HEVs. Both
schemes have the benefits of high efficiency (without a DC-DC link) and low cost. The
simulation and experimental results validate the new methodology.
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The fuel efficiency and performance of novel vehicles with electric propulsion capability
are largely limited by the performance of the energy storage system (ESS). This paper
reviews state-of-the-art ESSs in automotive applications. Battery technology options are
considered in detail, with emphasis on methods of battery monitoring, managing, pro-
tecting, and balancing. Furthermore, other ESS candidates such as ultracapacitors, fly-
wheels and fuel cells are also discussed. Finally, hybrid power sources are considered as
a method of combining two or more energy storage devices to create a superior power
source.
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The production of solar thermal power on a continuous, 24-h basis is possible by apply-
ing thermochemical energy storage. An international group of industrial and academic
partners is studying such a base-load solar power plant concept, where the reversible
thermo-catalytic ammonia reaction serves as the energy vector between supply and de-
mand. Early results confirm the technical soundness of the concept using conventional
technology, equipment and materials, and indicate also the potential for economic viabil-
ity. A first-of-a-kind, solar-only demonstration power plant with a net capacity of 10
MWe would require a capital investment of the order of AUD 180 million and operate with
a net solar-to-electric conversion efficiency of 18% and a capacity factor of 80%. This
would result in levelised electricity costs of less than AUD 0.25 per kWh.
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No one disputes that energy storage devices have great value to electricity production,
delivery, and use, and that commercial technology options across the size spectrum are
available today. The challenge to widespread adoption of these devices and systems is
getting all the stakeholders who derive the value. Another way of looking at it: The dis-
aggregation of the electricity supply and delivery chain has not been kind to storage. Mi-
chael Morris, CEO of the Electricity Storage Association's annual meeting host American
Electric Power Corp, offered an optimistic assessment when he kicked off the conference
by noting that, in gas storage, utilities kept saying, we do what we do. Perhaps the big-
gest news at the conference was delivered by Brad Williams, PacifiCorp, Portland, Ore.
The flagship demonstration of one of the most important advanced battery technologies,
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A dynamic programming algorithm for the optimal charge/discharge scheduling of BESS
energy storage is presented. It ensures the minimisation of the electricity bill for a given
battery capacity, while reducing stress on the battery and prolonging battery life. Opti-
mal scheduling of the battery charge state is in itself unique; the methods of multipass
dynamic programming are used to accomplish this. Maximum payoff for load redistribu-
tion and peak load shaving is determined while accounting for charging rate, battery
voltage fluctuation and internal losses as a function of charge state. The optimal charg-
ing curve is significantly different from the curve conventionally published for BESS.
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The present paper regards the implementation of a stand-alone photovoltaic plant in
which battery storage is partially replaced by a micro-hydraulic system. The plant was
installed on Donoussa Island in the Aegean Sea, Greece to cover basic electricity needs
of the remote village of Merssini (13 houses). Lighting, TV set and refrigerator were con-
sidered basic electricity needs for each house. The photovoltaic array consists of 300
photovoltaic modules of 60 Wp each, for a combined 18 kWp total installed power. The
micro-hydraulic system consists of a water pump of 6 kV A and a water turbine coupled
with a DC generator of 7.5 kW and two identical water reservoirs of 150 m3 capacity
each. During the day, the load is satisfied directly form the photovoltaic generator
through an inverter (UPS unit of 25 kV A, 380 V-3 phases alternative current), while any
energy surplus is directed to the pump for pumping water from the low level reservoir
(at about 100 m altitude from sea level), to the high level reservoir (at about 200 m alti-
tude from sea level). During the night, water is turbined to the low level reservoir pro-
viding energy to the load. There is also a battery bank of 186 cells of 2 V nominal volt-
age in series, with a total capacity of 100 A h. The batteries cover primarily load peaks.
The paper presents first results and experience gained from the system performance.
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The use of energy storage devices such as batteries or supercapacitors is almost manda-
tory in fuel cell hybrid electric vehicles, in order to guarantee load leveling, assuring
braking energy recovery and good performances in transient operations. To this end,
converters with bidirectional power flows are needed to connect the accumulators to the
dc-link of the motor drive system. In this paper, a new conversion structure for the bidi-
rectional interfacing of two dc voltage sources with a higher voltage dc-link is presented,
where only three controllable power electronic switches are needed and where the only
limit is that the sum of the two dc voltages must be lower or equal than the motor drive
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tem and system technologies that will significantly affect the performance, reliability,
and survivability of next-generation baseload and burst mode space power systems are
emphasised. Technology disciplines related to power sources (solar/nuclear and chemi-
cal), power conversion, energy storage, power conditioning/distribution and control, and
waste-heat acquisition, transport, and rejection are primarily addressed. For some of
them, performance trends that can be used as the basis for projecting future advanced
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types of space power system for both baseload and burst mode applications are post-
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are likely to be installed by end users. Technologies that compete with BES include tradi-
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pressed air energy storage (CAES), superconducting magnetic energy storage (SMES),
supercapacitors, flywheels, and fuel cells. This paper describes the various BES applica-
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does not mean that the outlook is uniformly bleak for storage with wind power. This pa-
per discusses storage systems ranging from a few seconds of run time to several hours,
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Voltage depressions and power interruptions are rapidly becoming two of the hottest
topics in the field of power quality. Of particular interest is the need to supply a depend-
able, efficient and controllable source of real and reactive power, which is available in-
stantly to support a large (<0.5 MVA) load, even if the utility connection is lost. This pa-
per describes a versatile solution to this problem for utility, industrial and commercial
applications using battery energy storage systems (BESS). BESS have the potential to
provide other substantial benefits in terms of improved voltage and energy management
in conjunction with this protection from interruptions.
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The emergence of new power electronics and improved battery technology has created
renewed interest in battery energy storage systems (BESS). These new systems provide
electric utilities with alternatives to conventional storage technologies, such as pumped
hydro. BESS has the potential to provide substantial benefits in terms of energy man-
agement, improved voltage, spinning reserve and protection from interruptions when
compared to large centralized storage. This paper describes a commercial, economically
justified, application of the new BESS which is under construction in the Metlakatla Pow-
er and Light system. The paper outlines the system performance requirements which
lead to consideration of BESS as an option; the economic factors which provided the jus-
tification for BESS as an economic alternative; and the overall BES system design and
performance.
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Momentary and sustained power interruptions are some of the most difficult and impor-
tant power quality problems facing many industrial and commercial users. Battery ener-
gy storage systems (BESS) have the potential to provide versatile solutions to this prob-
lem for utility, industrial and commercial applications. This paper describes the design
and commissioning of a 5 MVA, 2.5 MWh BESS which is now in operation at the GNB
Battery Recycling Plant in Vernon, California. The BESS at Vernon provides the required
power combined with both voltage and frequency control to allow the plant to tolerate
disconnection from the utility grid without suffering unacceptable impacts on critical
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Momentary and sustained power interruptions are one of the most difficult and important
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lenging problem is the need to supply an economical, dependable, efficient and control-
lable source of real and reactive power, which is available instantly to support a large
(<1.0 MW) load, if the electric utility connection is lost. Battery energy storage systems
(BESS) have the potential to provide versatile solutions to this problem for utility, indus-
trial and commercial applications. This paper describes the design and installation a 5
MW peak, 2.5 MWh BESS which is now in commercial operation at the BNG Battery Re-
cycling Facility in Vernon, California, USA. Results of commissioning tests are discussed.
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Power systems security in the case of contingencies is ensured by maintaining adequate
"short-term generation reserve". This reserve must be appropriately activated by means
of the primary frequency control (PFC). Because the generation is an electro-mechanical
process, the primary control reserve controllability is not as fast as required, especially
by modern power systems. Since the new improvements achieved on the conventional
control methods have not been enough to satisfy the high requirements established, the
necessity of enhancing the performance of the PFC has arisen. At present, the new en-
ergy storage systems (ESS) are a feasible alternative to store excess energy for substi-
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benefits of using SMES devices in the PFC of the electric system. Presently, a laboratory
scale prototype device based on digital signal processors (DSP) is being implemented.
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This paper investigates the impact of combining CO2 capture and storage with alterna-
tive systems for biomass-based combined heat and power production (CHP) in Kraft pulp
and paper mills. We compare heat, power, and CO2 balances of systems with alternative
configurations of the CHP and CO2-capture systems. Because the captured CO2 comes
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The objective of this work is to discuss the concept of back-to-back interconnection sys-
tems with energy storage, especially with a Superconducting Magnetic Energy Storage
(SMES) incorporated into a back-to-back DC link. In this case, each converter of the
back-to-back system is used as a power conditioning system for the SMES coils. Since
the AC-DC converter can be designed independently of the frequency of the power sys-
tem, a two-way switch is connected to the AC side of each converter. This two-way
switch can select the interconnected power systems. By using the two-way switches, this
system can provide the stored energy in the SMES system to each interconnected power
system through two AC-DC converters. For instance, lower-cost power of each power
network can be stored through two converters during the off-peak hours and made
available for dispatch to each power network during periods of demand peak. Then this
system increases the reliability of electric power networks and enables the economical
operations depending on the power demand. This paper describes the unique operations
of the back-to-back interconnection with SMES and discuses the optimal SMES configura-
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heating or cooling the Cukurova University, Balcali Hospital in Adana, Turkey. The gen-
eral objective of the system is to provide heating and cooling to the hospital by storing
solar heat underground in summer and cold in winter. As the main source of cold energy,
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ratings. As a consequence, some are simply cited without comment while others are de-
scribed in appreciable detail. It is found that a progression in the maturity and applica-
tions of battery energy-storage is evident in these systems.

Patel, G. & Deckman, J.T.: "Replacement of the static frequency converter
starting equipment at the Raccoon Mountain Pumped Storage Plant", Proceed-
ings of Waterpower 1995 - The International Conference on Hydropower, San

Francisco, 25 July 1995-28 July 1995, vol. 2, pp. 1510-1515, 1995.

In October 1994, the Tennessee Valley Authority awarded a contract for replacement of
their Static Frequency Converter (SFC) Starting Equipment at the Raccoon Mountain
Pumped Storage Plant. Replacement of the original SFC was deemed necessary to coun-
ter a rising forced outage rate and costly repairs directly attributable to the advanced
age and condition of the original equipment. This paper presents a comparison of the
features of the new SFC versus the original SFC. The new SFC is scheduled to undergo
checkout and testing in spring of 1996.

Pavelka, J.: "Special Questions of Project and Operation Experiences with
Large Power Converter Variable Speed Drives", Report 11-301, CIGRE Ses-
sion, Paris, 26" August 1%t September 1990.

Peeran, S.M. & Cascadden, C.W.P.: "Application, design and specification of
harmonic filters for variable frequency drives", IEEE Transactions on Industry
Applications, vol. 31, pp. 841-849, 1995.

Peneder, F. & Butz, H.: "Erregersysteme flir Drehstrom-Generatoren in In-
dustrie- und mittleren Kraftwerken", Brown Boveri Mitteilungen, vol. 61, no.
1, pp. 41-50, 1974.

Peneder, F. & Herzog, H.: "Modern excitation equipment for hydro-electric
generators", Brown Boveri Review, vol. 67, no. 2, pp. 141-151, 1980.

115



ELFORSK

Peneder, F. & Suchanek, V.: "Static frequency changers for driving and run-
ning up high-power synchronous machines", Brown Boveri Review, vol. 67,
no. 9, pp. 524-529, September 1980.

Peterson, H.A.; Mohan, N. & Bloom, R.W.: "Superconductive Energy Storage
Inductor - Converter Units for Power Systems", IEEE Transactions on Power
Apparatus and Systems, vol. 94, no. 4, pp. 1337-1348, July/August 1975.

Petersson, T.: "Elektriska startmetoder fér reversibla pumpkraftaggregat"”,
Tekniskt meddelande 11249, FKH, ASEA, 1971-03-29.

Peterson, T.: "Starting Methods for Reversible Pumped-Storage Genera-
tor/Motors", Electrical Review, pp. 655-657, 12" May 1972.

Petersson, T.: "Starting Methods for Reversible Pumped-Storage Genera-
tor/Motors", ASEA Journal, vol. 46, no. 6, pp. 143-146, 1973.

Petersson, T. & Frank, K.: "Starting of Large Synchronous Motors Using Static
Frequency Converter", Paper 71 TP 519-PWR, presented at the IEEE/PES
Summer Meeting, Portland, July 18-23, 1971.

Petersson, T. & Frank, K.: "Starting of Large Synchronous Motors Using Static
Frequency Converter", IEEE Transactions on Power Apparatus and Systems,
vol. PAS-91, no. 1, pp. 172-179, January/February 1972.

Pfafflin, G.E.: "The Coo-Trois Ponts pumped-storage station", Water Power,
pp. 43-51, 1970.

Pfister, E. & Press, H.: "Experience in the Construction and Operation of Large
Pumped Storage Stations", Paper presented to the 7" World Power Confer-
ence, Moscow, 1968.

Phillips, G.A.; Walton, J.W. & Kornbrust, F.J.: "Progress in Self-Commutated
Inverters for Fuel Cells and Batteries", IEEE Transactions on Power Apparatus
and Systems, vol. PAS-98, no. 4, pp. 1466-1475, July 1979.

Work has continued on development of large self- commutated inverters for commercial
fuel cell applications resulting in successful on-line demonstration with a 1 MW fuel cell
pilot plant. Predicted performance was achieved with excellent operating characteristics
including delivery of leading or lagging vars within the inverter rating. These results are
presented herein. In addition, work was initiated under sponsorship of the Electric Power
Research Institute (EPRI) and the U.S. Department of Energy (DOE) to adapt this tech-
nology to utility energy storage with advanced batteries now under development and in-
tended for use starting in the late 1980's. Reversible operation without polarity switching
has been demonstrated.

Piper, W.-D.: "Der Entwurf des Krafthauses Pumpespeicherwerk Leitzach I
(neu) der Stadtwerke Elektrizitatswerke Minchen", Elektrizitatswirtschaft, vol.
83, no. 5, pp. 198-208, 27 February, 1984.

Pouliquen, J.-L.; Teissier, D. (Cegelec Dei, Belfort, France): "The starting of
large synchronous machines by static frequency convertor(in French)", Revue

Generale de I'Electricite, no. 6, pp. 92-96, June 1992.
Starter motors for synchronous machines have been steadily renounced in favour of
static frequency convertors, which ensure starts at increasing frequency. The authors
describe the circuits adopted in various instances and give three examples of applica-
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Similar to the classical solution of hydraulic pump-turbine plants, new means for accu-
mulation of electrical energy are given for lower but respectable quantities by the so
called BESS (battery energy storage systems) and SMES (superconducting magnet en-
ergy storage). Another energy accumulator is given by using the mechanical kinetic en-
ergy of a flywheel. Each system has advantages and disadvantages from the point of
view of the quantity of stored energy and magnitude of the instantaneous usable power.
A realistic application of energy storage should combine different means of storage, us-
ing the advantages of their complementarity. Modern energy conversion techniques al-
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formance of power sources using artificial gills, cryogenic oxygen storage, chemical
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tem are discussed for different mission requirements. It is apparent from the data that
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future UUVs (unmanned underwater vehicles). Most batteries and thermal cycle engines
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The author deals with the possibilities of eliminating the negative effects which occur
during the starting of synchronous machines such as current rises, voltage drops in the
high-voltage network, and mechanical stresses in the stator and damper windings. In
motor-generator sets with low friction losses during starting, such as in the case of syn-
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In this study, a detailed experiment has been conducted on a single-basin solar still
which is modified with energy storage medium of black granite gravel. An attempt has
been made to utilize the maximum amount of solar energy and to reduce the heat loss
from the sides and bottom of the still. The conventional still is modified with an energy
storage medium of black granite gravel of 6 mm size which is provided in the basin for
different (quantity) depths. The black granite gravel functions as energy storage medium
and also as an insulation layer to reduce the bottom and side loss coefficients. The black
gravel is used for absorbing the excess heat energy from solar radiation during the noon
hours. Due to this, the heat accumulated in the space between the water and glass sur-
face is reduced and hence the temperature difference between the water and glass sur-
faces increases. The depth (quantity) of the gravel layer in the basin will influence the
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perature, glass temperature and still productivity. This study deals with the effect of
aforesaid parameters on the performance of the still. An attempt has been made to op-
timize the still performance for the above-mentioned parameters. A mathematical model
is developed to estimate the water, gravel, and inside glass temperatures theoretically
and to estimate the hourly and daily yield. To show the effectiveness of the modification,
its performance is compared with the conventional still under the same climatic condi-
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tion. It is found that the still yield is increased by 17-20% with almost no cost for this
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the design and some significant considerations when integrating a battery with an elec-
tric system.
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batteries, compressed air, and pumped hydro.
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Much of the difficulty in designing good market rules can be traced to the fact that elec-
tricity cannot be readily stored. A number of energy storage technologies, however, are
building commercial momentum, angling to cut in on the supply/load dance and facilitate
market operation. The Energy Storage Council recently released a white paper outlining
the case for energy storage. The white paper states that energy storage will create a far
more responsive market by supplying power where and when needed. Only in the past
few years have the power industry and the energy market evolved to the point where
the benefits of storage are embraced as indispensable. Several storage techniques are
discussed. Turning potential into reality remains a tall task, but the growing worldwide
interest in energy storage, coupled with the numerous commercial and demonstration
projects underway, indicates that the gap between potential and reality is shrinking.
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autonomous wind diesel system with a battery-based energy storage system",
Renewable Energy, vol. 33, no. 3, pp. 454-466, 2008.

High wind penetration wind diesel hybrid systems (WDHS) have three modes of opera-
tion: Diesel Only (DO), Wind Diesel (WD) and Wind Only (WO). The WDHS presented in
this article consists of a wind turbine generator (WTG), a diesel engine (DE), a synchron-
ous machine (SM), the consumer load, a battery-based energy storage system (BESS), a
discrete dump load (DL) and a distributed control system (DCS). The DE can be engaged
(DO and WD modes)/disengaged (WO mode) from the SM by means of a clutch. The
DCS consists of a sensor node, which measures the SM and DE speeds, calculates the
reference active power PREF necessary to balance the active power in the WDHS and
communicates this PREF value with a message to the BESS and DL actuator nodes. In
the WO mode, the power sources are the WTG and the BESS (temporary) and if there is
an active power shortfall, the DCS, to prevent a frequency collapse, must order to start
the DE, wait until the DE reaches the SM speed and lock the clutch, changing to the WD
mode. With the clutch locked, the combined actuation of the DE+BESS will raise the sys-
tem frequency to the rated value. This WO to WD transition is simulated in this article
showing graphs for frequency, voltage and active powers for the elements of the system.
These graphs are compared with the ones obtained if the BESS does not actuate in WD
mode. The comparison results show that with the BESS actuation in WD mode the set-
tling time is reduced a 50%, the over and under shooting in the system frequency are
eliminated and the system voltage variations are reduced a 40%.
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sags, needs the input of large amounts of power (peak power during a short time). This
input of energy requires of course different 'energy reservoirs'. Also to be sure that the
supply and demand of electrical energy are in balance, it is sometimes recommended to
own a 'bulk of energy'. During the years, several kinds of storage systems were devel-
oped for electrical energy and the research for new storage systems is still going on.
Most systems store the electrical energy in an other type of energy. New systems are
developed to store electrical energy in a direct way by using superconducting technolo-
gies and improved material characteristics. In this paper, the authors give a brief over-
view of those new technical solutions as superconducting magnetic energy storage, su-
per capacitors and redox flow batteries. To make a comparison with other methods,
(older or oncoming techniques), they are briefly discussed.
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Litiumjonbatteriet har vunnit stora framgangar under 1990-talet. Framsta anledningen
till framgangarna ar den betydande energitatheten, cirka 2-3 gdnger hogre, jamfért med
nickel-kadmium och blybatterier. Li-jonbatteriet har framst vunnit mark i tillampningar
som mobiltelefoner och datorer och andra handburna applikationer. Den har rapporten
soker besvara frigestalining om huruvida Li-jon-teknologin lampar sig som erséttare till
bly- och NiCd-batterier for stationara reservkraftstillampningar ur energisparperspektiv.
De faktorer som motiverar ersattning av framforallt blybatterier &r behovet av en tekno-
logi som har en livslangd och diagnosticerbarhet liknande den for andra kraftdistribu-
tionskomponenter. Andra 6nskemal &r 18ga kostnader fér underhll samt att batterierna
skall tala hogre arbetstemperaturer for att minska saval energiférbrukningen for under-
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hallsladdning som effektbehovet foér kylning. Resultatet av energibesparingskalkylerna
visar att Li-jonbatterier inte utgdr ett alternativ for blybatterier som stationédrt reserv-
kraftsbatteri i sin nuvarande utformning. Li-jonbatterier kan daremot vara intressanta
som ersattning for NiCd-batterier i mindre anldggningar.
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The electric power industry is on the verge of a new era where many of the rules will be
different, but the underlying requirements will be the same: reasonably priced power
available on demand and produced in a cost-efficient and environmentally responsible
manner. Compressed air energy storage (CAES) technology can play an important role in
meeting market demand for electricity, addressing the need for intermediate and peak-
ing power generation, where natural gas-fired turbines are most suitable. CAES technol-
ogy uses low-cost, off-peak power to pressurize and store air that can later be expanded
through a gas turbine during on-peak periods. While many industry participants are not
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This paper presents a harmonic and reactive current compensator using a voltage source
pulse-width modulated inverter. The proposed operation is included as part of the func-
tion of battery energy storage system in this study. The control strategy of inverter
switching devices is based on the calculation algorithm from the instantaneous power
theorem. Its main feature is to maintain the operation system with unit power factor, as
well as to suppress the harmonic current generated from nonlinear loads. In this paper,
different control methods are applied in simulations. Ramp control can be improved by a
fine-tuned compensator, and its performance is proved both in simulation and experi-
ment. In the battery energy storage system, the harmonic and reactive power control
mode is also important to the overall operation. The proposed method promotes the bat-
tery energy storage system for wider applications.
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The foreseeable shortages in conventional sources of electric power have increased the
emphasis on the research and development of alternate sources of energy. In order to
make a noteworthy impact the alternate sources of energy need to be utility interactive
by means of a power electronic interface (a DC to AC converter). The inherent assump-
tion in the control of DC to AC converters is that the DC voltage available at the input of
the converter is constant. However, when the input is an unregulated DC source such as
a battery, fuel cell, photovoltaic cells or any other form of alternate source, maintenance
of the constant DC voltage at the input of the converter is often impossible. A modified
inverter switching technique is proposed for the interface with the utility grid such that
the AC output of the inverter becomes immune to fluctuations in the unregulated input
DC obtained from alternate energy sources.

: "A self-starting two-speed synchronous generator-motor for pumped-

storage power station. Concept (in Chinese)", Proceedings of the CSEE, vol.
14, no. 1, pp. 51-56, January 1994.

A self-starting pole-changing two-speed salient-pole synchronous generator-motor for
pumped-storage power station applications is proposed in this paper. The mechanical
structure of this new machine is quite similar to that of ordinary single-speed salient-
pole synchronous machines, but the damping cage in the pole-shoe of the rotor is elimi-
nated, and hence is much easier to manufacture. When the machine is used as a motor,
any additional starting device is needless; the motor can be started directly online, with
the merit of small starting current, large starting torque and easy synchronization. The
new machines also have the advantages of: eliminating the danger of high voltage exis-
tence in the exciting windings; raising the dynamic stability of the machine; and improv-
ing the voltage waveform when the machine is used as a generator. Thus, use of this
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new machine-type in pumped-storage power stations can provide significant economic
and social benefits.
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A short description of the two main variants of the frequency starting of a single ma-
chine-back-to-back and partial frequency starting is first presented. Then, the extension
to the simultaneous starting of two motor-generators is analysed. For a given configura-
tion (machines, type of connection between the stators, break-away and retarding
torques), the study leads to the optimal choice of the freely adjustable parameters (exci-
tation levels, generator prime mover torque, as well as the initial generator speed in
case of a partial frequency starting) in order to guarantee a successful start -up for any
initial relative position of the rotors.
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Pumped -storage plants use electrical machines, which work in the motor mode as well
as in the generator mode. A synchronous machine cannot start up without the help of a
special starting assistance. In this paper, the authors report on experiences made with
the following starting aids: pony motors, asynchronous starting, back-to-back, partial
frequency and frequency converter starting. Experiences and design features of ma-
chines, which have been in operation for several years now, are discussed.
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This paper presents the control of battery energy storage system (BESS) with diesel ge-
nerator (DG) set. The performance of the DG set is observed best when operated at full
load or near full load (up to 80-100% load) condition. For this purpose a BESS is em-
ployed which ensures the load on the generator remains in between 80% to 100% of full
load. Under light load condition (load less than 80%) the battery is being charged and in
heavy load condition (load more than 100%) energy from battery is utilized to feed extra
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condition. Along with load management, BESS provides the reactive power, harmonic
current and unbalanced load current compensation. The control of BESS is achieved us-
ing synchronous reference frame theory (SRF) to extract the balance positive sequence
real fundamental frequency component of load current. The switching of voltage source
converter (VSC) working as BESS is achieved by forcing source currents to follow refer-
ence currents using hysteresis based PWM controller. The complete system is simulated
under MATLAB environment using SIMULINK and PSB block-sets to demonstrate the ca-
pabilities of the system.
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Strategic decisions regarding industrial energy systems should ideally involve the entire
plant. Systems analysis using optimization methods identifies the minimum cost solution
among numerous alternatives. In the deregulated Swedish energy market, there are
large variations in electricity contracts. These contracts affect the possibilities of indus-
trial energy systems to react not only through the price level but also through the price
structure. Material storage can affect an industrial system in many ways. One of them is
that material storage can prevent a situation in which different parts of an industrial sys-
tem with different production rates counteract each other. In this paper, the influence on
energy costs of the use of material storage is discussed. The importance of modeling
material storage has been shown, especially in situations where there are time-of-use-
prices of electricity. A case study from the pulp and paper industry has been used to
confirm this.
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Strategic decisions regarding industrial energy systems should ideally involve the entire
plant. Systems analysis using optimisation methods identifies the minimum cost solution
among numerous alternatives. In the deregulated Swedish (and European) energy mar-
ket, there are large variations in electricity contracts. These contracts affect the possibili-
ties of industrial energy systems to react not only through the price level but also
through the price structure. Material storage can affect an industrial system in many
ways. One of them is that material storage can prevent a situation in which different
parts of an industrial system with different production rates counteract each other. In
this paper, the influence on energy costs of the use of material storage is discussed. The
importance of modelling material storage has been shown, especially in situations where
there are time-of-use-prices of electricity. A case study from the pulp and paper industry
has been used to confirm this.
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lation of the electricity market in some countries increases flexibility in electricity con-
tracts. Taking advantage of the price structure in these contracts is one of the ways to
minimise the energy costs and decrease the influence on the environment. Thermal en-
ergy stores are very suitable facilities for achieving these goals, having the capability of
moving energy use from one period of time to another and thereby influencing not only
energy cost but also costs related to power demand if electric energy use is involved.In
this paper, the influence on energy costs, energy and material flows resulting from the
use of energy storage is discussed. Energy storage has been modelled by using MIND
(Method for analysis of INDustrial energy systems) in the form that has recently been
developed by the author. A case study from the pulp and paper industry has been used
to verify this.
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Puerto Rico Electric Power Authority's (PREPA) new battery energy-storage facility in San
Juan provides the island with 20 MW and 14.1 MWh for frequency control and instanta-
neous spinning reserve. A self-commutated power-conditioning system (PCS) also
enables black starts and provides reactive power for voltage control on transmission
lines. PREPA built this multiple-function facility because a battery energy storage system
could more cost-effectively provide power and energy than any other storage technology
or generating option. Engineers analyzed a variety of options to achieve the 300 MW of
spinning reserve that the system needed, including load management, upgrading exist-
ing generating facilities and installing energy-storage technologies. The PCS consists of
two 10-MVA, voltage-sourced, self-commutated, gate-turnoff thyristor converters. The
control system initiates battery discharge through distributed controllers when the elec-
trical frequency drops from 60.0 to 59.2 Hz.
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This paper describes how recent technical progress has led to extensive simplification of
such power converters and their associated control systems.
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Reports on the partnership between the Tennessee Valley Authority and British company
Innogy Holdings PLC to develop an electricity storage system. Construction cost of the
system; Features of the system; Advantages that will be provided by the system to both
companies.
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137-142, 1999..
Common-mode transients can be induced when protection devices such as fuses or cir-
cuit breakers blow due to faults that occur between the feeder and ground. Such tran-
sient voltages can be substantially larger than the powering voltage and could lead to
breakdown of equipment. The mechanisms that cause these transients and a method for
limiting the transients to safe levels are described using experimental measurements
from an actual plant and simulation models. The impact of different fuse characteristics
on the transients is also discussed.
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implementation of a demand-side multifunction battery energy storage sys-
tem", IEEE Transactions on Industrial Electronics, vol. 42, no. 6, pp. 642-652,
1995.

This paper presents a new control strategy in a battery energy storage system (BESS)
for multifunction operation. The multifunction BESS operates in two modes: one is the
parallel processing mode which can play as an active filter, a power conditioner, or a vol-
tage stabilizer; and the other is the stand-alone mode which acts as a conventional unin-
terruptible power supply. Basic principle from the conventional control method is used
and modified to accomplish the desired operation function. The proposed theoretical
formulations are verified by system analysis and simulation to present its performance. A
laboratory prototype is fabricated and tested to support the proposed idea of a multi-
function battery energy storage system.
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The paper describes some control strategies developed for battery energy storage sys-
tems (BESS) to damp inter-area oscillation, a growing problem to many utilities in the
world, as more and more are dependent on interconnections. This paper describes the
use of several control strategies of using different damping signals and controllers such
as PI controllers and novel artificial intelligence control techniques such as fuzzy logic
control to modulate the active and reactive power outputs of the BESS. Preliminary stu-
dies show that both types of controllers can provide significant damping. This paper also
discusses how to determine the best location for placing BESS to damp inter-area oscilla-
tion, particularly when different control strategies are used.
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The paper describes our investigation of several control strategies for use with a battery
energy storage system (BESS) to damp inter-area oscillation, such as PI controllers and
novel artificial intelligence control techniques utilising a fuzzy logic controller to modulate
the active and reactive power output of the BESS. Preliminary studies show that both
types of controllers can provide significant damping. Fuzzy logic controllers can provide
superior performance in its ability to damp machine oscillation. The use of bus voltage
signals to control the reactive power output of the BESS is found to provide very little
damping.
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A fuzzy logic controller (FLC) is designed for a battery energy storage system (BESS) to
improve the stability of an interconnected multi-machine power system. The studied sys-
tem consists of two generating areas interconnected by a long transmission line. A de-
tailed model of BESS is developed for accurate dynamic assessment. The model takes
into account the switching actions of the converter as well as the battery characteristics.
This paper also describes the use of hysteresis technique to control directly the BESS
output current. This reduces the complexity of the control system while at the same time
provides a tight control of the BESS output. Test results under a variety of disturbances
show the proposed BESS is effective in damping out power system oscillations.
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A fuzzy logic controller (FLC) and an artificial neural network (ANN) controller are de-
signed for a battery energy storage system (BESS) to improve the stability of power sys-
tems. Both single-machine-to-infinite-bus and interconnected multi-machine power sys-
tems are considered in this study. A detailed model of BESS is used for accurate dynamic
assessment. The model takes into account the switching actions of the converter as well
as the battery characteristics. Another novel aspect of this paper is the use of hysteresis
technique to control directly the BESS output current. This reduces the complexity of the
control system while at the same time provides a tight control of the BESS output. Test
results under different disturbances and operating conditions show the proposed BESS is
effective in damping out power system oscillations.
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Compression felt none of the then-available compressor technologies met the combina-
tion of performance, cost; power density and reliability requirements identified. So, with
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national every other year, has been in the throes of an impressive expansion project the
past few years. When completed this year, the OCCC North/South Complex will add just
under one million square feet of exhibition space to the existing 1.1 million square feet in
the West Complex. However, the heat generated by Florida's weather, coupled with the
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