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ABSTRACT

For short durations, energy storage can contribute to improved frequency lkage v
control, while it during longer periods offers sophisticated energy management. In the
case of renewable energy sources, the power generation is often remotely located and
the fluctuations are considerable, which createsquinced potential for stage.

The energy storage market for sredhle applications has traditionally been dominated

by the leadacid battery, whereas pumped hydro storage has been the only true option
for substantial bulk storage. However, the importance of the emerging titertesth-
nologies continues to grow. In this thesis, a comparison of the characteristics, present
use, costs and statf-the-art situation of the alternative technologies is provided, in
order to assess which of them have a +figure potential as superi successors to e+

vious technologies. In parallel, their applicability for the needs of renewable energy
generation and the directions of development are analyzed. This part of the study is
primarily based on comprehensively examining and reviewing @ specific tie-

rature and apping it to the field of renewable energy generation.

In order to assess the concrete benefits of energy storage for renewable generation, two
fictive scenarios, featuring a wind turbine and a pYoltaic based system,spectively,

are devised. Both are stantbne systems modeled with data from a weather staiion |
cated in Bugenland, Austria, and are completed with a typical Austrian load profile.
For the given condittions, the profitability of energy storage provedetaeater in
combiration with a PV plant, than together with the wind power system. On the other
hand, when only considering the situation from an energy perspective, the contribution
of large scale storage is greater in the wind system.

Proper storage ebées an optimal exploitation of the obtainable resources and provides
a signifcant contribution to power quality. However, a completely independent system
is not economically feasible solely through energy storage. Several emerging dechnol
gies, offeringattractive improvements, are approaching commercialization, butnprima

ly due to cosefficiency, as well as reliability, the leaatid battery and the pumpeg-h

dro storage will still remain in key positions.

KEYWORDS: Energy storage, renewables, staiohe systems



1C

VAASAN YLIOPISTO Teknillinen tiedekunta

Tekija: Christian Hultholm

Diplomityén nimi: Energianvarastointijarjestelmid uusiutuvien
energalahteiden integroimiseksi

Valvojan nimi: Dr.-Ing. Gunther Brauner, prof. Timo Vekara ja
prof. Kimmo Kauhanieni

Ohjaajan nimi: Dipl.-Ing. Christoph Leitinger

Tutkinto: Diplomi-insin®ori

Suunta: Séahkoteknikka

Opintojen aloitusvuosi: 2003

Diplomityén valmistumisvuosi: 2008 Sivumaara: 134

TIVISTELMA

Lyhyella aikavalilla energian varastointi voi vaikuttaa taajuuda jannitteen hallintaan
myonteisesti, kun taas pidemmalla aikavalilla se tarjoaa ratkaisun kehittyneeseen ener
gian hallintaan. Uusiutuvien energialahteiden kohdalla, tuotanto tapahtuu usein kaukana
ja vaihtelut ovat huomattavia, mika synnyttéa senanastointitipotentiaalin.

Energian varastoinnin pienimuotoisten sovellusten markkinoita ovat perinteisesti hallin
neet lyijjyakut, kun taas pumppuvoimalaitokset ovat olleet ainoat todelliset vaihtoehdot
energian laajamuotoisessa varastoinnissa. Uusientoehioisten teknologioiden
merkitys kasvaa kuitenkin jatkuvasti. TaAssa tyossa on vertailtu vaihtoehtoisten tekno
logioiden ominaisuuksia, tamanhetkista kayttoa, kustannuksia ja viimeisinta tekniikkaa
edustavaa tilannetta, arvioitaessa milla niista on udhiisuudessa potentiaalia tulla
aiempien teknologioiden merkittaviksi seuraajiksi. Samalla on analysoitu niiden sopi
vuutta uusiutuvan energiantuotannon tarpeisiin seka niiden kehityksen suuntauksia.
Tama osuus tutkimuksesta perustuu ensisijaisesti albagvelluskohtaisen Kirjal
lisuuden tarkasteluun sek& sen soveltamiseen uusiutuvan energiantuotannon alalla.

Arvioitaessa uusiutuvan energiantuotannon varastoinnin konkreettisia etuja, on kehitetty
kaksi fiktiivista skenaariota, jotka perustuvat tuulivaiaen seka aurinkokennojarjes
telmaan. Molemmat ovat autonomisia jarjestelmia, jotka on mallinnettu kayttamalla tie
toja Burgenlandissa, Itdvallassa sijaitsevalta sadasemalta ja tdydennetty tyypiillisella
itavaltalaisella kuormitusprofiililla. Annetuillaletuksilla, energian varastoinnin kannat
tavuus on parempi yhdessa favjestelméan kanssa, kuin yhdessa tuulivoimalan kanssa.
Toisaalta, kun tilannetta tarkastellaan pelkéastdan energian nakokulmasta, laajan varas
toinin panos on merkittavampi tuulivoimalghdessa.

Asianmukainen varastointi mahdollistaa kaytettavissa olevien resurssien ihanteellisen
hyddyntamisen ja parantaa merkittavasti sdhkon laatua. Taydellisen riippumaton jarjes
telma ei kuitenkaan ole taloudellisesti saavutettavissa pelkastaan enegatoinnil

la. Kaupallistamista lahestyvat monet uudet teknologiat, jotka tarjoavat kiinnostavia
teknisia parannuksia, mutta pddasiassa kustannustehokkuudesta ja luotettavuudesta joh
tuen lyijyakut ja pumppuvoimalaitokset tulevat yha pysyméaén avairasssam

AVAINSANAT: Energian varastointi, uusiutuvat, autonomiset energiajarjestelmat
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1. INTRODUCTION

1.1. Background

There are basically two options how to use generated enathgr & is transferred to

be consumed immediately or it is tempalsastored. Stomg significant quantities of
electricity as such is, however, economically impossible (Baxter 2002: 109). This is a
contributing factor to price volatility and power quality related problems. Furthermore,

it is the premise for energy storageleclogy.

Storage makes it possible to utilize electricity, produced at times of low demand and/or
generation costs, when the production capacity is insufficient or economically infavo

able.

In the case of renewable energy sources, the power generation is ofteriyrémcated

and the fluctuations are considerable, which creates pronounced potentialrigy ene
storage. Harnessing the renewable resources and transferring the enerding@daoor

the cemand is one of the major challenges for the electric power ind &nter 2002:

109; Rose, Merryman & Johnson 1991: 26). Since most renewables, unlike fossil fuels,
cannot be stored nor transported as such, they are converted into electricity. In order to
match the supply and demand, the need to store the electriceg.aPigoper storage
enables an optimal exploitation of the obtainable resources and provides a significant
contribution to power quality. Therefore, energy storage is achieving adssyop in

all fields of energy distribution (Alanen, Koljonen, HukariSaari 2003: 10; Kondoh,

Ishii, Yamaguchi, Otani, Sakuta, Higuchekihe & Kamimoto 2000: 1864).

1.2. Aim and scope

The purpose of this thesis is to study the available energy storage technologies which
can be considered suitable for the use together with @ylevenergy generation. The

energy storage market for smatiale applications has traditionally been dominated by
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the leadacid battery, whereas pumped hydro storage has been the only true option for
substantial bulk storage. However, the importance e&tinerging alternative techoel

gies continues to grow. In the thesis, an analysis with the aim of evaluating which of
them have a neduture potential as superior successors is carried out. This ig-impl
mented through assessments of their characteriptiesent use, costs and stafeart
situation. In parallel, their suitabilities for renewable energy generation and tlee dire
tions of development are analyzed. This part of the study is primarily based oreeompr
hensively examining and reviewing applicatispecific literature and applying it to the

field of renewable energy generation.

In order to assess the concrete benefits of energy storage for renewable generation, two
fictive scenarios, featuring a wind turbine and a pYwoltaic based system, respieetly,

are devised. Both are staatbne systems modeled with data from a weather stadion |
cated in Burgenland, Austria, and completed with a typical Austrian load profile. The
concomitant assessment of the gains obtained through energy storage is thage bo

terms of energy andrancial savings

Energy storage is moreover considered the most promising option for reducing fuel
consumption in the transport sector (EC 2001: 3). This will, nevertheless, npt be a
proached in the thesis. Nor is storage fortgole applications, such as consumecele

tronics, or electric vehicles examined.

Primary (norrechargeable) batteries, fossil fuels and biofuels can also be heldras ene
gy storage media (EC 2001: 3). These are, however, not taken into consideration in this
thesis. Thermal storage techniques which are intended for the storage of heat and which

are incapable of delivering electricity are also outside of the scope.

More attention is paid to the newer systems than to the older and morknaeih
ones. Since th energy storage technologies and their market are rapidly evolving, the

use of contemporary sources is stressed.
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1.3. Structure of the thesis

Chapter 2 describes the applications of energy storage and provides an overview of their
requirements. Concurrentlyhe benefits brought by storage are examined. Chapter 3
continues by defining the characteristics of renewable energy generation and provides

an oveview of storage technologies suited for the field.

The main part of thesis consists of chapters 4 thrdughhich assess the characteri
tics, present use, costs and stat¢he-art situation of storage technologies based on

electrochemistry, electromagnetism, metbs and thermochemistry, respectively.

In chapter 8, two fictive scenarios, featuring a wintbine and a photovoltaic based
system, respectively, are devised in order to assess the concrete benefits of energy st
rage for enewable generation. Both are steaidne systems which are modeled with
data from a weather station located in Burgenlandieea Austria and a load profile

representing typical Austrian household consumption.

In chapter 9, the prospects of energy storage is discussed and a review on figture pro

pects is carried out.
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2. THEIMPORTANCE OF ENERGY STORAGE

This chapter describes tlagplications of energy storage and provides an overview of

their requirements. Concurrently, the benefits brought by storage are examined.

2.1. Definition of energy storage

According to TerGazarian (1994: 386.), energy storage can be specified as:

i E n e roage insat power system can be defined as any installation or method,
usually subject to independent control, with the help of which it is possible to store
energy, generated in the power system, keep it stored and use it in the power system
when necssary 0

2.2. Need for and use of energy storage

Figure 1 illustrates a typical energy storage application. During the night, as the demand
is low, the storage is profitably charged from the baseload generating plant. As the d
mand rises during the day, the plantdobging to the midmerit category (the supply
between baseload and peaking power) are taken into use, but the storage is nonetheless
employed, accounting for frequency and voltage control by balancing supplyeand d
mand. During the peak period, the storpgevides the additional need, which mitigates

the need for use of expensive peaking power plants. Generally, these burn natural gas or
diesel oil and hence cause substantial emissions. Moreover, economic savings are not
only made due to decreased fuel aamption, but also because of the reduced raaint

ance costs of the peaking units. These reductions can likewise be substantial,eas the fr
quent starups cause considerable strain. Also when employing thermal power plants,
storage allows them to be operat#dmore constant and efficient set points, thus i
creasing their efficiency, maintenance intervals and lifetime. Graphically, thipied

by the flattening generation curve.
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Figure 1. Meeting the demand using energy storage (Joseph & Shahidehpour 2006:
1).

Futhermore, it has to be taken into account that if the energy is generated bytintermi
tent renewables, potentially appreciable amounts produced during tpeakffhours
would not be exploitable without storage.

Storage of energy can be successfully appde all five levels of energy distribution:
energy sources, generation, transmission, distribution and service (Alanen et al. 2003:
88). Storage is used for several purposes within the conventional electricity supply sy
tem. The central applications arstéd below, categorized into generation, transmission
and distribution, and customer service. Figure 2, on page 19, illustrates the stavage po
er requirements in relation to the typical storage time for the different utilizations. The

application spcific requirements and detailed parameters are listed in Appendix 1.
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2.2.1. Applications on the level of generation

This chapter describes the different fields of applications of energy storage on the level
of generation: system regulation, rapid reserve, peakirghawead leveling, generation
capacity deferral, area control and frequency responsive reserve, and comnwdity st

rage.

System regulationShortterm, random fluctuations in electricity demand can be met
through energy storage and hence the need for freguend voltage ragation by the

main plant is avoided. By varying the real and reactive output of the storage, the power
and fequency oscillations are rapidly damped. Furthermore, storage can provide ride
through during momentary power outages, redumembnic distortions and eliminate
voltage sags and surges. (Dell & Rand 2001: 6; Jewell, Gomatom, Bam & Kharel 2004
4.)

Rapid reserveas generation capacity that can be used in order to prevent an interruption
in the event of a failure of an operating geation station or transmission lines. Mo+e

ver, the use of pafbaded plants that are otherwise held in reserve to meet sudden and
unforeseen demands can be abandoned. Normally, the reserve power equals the power
output of the largest generating unitaditionally, this capacity was provided by e-g

nea or Aspinningo in synchronization with
avaibble. Therefore, the designatiopisning reserves still used as well. However,
modern power electronics enableaster response, with a reserve that does notsnece
sarily spin.(Dell et al. 2001: 6; Dell & Rand 2004: 163, Parker 2001: 19.)

Peak shavingEnergy storage accommodates the mihdger peak in the dailyemand
curve (Dell et al. 2004: 163). The stored egergdischarged during the peak ang-re

lenished at times of low demand. This can enable substantial economic savings.

Load levelinginvolves storing excess energy during-péak hours for use duringep
riods of high demand (Dell et al. 2001: 6). The donatis typically several hours (Dell
et al. 2004: 164). This possibility should be taken into consideration as an optien to i

staling expensive, continuowsuty plants for balancing the production. Furthermore,

t
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the strategy enabldsad following i.e. thecentral power stations match system ganer
tion with changes inemand (Dell et al. 2004: 164).

Generation capacity deferralescribes the ability of a system to suspend further ge

eration, considering its available storaggpacity (Vepakomma 2003: 55).

Area control and frequency responsive resexeea control is the abty of a grid
connected system to avoid unintentional power transfer between themselves and with
other systems, whereagduency responsive reserve is a measure of the capacity of an
isolated system to momentarily respond to frequency deviations (Butler, Milleiy& Ta

lor 2002: 12).

Commodity storage a superordinate concept that includes thealed system na
agement applications; load leveling, peak shaving and generation capatdtyat
(Parker & Garche 2004: 305).

2.2.2. Applications on the level of transmission and distribution

In this section, the different applications of energy storage on the level sihisaion
and distribution are defined: transmission system stability, traegmisoltage regal

tion, transmission facility deferral and distribution facility deferral.

Transmission system stabilingfers to maintaining synchronization between all the
components on a transmission line and preventistgsycollapse (Butler et a2002:
12).

Transmission voltage regulatiaa the ability to maintain the voltages at thexgation

and load ends of a transmission line within 5 % from each other. This involvey-suppl
ing high levels of power at selected locations to meet load demdits. énergy si-

rage is placed at the end of the line, the amount of transferred power duringepeak p
riods will decrease and hence reduce the resistive losses and provide a net erergy sa
ing. (Dell et al. 2004: 164).
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Transmission facility deferrakefers b the ability of a utility to defer installation of new
transmission lines and transformers, on account of adding an energy storage system
(Vepakomma 2003: 55).

Distribution facility deferralis equivalent to transmission facility deferral, but ons di
tributional level.

2.2.3. Customer service applications

Finally, this chapter describes the energy storage applications for customer sesfice: cu
tomer energy management, power quality and reliability, and renewable enengy ma
agement.

Customer energy managemémiolves dispatch of energy stored during-pdlak -
riods to manage demand on utidgpurced power (Butler et al. 2002: 12). From a-cu

tomer 6s point of view, this also encompasse

Power quality and reliabilityrefers to the aliiy of preventing voltage spikes, voltage
sags and brief power outages from causing data and production loss for custogners (V
pakomma 2003: 56).

Renewable energy managemesiers to the storage of electricity by which renewable
energy is made availablaudng periods of peak utility demand at a consistent level. By

stand alone systems, the advantages are even more prominent.

2.3. Applicationspecific requirements on storage duration

In accordance with Figure 2, power quality management requires only a sinagest

time (less than 60s) for reduction of voltage sags and brief outages. During the interval
10i 300s, the storage is to provide electricity, while possible peaking power plants are
started (Alanen et al. 2003: 89). On a minute basis, the aim is pyirtagecure diskr

bution quality. On a long term, the objective is mainly to smooth the load and benefit

from the control abilities of the peak power (Alanen et al. 2003: 89). Capacity for seve
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al hours to days is typically for storage of distributed anfaewable sergy. Figure 2

provides a more detailed insight of the required storage times. A complete a@mpil

of the applicatiorspecific requirements on storage duration is available in Atp4.

1000
10 hr
100 |-—------===——-=4——————— 78D Faeility Befemal -~~~ -~ ——+ ———————————————-
Customer Energy { 1hr
- Management
9 10} = . . —
=
3.2
E
o V[ - 1m
E
-
@ L 1
o M= e e
d | Power Quality |
3 | &Reliability 1s
73] ”
0.01 | <o So TS ‘ . 2
100
0.001 L
10 100 1 10 100
kW kW MW Mw MW

Storage Power Requirements for Electric Power Utility Applications

Datafrom Sandia Report 2002-1314

Figure 2. Application specific energy storage requiremgaSA 2008).

2.4. Conclusions

In brief, the objective of energy storage is to improve the supply of uninterrupted, high

guality power to the end user. Further objectives include reducing transmission and

power losses, as well as achieving strategic advancesgthioproved siting and fuel

flexibility. Moreover, cost savings are provided, as the need for additional generation

units, transmission lines and transformers diminishes. Decreasagdrangntal impact

is also reached as integration of renewables is ewhiy promoted and thus essions

are reduced and the effects of electric and magnetic fieldsemeaded.
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3. ENERGY STORAGE FOR RNEWABLES

This chapter defines the characteristics of renewable energy generation and provides an

overview of storage technajees suited for the field.

3.1. Background

As constantly more attention is paid to the problems regarding greenhouse gas emi
sions, global warming and the inevitably approaching depletion of fossil fuelanthe i
portance of renewable energy sources increasagdlyafghey offer inexhaustibleer

sources and the generation is basicalljypon-free.

Furthermore, renewables contribute to energy independence. Considering the major
blackouts that have occurred during the last years, more attention will undoubtedly be

paid to this aspect.

The profitability of renewable generation grows steadily, not only because of improving
technology, but also due to the constantly rising costs for fossil fuels. Moreower, go
ernment support, through beneficial legislation and subsiditill has an essential role

in supporting further irggration.

In 2007, worldwide generation capacity of renewable energy (excluding large- hydr
power) exceeded 240 GW, whichtails an increase of 50 % in three years. Thus, their

share ofthetotaletet r i ci ty production now represents

Wind power accounts for the largest share of renewable energy generation, 95 GW, and
experienced an increase of 28 % in 2007. On the other hane;agneicted photovo

taics represent the fastgrowing technology, with an annual of increase of 50 %, and
have now reached a capacity of 7.7 GW. (REN21 2007:6.)

At least 66 countries worldwide have policy targets for renewable energy, amd obje
tives are already being set for 2020 (REN21 2007: 218. diftormous increase in the

employment of renewables clearly continues, which will cause growing challenges in
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the terms of grid stability and energy availability. An efficient method to manage the

situation is to implement energy sige.

3.2. Characteristicsofr renewable energy sources

Renewable energy sources, such as wind, solar and hydro, all have one commien signif
cant constraint: they are not controllable like fossil fuels, which can be conveniently
stored and used when required. Consequently, unlikease of conventional power
plants, the electricity generation is directly linked to the available primary energy.
Hence, at some times the grid cannot absorb the entire output, which therefore has to be
curtailed and the excess capacity remains unexplofedther times, the demandrea

not be matched and additional operating reserves are required, which entails extra costs
and often emissions. Moreover, the sites suited for renewable energy generatibn are o
ten distant from population centers and the gbivious examples are the major wind

farms. Hence, the use of storage is a substantial option to constructing new transmission
lines.

In the case of wind power, the variations in supply of power to the grid can be in the
range of a few hundred megawatts amhour scale, and even exceed a gigawatt in a
day (this is the situation in, e.g., Germany). The impact of the increasing shara-of vol
tile wind power on the electricity price can clearly be observed in the deregula@d Eur
pean markets. Within in a daty)e price may vary by a factor of tgq®Bullough, Gatzen,
Jakiel, Koller, Nowi & Zu nf t 2 0 @lthoughXdpABistioated methods are used to
forecast the production, there will always remain an inherent and irreducible uncertainty
in every prediction. Therefore, it is necessary to find means of storing the energy in o
der to exploit tk full potential and to optimally benefit from the green energy, tegar

less of the intermiient nature.

On an annual average, «hore wind farms are capable of delivering approximately
40% of the installed capacity (example: Germany) (Crotogino 2003Ad&Jing suié-
ble energy storage enables predictable and effective electricity generation and ultimately

makes the wind farms comparable options to conventional generation.
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3.3. Overview of suitable energy storage technologies

An overview of the commonly avaiide technologies, which are suited for the use t

gether with renewable energy generation, is providedgargi3.

Energy storage systems utilize different physical and chemical phenomena. For instance
batteries and fuel cells are based on electrochemistpercapacitors and supemeo
ducting magnetic stage (SMES) utilize electromagnetic fields; flywheels, compressed

air energy storage (CAES) and pumped hydro storage (PHS) are based on mechanics

and strage of heat and cold is based on thermochemistry.

Electro-
chemistry
Secondary Fuel cells Flow
batteries & hydropen batteries
| |
Lead-acid il Lhus Condation] | Bt Redoxflow | | Hybrid flow
batteries batteries nal tive
| I
S‘L_,d“fm_ Metal-air
sulfur
Electro- . Thermo-
e Mechanics -
magnetism chemistry
I I
Super- SMES Flywheels CAES PHS S Latent heat
Capactors heat

Figure 3. Overview of energy storage technologies
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4. ELECTROCHEMICAL STORAGES

This chapter assesses the characteristiesept use, costs and statkethe-art situation
of storage technologies based on electrochemistry: secondarydsatfael cells and
hydrogen,and flow batteries.

4.1. Secondary batteries

Secondary batteries consist of two or more electrochemical cells and can be charged and
discharged numerous times (IWEI 2001: 55). In general, they offer a high energy dens

ty, but a low power density.

Batteries, asvell as fuel cells, consist of two electrodes, the aneflard the cathode
(+), fitted on both sides of an electrolyte. The electrodes exchange electrons with the

electrolyte and with andernal source or load.

During the discharge procedure, the oxzidg electrode, i.e. the anode, sends positive
ions into the electrolyte. Thus, the anode itself becomes negatively charged and serves
as an electron source for the external circuit. Simultaneously, the cathode consumes
electrons from the external circustnd positive ions from the internal circuit. This
process is continual in order to maintain elieetrcurrent in the external circuit. Figure

4 illustrates an electrical source during discharge. The course of events is reversed du
ing chaging. (TerGazaian 1994: 131.)

alecirons
—_ foad

cafion ! anion
lactrolyte

Figure 4. Electrical energy source during discharge {Garzarian 1994: 132).
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The performance of batteries depends on the material used, the manufacturing processes
and the operation conditions. Lifetime tests require several years andviiepare nt

is, consequently, moderate (EC 2001: 6).

A comparison of typical parameters of the most significant secondary batteries is given
in Table 1, on page 36. A detailed economic assessment is found in Table 2 (p.38). As
illustration of an actual battery enggy storage system, the principle diagram of the-ele

tric system a large scale configuration is shown in Appendix 2. This also provides an

overview of the constituent control and protectiogem.
4.1.1. Leadacid batteries

Leadacid battery storage is one oéthldest and most common technologies for energy
storage. It is an economical, reliable and walbwn choice. Hence, leaatid badteries

are frequently the storage choice for particularly wiadd solatpowered installations.
However, owing to the shotife cycle they are not optimal for energy management.
(Dell et al. 2001: 10; ESA 2008; IEA 2004: 11.)

There is a wide range of battery designs available. Still, based on the electrolge a cla
sification in two major concepts can be madented(akaflooded) andvalveregulated
lead-acid batteries (VRLA). The former and more mature technology emplogs ele
trodes and separators immersed in a liquid electrolyte, and has a vented design. Here,
overcharge causes water losses due to water electrolysis andleges®,reand hence

there is a considerable need for maintenance. However, incorporating catalytie reco
biners in each cell vent reduces the losses to some extent. VLRA batteries, on the other
hand, utilize immobilized electrolytes absorbed in separatorsloAgecombination of

a majority of the oxygen generated during overcharge is made within the cell. Thus, the
evolution of hydrogen is minimized and water is reformed. Consequently, the need for
continuous refilling is eliminated and the concept is ckosenaintenancdree. Neve-

theless, grid corrosion consumes oxygen and always causes some hydrogen evolution
and water losses. (IEEE Std 1013: 23; Lailler 2003: 13; Parker 2001: 19.)
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The conventional leadcid battery consists of alternate pairs of plates, lead and the
other lead coated with lead dioxide, which are immersed in the electrolyte; a dilute sol
tion of sulfuric acid. During discharging, both electrodes are converted into lead sulfate.
Charging estores the positive electrode to lead oxide nednegative electrode to lead.
(TerGazarian 1994:133.)

The discharge reactions are shown below and the recharge reactions are singly the r
verse, with the cathode positive and tmede negative. The reaction at the cathode is
(Ter-Gazarian 1994:13334)

PbSQ  +2H,O Y P+HeBQw + 2H, + 26, (1)
and at the anode

PbSQ +2H, + 26 Y 50, + Pb, (2)
which gives

Pb +2HSO, + PbQ Y 2 P h+526,0. ()

Leadacid batteries allow maintenanfree design, have high charge efficiency along
with a wide €mperature operation range, and are capable of providing a moderate sp
cific power. Due to these qualities, together with favorable investment costsaclebd
batteries are the most common storage medium for renewable applications as well. (IEA
2004: 11JWEI 2001: 55).

The main drawbacks of the batteries are mediocre energy density, short life expectancy
and relatively long charge time. Further shortcomings are sensibility to extreme-tempe
atures, discharges and overcharges. Moreover, even though tbe retg is 95 % in

the developed countries, the environmental effects cannot be disregarded. In addition to
lead itself being poisonous, the sulfuric acid constitutes another déitge2004: 11

12; IWEI 2001: 55; Lailler 2003: 30.)
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Figure 5 presents eomparison of the characteristics of two different lead-haidery
designs with those of an ideal energy storage system, defined by the |AMestiirk’.

As the requirements on an energy storage system arespasiic, the figure cannot be
considereddefinite, but still gives a valuable insight in the limitations of the -lrad
battery. Particularly lifetime, maintenance and monitoring and controlling are @aram

ters which limit the use of the leaxtid battery.

Cost Wh C1000€ (10=100%%)

Manitoring SOCISOH | 5=100%) Energy Eff. [ 100=100%)

Maintznance | 5=100%) Wh C100/ kg | 50=100%)

/

Recycling rating { 5=100%) Shelf life | 24 months=100%)

Safety Rating { 15=100%) Cycle-life (1500=101

Life { 20 years=100%%)

OIDEAL Wikg (400=100%) Delta °C (120=100%)

O "Tubular"
OFlat

Figure 5. The characteristics of two leaatid battery designs in comparison to those

of an ideal energy storage system (Lailler 2003: 31).

In order to remain a competitive option in comparison to the emerging technologies,
further development of especially the lifetime is necessary. This could benalished
by enhancing the oxygen recombination and the composition of the active materials.
Suggested improvements for increased efficiency are, for instance, corragteatipn
of the current collectors, development of enhanced active material foiomsland

more dfective system management of battery packs. (Lailler 200B:328 . ) Anot her

! Investigations on Storage Technologies for Intermittent Renewable Energies. Project funded by the Fifth
FrameworkProgramme of the tfFopean Co mmission.
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possible future for the leaalcid batteries is as a part of a hybrid storage systempe.g. t

gether with SMES, where the weaknesses wouldnisimi
4.1.2. Nickel batteries

The most inportant nickel batteries are those based on nickeéimium, nickekinc and
nicket metal hydride technology. Nickel hydroxide is used as material for the positive
electrode in all of them (IEA 2004: 21). The nickel batteries offer, first and foremost,
long cycle life, high reliability and outstanding loterm storage quiies

They all utilize alkaline technology, which involves adtzes like longer cycle life
(i.e. the number of cycles a battery canfpen before failure), wider temperature range
and the ability to withstand full discharges without compromising riifetor effciency.
Furthermore, the high electrolyte conductivity allows for high power applications. (C
basys: 2; lwakura, Murakami,ddara, Furukawa & Inoue 2005:291; IWEI 2001: 56.)

Nickelcadmium batteries

Nickelcadmium batteries are alongside withdeacid batteries the most common ones
(Alanen et al. 2003: 48). Cadmium hydroxide is used as material for the negative ele
trode and a solution of alkaline potassium hydroxide with small amounts of lithium h
droxide serves as electrolyte (Dahlen 2003: B)e cell reaction by discharge (the
charge reaction being itgverse) may at the positive electrode be written as (Surmann
1996: 543)

2NIOOH +2HO +2eY 2 Ni {+Q@H, 4)
and at the negative electrode as

Cd+20HY Cd (@B (5)
which resuts in

Cd +2NiOOH+2HO Y  C dh é ENHOH). (6)
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Compared to the leadcid battery, the nickedadmium battery offers a greater recharge
cycle life, a constant discharge voltage (Alanen et al. 2003: 50) and a superior suitability

for cold climate contdions.

On the other hand, the power density and efficiency are lower. Normally, the self
discharge is also higher and the so called memory effect has to be taken into aensider
tion. (IEA 2004:29.) That means that repeatedly shallow cycling leads to inteuna

ture changes and thus storage capacity losses. However, according to recent studies
these effects can be considered rather negligible in stationary batteries (McDowall
2003: 7). Of utmost importance are also the markedly higher costs in compartben t
lead-acid batery.

Another drawback is that the toxic heavy metal cadmium has to be taken catle of. A

though the recycling is remarkably effective (collection rates of up t@P8@Dahlen

2003: 27), the directive003/0282 CODof the European Union ®6:6 b1 1) states
that the use of cadmium in industrial batteries, including those for renewable epergy a
plications, should be prohibited. Therefore, the importance of the rdekishium b&

tery is most likely to decrease in favor for the other nickéébias.

Nevertheless, noticeable is that the currently largest battery system in the womd is co
structed with nicketadmium batteries (installed in 2003). Further information cancer

ing it is found in Appendix 2.

Nickelzinc batteries

The nickedzinc batteryis analogous to the nickeadmium bé#ery, but is considerably

less expensive. The ability to offer high energy density as well as high power density
makes it an interesting alternative. Furthermore, zinc is environmentally friendly and
easily recyclable(Dahlen 2003: 25).

The positive electrode and the electrolyte are similar to those used in the nickel
cadmium battery, but here zinc hydroxide serves as the negative electrode (Dahlen
2003: 6). The overall discharge cell reaction is (the charge reacting lie everse)
(Ter-Gazarian 1994:134)
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Zn+ 2NiOOH + 2HO Y Z n (»® BN(OH).. (7)

The main shortcomings are a short life cycle, separator stability, temperature control
and mass production problems. The limited lifetime is inflicted by the high solubility of
the reaction products at the zinc electrodes. Red#mo®f zinc during chargingnk

flicts dendritic growth, which means that the active material, here zinc, is reduced from
its oxidized state and deposited onto a substrate, e.g. an electrode being charged. The
dendrites can penetrate the separator ancecamusnternal shortcut and redistribution of

the active material. Possible solutions are the use of electrode and electidifites
penetrator resistant separators and vibrations of the zinc electrode during chaniging.

Ma, Kukovitskiy & Faris 2007 1; TerGazarian 1994: 134.)

Future improvements of the nickeihc battery, as well as of the other nickel bédtg
could be achieved through the use of solid or gel electrolytes. Particularly the-charge
discharge perfonance would benefi{lwakura etal. 2005: 291294.)

Due to its important benefits, the nickahc battery has substantial potential to dom

nate at least the nickel battery group imesal niches in a near future.
Nickelmetal hydride batteries

The voltage characteristics of the nitkmetal hydride battery are highly similar to
those of the nicketadmium battery, whereasiZ® % more energy is provided and the
environmentally harmful cadmium is avoided (Dahlen 2003: 5; Gibbard 1993: 215).
Besides the impressive energy density, pdssibemory effects are reduced (Vechy
2006: 2).

The employed positive electrode and the electrolyte are similar to those of the other
nickel batteries, while a metal alloy forms the negative electrode. The alloy, wimeh co
stitutes the only difference froniné nickelcadmium cell, is reversibly capable df-a
sorbing and desorbing considerable amounts of hydrogen. (Dahlen 2003: 6; Gibbard
1993: 215.) The overall cell reaction by discharge can be expressed as (the cliarge rea
tion being its reverse) @dran 199374)
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MH+NIOOHY M + N.i ( OH) 8)

The unique feature of the hydrogen storage alloy is its ability to store hundreds of times
its own volume of hydrogen gas at a gxere less than atmospheric pressure (Gibbard
1993: 216).

Traditionally, nickelmetal hydride batteries hawbeen used for consumer electronics

like cell phones, cameras and laptops owing to the limited capacity range. Nonetheless,
they have started to emerge in the field of stationary applications as well. For instance,
Cobasys manufacture low maintenancedras suitable for renewable energy apglic

tions (Cobasys 2007). A breakthrough in this domain has, however, not been reached
due to the need to match the application requirements with the characteristics of the new

technology (Cobasys: 10).

Among the drawacks of the battery are also a limited highrent delivery capacity

and a more complex charging algorithm than the one of the rgekizhium battery
(Vechy 2006: 3). Seen as its potential successor, the problem that the metal hydride a
loy cannot be regcled must be attended to. (Dahlen 2003: 27).

4.1.3. Lithium batteries

The light weight and high electrochemical energy potential makes lithium a suitable m
terial for batteries (Vechy 2006: 3). Based on the used electrode materials ara electr
lytes, the batterg are classified into lithium metal, lithium metal polymer, lithiiom

and lithiumion polymer.
Lithium metal batteries

A wide number of different metals have been examined ahdedtiin the last decades.
Therefore, the cell reaction with lithium antahium disulfide in equation 9 only serves
as an example. By discharge it can be written as (the charge reaction beanvgrge)r
(IEA 2004: 13)

Livew + TSV LioTi S (9)
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Typically, with current technology only between 25 % and 40 % of the theoretiaal ene

gy densities are reachable. Depending on the used lithium metal anode, this still means
densities ranging from 80 Wh/kg to 960 Wh/kg. Another positive asdebe battery is

the marginal selflischarge, which can be less than one percent per(YE€Ar2004: 14;
Jossen et al. 2003:7.)

The main limitation of the battery is the bad cycle life of the lithium metatreke.

During cycling, a solid electrolytmterface is formed, where lithium particles are @ep
sited. These are electrically isolated and unreachable during discharging. The problem
becomes more severe with the number of cycles and ukimately results in formation of
dendrites. Comprehensive resga mainly focusing on the electrolyte and its puafic

tion, is being undeaken in order to solve the iss{@ossen et al. 2003i 8).

The safety risks formed by the battery are also not toegéected. The formation of
dendrites, which always occur $ome extent, results in internal short cuts which gene
ate considerable heat. If the melting point of lithium is reached, a reaction within the
electrolyte is activated, which can result in the battery exploding. Suggested safety i
provements include thase of mechaoal pressure to reduce the dendrite growth and
coating of the lithium metal with a lithium ion conductive membrgdessen et al.
2003:8.)

A key aspect of the research and development is improvement of the cycle life. As for
all of the difierent lithium batteries, the most important target is to reduce the costs,
which is mainly to be achieved through adaptation of cheaper matéimdsen et al.
2003: 35.)

Lithium-ion batteries

Instead of utilizing any lithium metal, the common featuréheflithiuntion batteries is
that the charged negative electrode is a lithium ion intercalation compound of either
graphite or a disordered form of carbon. The ions are supplied by the postivedse

material, which is a transition metal oxide. Duritigarging and discharging, the ions
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move back and forth between the two electrodes. (Blomgren 2000: 97.) The overall cell

reaction by discharge is (the charge reaction beinguesse) (IEA 2004: 14)
LIMO, + 6XCY Ll-i)MOZ + x LiCg, (10)
where MQ symbolizes the employed metal oxide.

This use of material acting as a matrix, in which lithium atoms are inserted, eliminates
the problem with the poor cycling efficiency of the lithium metals and thus greatly i
provesthe cycle life. Furthermore, the batteries are interesting because of their superior
theoretical energy density, which can be as high as 1000 Wh/kg. Some configurations
allow over 80 % of the theoretical values to be reached. In conclusion, currenti¢echno
gy can offer densities in the range of 650 Wh/kg. Finally, they also provide a lew self
discharge ratglJossen et al. 2003t 81; Vechy 2006: 3.)

A drawback of the technology is that a complex charging circuitry is needed to maintain

stability (Vechy 206: 3). Generally, lithiumon batteries have been used for portable
applications, but current research aims to commercialize-&r@le systems, which

have so farbeenexpei ve (exceeding 600 u/ kWh) (Al aner

Lithium-ion polymer batterige

Characterizing for lithiusion polymer batteries is a ndiquid electrolyte. This, a thin
lithium ion conductive polymer membrane, enables a shorter distance betweewr-the ele
trodes, thus contributing to a higher energy density. Other advantages ietinoha-

tion of any leakage problems, increased safety and flexibility in sreggnd(Jossen et

al. 2003: 1213).

Although lithiumion polymer batteries enable more economical mass produceen m
thods, the costs have so far been considerably higher dhaoriventional lithiumion
batteries. However, the price difference is estimated to fade within only a few years.
The construction of largecale systems is likewise still in the research phase. Algo sim
lar to the normal lithiumion batteries, a ratheomplex charging circuitry is mandatory

for stability. (IEA 2004:14; Jossen et al. 2003: 13; Vechy 2006: 3.)
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Expected future developments involve refined lithium allopdes and new cathode

materials with oticeably improved energy densities (Blomgren 2000D).
4.1.4. Sodiumsulfur batteries

The sodiumrsulfur battery consists of a positive electrode eyiplp molten sulfur and

a negative electrode of sodium, separated by a solid beta alumina ceramic electrolyte.
As this conducts sodium ions well, but electroosnty, prevents selflischarge is @-
vented. Dung discharge, positive sodium ions pass the electrolyte and are combined
with the sdfur, thus forming sodium polysulfides. This reversible process takes place at
a temperature of approximately 300 °C. (B#005: 1; Wen 2006: 1.) The globakdi
charge reactionazurring is (IEA 2004: 33)

2Na + x258 Y Na (11)

Advantages of the battery are excellent energy density, higliried¢ efficiency and

long lifetime. In comparison to leaakcid batteries, ten timasore energy can be del

vered per unit weight. The pulse power capability is also impressive; temporarily (up to
30 seconds) approximately five times the continuous rating can be established. These
attributes make them suitable for power quality and peakisg applications. (Nichols

& Eckroad 2003:84.)

Setbacks are relatively high costs and environmental issues because of the reactive m
terials used. The need for heating is also a restraint. (IEA 2003635-urthermore, a

target for @velopment mushbe the mediocre power density.
4.1.5. Metalair batteries

Metalair batteries are the most compact and have, additionally, the potential to become
the most inexpensive. Moreover, they are essentially environmentally harmless. The
main constraint is that the reecbang procedure is complicated and inefficient. (ESA
2008.) Nonetheless, their abilities make them suitable for sitme applietions.
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An electrochemical coupling of a reactive metal anode to an air electrode is utilized to
provide the battery with amfinite cathode reactant, oxygen. The charging is eitleer m
chanical or electcal. In the former design, the discharged metal and the electrolyte is
continuously replaced. The discharge metal electrode is then charged or recyeled ou
side the cell (IEA 200429). The air eketrode serves only for the purpose of oxygen
reduction and the battery is restricted to discharge mode. The latter concgpteho
employs an air electrode capable of both oxygen reduction (in discharge mode) and
oxygen evolution (in cdrge mode). This solution is still under heavy development due
to a lifetime of only a few hundred cycles and an efficiency of merely 50 % (ESA
2008). (Worth, Perujo, Dajlas, Tassin & Brisewitz 2002: 4.)

Development of such bifunctional air electrodesjolitare relable and efficient, is still

in an early phase. It may, however, be the key to a more widespread use. Otker nece
sary enhancements include improving the power output, expanding the operating te
perature range and preventing hydrogen evolutioe t aode corrosion, as well as

minimizing carbonation of the alkali ekolyte. (Worth et al. 2002i4.)

Normally, metalair batteries utilize lowcost metals as anodes, and porous carboc-stru
tures or metal meshes covered with catalysts as cathoelesi( electrodes). Common
electrolytes are liquid potassium hydroxide and solid polymer membranes saturated
with the former. (ESA 2008.) Several types of batteries have been developead, for i
stance zinair, aluminumair, magnesiurair, ironair and lihiumair configurations.

This overview is, however, limited to the most common of the systems, thaizina-

tery.

Zinc-air batteries

The considerable interest in zia@r batteries is primarily due to the remarkable theore
ical energy density, 1084 Wigkwhich is more than six times that of leacld bateries
(Will 1998: 1). However, current technology merely allows -doarth of this to be
achieved (IEA 2004: 31). Furthermore, zinc is 4toxic and can inexpensively be

massproduced.
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The overall chenaial reaction occurring between oxygen and zinc by discharge can be
written as (the charge reaction being égerse): (TerGazarian 1994: 135)

Zn+12QY Zno. (12)

The zincair couple has poor chargischarge efficiency due to polarization losses a
sociated with the air electrode. Similarly to nickahc batteries, redeposition of zinc
during charging causes electrode shape changes and dendritic growth. Howeser, a sp
cific ion exchange membrane has been developed foradirizatteries and is suggesdt

to stop the dendrites from growing (Dahlen 2003: 25). Another approach proposed to
improve cycle life and discharge performance by eliminating dendrite growth, is the use
of a slight overcharge, approximately 5 %, and stripping the zinc every disahaige

(Will 1998: 3). Nevertheless, for the time being, the ensuing instability is the main tec
nical issue in the development. As zinc oxide formed during discharge dissolves in the
electrolyte, zincate ions are born. The characteristic economical diesvbametalair
batteries, short cell lifetime and low efficiency, are indeed the distinct impediments of
the zineair battery as well. (TeGazarian 1994: 135.)

Current research indicates that the present difficulties will be surmountable. Especially
progess within the development offbnctional electrodes is crucial. Success in this
field would to a great extent promote the interest for the battery in the market for r

newable eergy sources.
4.1.6. Conclusions and comparison

In general, it can be concluded tls@condary batteries share the following charasteri
tics:

fast response times, in the range of milliseconds
negligible neload losses

energy contents and power outputs which are dependent on each other

= =/ =4 =

short life-time.
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However, for applications which rege high power rapidly, batteries are not the wpti
al choice. Neither can any significant development in that direction be perceivest. Gen
ralized, the current research objectives are rather to improve cycle lives, reliability, r

cycling effectiveness and simultaously reduce the costs.

Typical parameters of the different battery types are listedibteTl. The values of the
lithium batteries are naturally dependent of the materials used, so an estimation based
on the most frequent types is made. Moerpwnote that the performance depends on
several factors, such as system design, discharge conditions and temperature, and fu
thermore that the technologies are constantly evolving, wherefore a definite compilation
is impossible. In adtion, the availablenformation varies a lot. Therefore, the table is

based on a vast amount of sources, in order to providerasslézed data as possible.

Table 1. Comparison of the parameters of secondary battdbadlen 2003:
13b17; |l EA 2004 . 12b36; Jossen et
McKeogh 2003: 18; MPower 2006; Nichols et al. 2003: 4; Sauer 2007:
29; Vechy 2006: 4; Wen 2006: 1 & Worth et al. 2002: 9).
Secondary Power denr | Energy den | Efficiency | Self-discharge | Lifetime | Operating temp. | Nominal cell
batteries sity Wkg] | sity Whkg] @ 25 °C [%/m]| [cycles] range [°C] voltage [V]
Lead-acid 180 2550 0.850.94 1i4 500 800 1207 +50 2.0
NiCd 150 4580 0.600.80 20 2000 1407 +60 12
NiZn 300 50160 0.80 20 600 0 b +6 15
NiMH 250b1| 60120 [0.65H 30 1500 207 +60 1.2
Li -metal 300 140b1( 0. 9 31 1 250 b20 b A 4.0
Li -ion 1000 180 0.99H 5b10 1200 1257 +60 37
Li -ion polymer 380 120 0. 9 81 5bl0 1200 1207 +60 3.7
NaS 150 110 0.75 0.86 0 2500 +300 b 21
Zinc-air 80b20Q 200b3 050 8 200 1207 +60 1.15
m =month

The costs for the most common secondary batteries are listed in Table 2. The costs are
ng t he
ponds to the average exchange rates of the concerned years, 2003 and 2089%erespe
ly.

recalcul ated us i conversioncorrsactor s
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In the assessment, a distinction is made as follows:

T bulk energy storage (10b1000 MW)
1 storage for distduted generation (162000 kW)
1 storage for powerquality 0 . 1 b2 MW)

The costs are listed in accordance with this division, as appropriate. Bulk storaige appl

cations are primarily load leveling and spinning reserve, which require discharge times

in the range of one to eightMWhoTypicalekand enet
amples of applications connected to distributed generation are peak shaving and tran

mission deferral, where storage durations range between 0.5 and 4 h and capacities co
respouingly between 50 and 8000 kWh. To assure power quality, digehames of

1b30s are sufficient, which entailss-capacit
senzahl 2003: 11).

As indicated by the table, the life cycle costs of all batteries are considerably influenced
by the replacement costs, which indeed is charstic for the technology. This ise
pecially significant for power quality storage, where the expenses are dominatqe by ca
ital and eplacement costs, whereas the operating costs are minimal. Noticeable is also
that the balance of plantosts for largdead-acid battery plants may be as high as the
costs for the batteries themselves. For smaller storage systems suited for distributed

generation this is, however, less prominent.

The estimated energglated costs for the batteries not available in théethelow are
150b200 0/ kWh ntomani ekel s, -madhydride bddtékles f or n
and 64 U/ kWbdattefies (MPaver2G06).

2 Building construction, battery installation, interconnections, heating, ventilating, air conditioning
equipment etc.
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Table 2. Costs for the most common secondary batteries (Schoenung et al. 2003:
30b32) .
Secondary batteries: cast Leadb NiCd Li bi NaS
Energyr el ated cost [ Of 130b1] 522 N/A 217
% Powerr el ated cost [ ul/ 109 109 N/A 130
& Bal ance of plant [ 130 130 N/A 43
% Re pl acement cost [u 130bl 522 N/A 200
@ Replacement frequency [yi 5b6 10 N/A 10
Fi xed O&M [U/KkWbyr]| 4.35b 43 N/A 17
Energyr el ated cost [ 0] 130bl 522 435 217
o Powerr el ated cost [ ul/ 152 152 152 130
g Bal ance of pl ant [ d 43 43 0 0
g Re pl acement cost [0 130174 522 435 200
e Re placement fre giency [yr] 5b6 10 10 15
Fi xed O&M [u/kWbyr]|l 4.3b 22 22 17
® Energy+ el ated cost [ 261 N/A 435 N/A
§ Powerrel ated cost [u/ 217 N/A 174 N/A
2 Re pl acement cost [0 261 N/A 435 N/A
g Re placement fre quency [yr] 6 N/A 10 N/A
FixedO&M [ G/ k Wby r ] 8.7 N/A 8.7 N/A

In conclusion, on account of reliability and inexpensiveness, theadeddbattery is
dominding the energy storage market for stationary applications, renewable systems
being no exception. Nonetheless, its mediocre perdoo® will inevitably contribute to

a continuously growing interest in the alternative batteries. Although theataddd-

tery is expected to proceed to develop parallel with the emerging options, a gradual
transfer to these can already be discernedettam niche areas, predominantly within
consumer electronics and smsdlale applications, the alternatives are traditionadly s
rious challengers. Due to technical as well as economic constraints, the development
within largescale systems is slower, battsimilar progression is also to be expected

here.

Until recently, the nicketadmium battery has been the primary alternative in basically
all fields where the leadcid batteries are used. Although some considerable applic
tions have been réaed, an atual breakthrough has not been reached, mainly because

of the higher cost, but also due to dubious performance in terms -afisetiairge and
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efficiency. Recent environmental restrictions are likely to promote the other nickel

based technologies.

Owing tothe poor energy density of the leadid battery, market shares are soon likely
to be lost to, particularly, lithium batteries at an accelerating rate as thestlgep-

plications achieve aomercial levels.

A commercially slightly more distant technolggvhich nonetheless has a great pete
tial is the environmentally benign ziair battery. As soon as the air electrodes can be

improved, its use will rapidly expand.

A future limiting factor concerning the interest in secondaryebi@s in general is the
growing importance of alternative storage technologies like rdidowxbatteries, flyv-

heels, fuel cells etc.

4.2. Fuel cells and hydrogen storages

The development of fuel cells started already in tH8 déntury, but the improvements

in material technology anthe growing mterest in hybrid vehicles have been crucial for
the significant progress within the last few decades. Because of high efficiency pote
tial, low emissions, quietness and flexible use of fuels, they are considered one of the

most promising fture technologies forrergy storage.
4.2.1. Conventional fuel cells

Fuel cells are electrochemical devices that convert the chemical energy of a fuel directly
into usable energy, i.e. electricity and heat, without combustion. They argdistied
from seconday batteries by their external fuel store and by the reversible electricity

conversion.

A conventional fuel cell as such is operated as a generator, but when combined with an
electrolyzer a storage system is formed. The electrolyzer converts electrioitfyérh

energy and the fuel cell stack converts it back to electricity.
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The operating principle of a fuel cell stack is showed in Figure 6. The anod®liedu
with fuel, which oxidizes on its surface. Simultaneously, an oxidant is reduced on the
cathode surface. These reactions cause ions to flow through the electrolyte and as the

circuit is closed, an external current is generated. (Boulanger & Perrin 2003: 8.)

-
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Figure 6. Operating principle of a fuel cell stack (Boulanger et al. 2003: 8).

Fuel cells are oftenlassified according to the electrolyte. The most common teohnol
gies along with their typical characteristics are listed in Table 3. Depending o&-the r
quirements, all of the different technologies are applicable &iosary applications.
However, for be future, the MCFC and the SOFC are the ones primarily aimed at large
scale applications, although the PAFC has dominated the field so far. For decentralized
generation, systems of up to 10 MW are already suggested. (Boulanger et al. 2003:
1b26; Nitta 2008: 8b9.)

A substantial benefit of the fuel cell is that there is no-dstfharge in the disconnected
state and o nInyectetl.HBe cél lifetimes are aso promising as there are
no moving parts and the technology of the compaaentmature. However, the life

span decreases as the size of the stack grows and the surface of the electrodes increases.

(Boulanger et al. 2003: 19; I EA 2004: 60b61
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Among the weaknesses of the fuel cell is the efficiency loss of the catalysts, which can
occur due to poisoning by e.g. carbonnowide. Other risks that have to be taken into
consideration are that short circuits may take place through the membrane or tkat a lea

ing cell will cause eftiency losses of the stack. (Boulanger 2003 et al. 200.3:

Table 3. Comparison of the characteristics of fuel cell technologies (Boulanger et

al. 2003: 19; Nitta 2008: 9; Staffell 2007).

Fuel Power Efficiency Expected | Operating Electrolyte

Cells Range (LHV) [%] [ lifetime [n] | temp[°C]

AFC 10b100| 50b6 6000 20b1 KOH

DMFC 15100 >50 >1000 2 0 b 9| Proton exchange m#rane
PEMFC|1 kWb234 25b6 >1000 2 0 b 1 | Proton exchange mirane|
PAFC (50 kWbl 32b4|/20000b| 150bd Liquidphosphoricacid
MCFC 1 kWbl 45b5 9000 6 00 b1 Liquid molen carbonate
SOFC 5 kWb3 35b5 35000 6 50 bl Solid zirconium oxide

AFC = Akaline Fuel Cell

DMFC = Direct Methanol Fuel Cell

PEMFC =Proton Exchange Membrane Fuel Cell
LHV = Lower Heating Value

P AFC = Phosphoric Acid Fuel Cell
MCFC = Molten Carbonate Fuel Cell
SOFC= Solid Oxide Fuel Cell

The most commonly used fuel is hydrogen. As it reacts with oxygen, an electrical
charge is formed and the only exhausts produced are water and heat. The reaction o
curring at the anode of a hydrogexygen based fuel cell can be written as: (Alanen et
al. 2003: 55)

Ho V' 2H 26. (13)

Hydrogen can be manufactured either centrally or locally, through water electrolysis
such as alkaline electrolysis, proton exchange membrane water electrolysis, steam ele
trolysis or be received as {pyoduct from a chlorin@lkali electolysis process (Ba

al 2003: 32b37).

|l anger et

In order to store hydrogen several different technologies have been employed.eMost fr
guently used are pressurized tanks, but systems evolving parallel are liquid storage, st
rage in the form of metal hydridesd adsorption on carbon nanofibres (Boulanger et

al 2003: 39b43) .
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4.2.2. Unitized regenerative fuel cells

A unitized regenerative fuel cell (URFC) is able not only of water electrolysis, but also
of subsequent recombination of hydrogen and oxygen (Boulahger2003: 5), ie. it

serves as fuel cell as well as electrolyzer.

It is noticeably lighter than the combination of a generator and an electrolyzer which it
substitutes and is moreover expected to form a cheaper solution. When coupled with
lightweight fiel storage, the energy density can exceed 400 Wh/kg, which isxappro
imately ten times that of the leatid battery. As both hydrogen and oxygen are stored,
the round trip efficiency is outstanding as well. The expected lifetime of the URFC is

approximatey 2000 cycles. (Boulanger et al. 2003: 31.)

The main constraint of the system is the bifunctional oxygen electrode, sinceahe cat
lyst during the electrolysis suffers from corrosion. Yet, new catalysts, currently under

research, show greabiential. (Bouanger et al. 2003: 32.)

4.2.3. Conclusions and comparison

To sum up, the key factor to successful storage of electricity via hydrogen is fugther d
velopment of the fuel cell, which is thesssm component with the lowest maturity. The
technology is still extremglexpensive in comparison to the alternatives, but ismeve
theless estimated to reach commercial status within just a few years (Boulanger et al.
2003: 5b6) . For instance, at the end of
teding phase (Laine2ZD7 : 13 bl4) .

Table 4 provides the costs for a hydrogen fuel cell and the accompanyitig lefer.

20



43

Table 4. Costs for a hydrogen fuel cell and an electrolyzer (Schoenung et al.
2003: 31).
Fuel cells: costs Hydrogen FC Electrolyzer
Energy-related cost] G / k WH 13 None
% Powerr el ated cos 1304 261
%‘; Bal ance of pl a 0 None
8 Re pl acement co 87 43
Re placement fre quency [yr] 6 6
Fi xed O&M [0/ Kk 3.3 N/A

Since the expenses are the main limitation, the two most likely catidns for a fuel

cell energy storage system are alkaline electrolyzer with compressed hydrogen storage
and a proton exchange membrane fuel cell. Other options that are consideredireconom
cally possible within a neduture are the PEM electrolyzer and hgdr storage of y

drogen.

4.3. Flow batteries

Flow batteries differ from fuel cells in that at least some of the electrolyte is noaperm

nently in the eactor, but flows through it.

Currently, there are three sorts of flow batteries that have reached the fstagenae-
cialization and demonstration: the vanadium redox flow battery (VRB), the polysulfide
bromide flow battery (PSB) and the zbcomine flow battery (ZnBr) (De Boer &
Raadschelders 2007: 5).

4.3.1. Redox flow batteries

Flow batteries in general are ofterfeneed to as redox flow batteries, but these do a
tually form the main subgroup. In a redox flow battery, all electroactive components are

dissolved in the electrolyte (PhenoScience).

The batteries are charged and discharged by a reversible chemicalréativeen two

electrolytes in the battery. Unlike in conventional batteries, the electrolytes are not
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stored in the power cell of the batteries, but in separated storage tanks. In accordance
with Figure 7, the electrolytes are pumped through an electmicakreactor, in which

a redox reaction (i.e. atoms have their oxidation number changed) occurs. A semi
permeable membrane in the flow cell separates the two electrolytes, allowing ion flow,
but preventing mixing of the liquids. Electrical contact is leshed trough inert ae

ductors in the electrolytes. As the ion flow crosses the membrane, an electrical current is
induced in the conductoréDe Boer et al. 2007:12.)

lon-Selective A 4

Elect(de Membrane /‘_
@ \
olyte 1 Electrolyte

=
2 ¢

Figure 7. Schematic overview of a redox flow cell energyrage system (De Boer et
al. 20074).

The versatility of the batteries is due to the possibility of spigjifenergy and power
content separately. The power ratingpeinds on the design and number of the power
cells, while the energy capacity is related to the size of the tanks anchdlteof ele-
trolyte (Alanen et al. 2003: 60; De Boer et al. 20073)2

A system consists of flow cells which, electrically, are connected in series and Rydraul
cally in parallel. Thus, the output voltage is matched to the power conversion system
and sine the same electrolyte flows through all the cells, their state of charge is equal.
(Price 2000: 1242.)

The abilities of flow batteries make them suitable for lesgele projects, such as peak
power support at wind farms or distribution level balancing @er et al. 2007: 2).
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Moreover, as the costs of increased storage capacity are independent of tlee electr
chemical reactor, the expenses per kWh will decrease with a larger system.rFurthe

more, since the storage capacity only depends on the size oétii®lgte tanks, there

are basically no scale limits (De Boer et al. 2007: 4). Additionally, flow batteries are
capable of offering low maintenance and operating costs (Price 2000: 1545)nDemo

stration projects are currentlyderway.
Vanadium redox flowditeries

Vanadium redox flow batteries use two different vanadiunctelgtes, \/*/V** and
V#\V®*, which are stored in a mild sulfuric acid. During the charge and discharge
cycles, hydrogen ions (Hare exchanged between the two electrolyte tanks, ghrthe

hydrogenrion permeable pgimer membrandJoseph et al. 2006:5.)

The research on vanadium batteries concentrates on applications in wind farms (De
Boer et al. 2007: 5).

Polysulfide bromide flow batteries

Polysulfide bromide flow batteries functidike regenerative fuel cells. The elemlyites
are solutions of sodium bromide (NaBr) and sodium (Na) polysulfidé)SAs the b&
tery is charged or discharged, only the sodium ions)(Nass the membrane, whereas
bromine (Br) and sulfur (S) emit andaept electrongAlanen et al. 2003: 66; De Boer
etal 2007:5.)

The only flow battery system which has been used in dacgde demonstrations is
based on PSB technology and is known as Regenesys. Such utility scale plants have
been constructed in LiglBarford, England and Mississippi, USA; both with an energy
staage capacity of 120 MWh and a power capacity of 15 NiS¢hoenung et al. 2003:

1 7 b 1T8e cpst estimations for such bulk storage are provided in Table 6 on page 47.
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4.3.2. Hybrid flow batteries

A hybrid flow battery has at least one electroactive component deposited as a solid
layer. It differs from the redox flow battery in that the processable amount of electrolyte
is limited. The energy storage capacity is dependent on the amount of saich hbhat

can be accommodated within the reactor. To some extent, chargédlgies have to
remain in the reactor, constraining the storage capacity and the variability of the power
output. The limited possibilities to vary energy in relation to powkacgs in this e-

spect hybrid flow batteries between conventional and redox flow batteriega (Bar

2007: 8; PhenoScience; Whitehead & Schreiber.)

Zinc-bromine flow batteries

Zinc-bromine flow batteries consist of a zinegative electrode and a bromipesitive
electrode with a micrporous separator in between. Solutions of zinc and a complex
bromine compound are circulated through the two compartmédésBoer et al. 2007:

5)

Unless regularly and thoroughly discharged, the performasacity of zirc-bromine
batteries can beeduced.(De Boer et al. 2007i%.)

4.3.3. Conclusions and comparison of flow batteries

Flow batteries are interesting options, particularly due to the decoupled power and ene
gy ratings. Thus, they allow a flexible design and candsegaied for high power appl
cations as well as store substantial amounts of energy. They also offer a long lifetime,
on account of the possibility of replacing the electrolytes (De Boer et al. 2007e6). B
cause of the separated electrolytes, reactionsdaegiwhem are impossible, whichepr

vents any selflischarge. In addition, the batteries have a fast response and a fair energy
density. Drawbacks are a mediocre efficiency and the fact they are still in a relatively
early phase of development. The paransetdrthe different flow batteries are compiled

in Table 5 and the costs in Table 6.
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Table 5. Comparison of the parameters of flow batteries (De Boer et al. 2007: 7;
McKeogh 2003: 18).

Flow P [MW] | E[MWh] | Energy den | Discharge Efficiency Lifetime Matu rity
batteies sity [WhA] | duration [cycles /years]

VRB <3 0.515 16133 <10 0.700.85* 12000/10 | demo/c.u
PSB <15 01120 2030 <20 0.600.75* 2000 /15 demo
ZnBr <1 0015 60190 <4 0.650.75* 2000 /10 demo/cu

c.u. =commercial unit
* AC-AC efficiency

Table 6. Costs for the flow batteries (Schoenung et al. 2008:30L ) .
Flow batteries: costs VRB PSB ZnBr
Energyr el ated c N/A 87 N/A
% Powerr el ated co N/A 239 N/A
6 Bal ance of pl N/A 43 N/A
% Re pl acement [ N/A 130 N/A
? Re placement frequency [y1] N/A 10 N/A
Fixed O&M [ 4/ kW N/A 13 N/A
Energy+ el ated c 522 N/A 348
o _Powerr e |lated co 152 N/A 152
g Bal ance of pl 26 N/A 0
8 Re pl acement ¢ 522 N/A 87
Re placement fre quencyyr] 10 N/A 8
Fi xed O&M [u/ 17 N/A 17
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5. ELECTROMAGNETIC STORAGES

This chapter assesses the characteristiesept use, costs and statkethe-art situation
of storage technologies based on electromagnetism: supercapacitors and superconduc

ing magnetic energy storages.

5.1. Supercapaciter

Several different names, including douttderer capacitor, ultracapacitor and eleetr
chemical capacitor, are used for the technology, which in this thesis is referred#to as s
percapacitor. The invention is known since decades, but as with fuel celtgothimg

interest in hybrid vehicles and in energy storage as well, has increased it&impo

An appreciably enlarged electrode surface, a liquid electrolyte and a distance of only a
few molecular diameters between the electrodes distinguish therm@omal capae
tors (Willer 2003: 4). On the contrary to secondary batteries, supercapacitors possess a

high power density, but instead a considerably lower e nerggitye

The supercapacitor consists of two electrodes immersed in an electrolyte, a separator
and current collectors. Electric energy is stored in an electrochemical dayete
formed at the interface between the electrodes and the electrolyte. Positive and negative
ionic charges within the electrolyte accumulate at the surface of tieodiein order to
compensate for the electronic charge at the electrode surface. As the dipolesaare sep
rated, they align in the doublayer, shown in Figure 8. The extrementigss of this

layer coupled with large electrode active area is the reason forgthedpacity in cor

parison to normal capacitors. The figure also illustrates a schematic diagram oasuperc
pacitor consisting of a single ce{(K6tz & Carlen 2000: 2484; Martynyuk 2007: 24;
Willer 2003:5.)
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Electrolyte, Separator

Electrolyte, Active Layer

Current Collector Current Collector

Figure 8. The principle of a supercapacitor and the poéichanges at interfaceeb
tween the electrodes and the electrolyte (K6tz et al. 2000: 2485).

The energy stored in a supercapacitor is calculated as
12
E:ECUO, (14)

whereC is the capacitance ahdh the cell voltage. The capacitance is aida as

e.e
C =" S, 15
4pani (15)

whepies Ut he el edherehtive statc pernitavityithe dislance between
the electrode surface and the center of the ion (i.e. the thickness of the-dgab)le
and S the surface of the electte. (Alanen et al. 2003: 81; K6tz et al. 2000:
2484b2485.)

Commonly used electrolytes are agueous ones, such as potassium hydroxide and sulfu
ic acid, as well as organic ones, like acetonitrile. These determine the cell voltage,
which lies in the interval b3 V. Moreover, since the elect
bon metal oxide or polymeric materials, neither charge penetrations through the double

layer, nor electrochemicagactions occur. Thus, a long cycle lifetime and a high power
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density are achieved.h& surface areas of the electrodes may be as high asr8@p0
Other advantages include high efficiency, short charge times (less than a minute), inse
sttivity to deep discharges and maintenafiee operation. The provided capacitances
may be as high 000 F and supercapacitors in the range of 1 MW are alreadg-avai
be.( ]l EA 2004: 37b41l; Willer 2003: 5b22.)

The main drawback which has to be effectively countered is the ability to store energy,
which in comparison to secondary batteries is very limited. Moreover, besides the pres
ing need for cost reduction, the main &tsgof current research and development are an
increased life span (exceeding 10 years) and improved recyclability. An improvement of
the active materials through the utilization of nanotechnology has also been suggested
as a future prospedilanen et al2003: 84)(Willer20031 6 b1 7 . )

5.2. Superconducting magnetic energy storage

Superconducting magnetic energy storage (SMES) technology was one of thp-first a
plications of superconducting materials (i.e. materials cooled below a certain d&emper
ture at which the resistance drops tooxexrnd is thus known since decades. Originally,
the concept was simply based on a direct current flowing nearly losslessly inra supe
conducting coil, storing energy in the magnetic field caused by the cupidanten et

al. 2003:76.)

The electric energgtored in the magnetic field is proportional to the inductance of the
coiland is given by (Alanen et al. 2003: 77)

E=%U2, (16)

whereL is the inductance of the coil ahthe DC current flowing through it.

In order to reach a commercithtus, modern systems employ refined superconducting
materials, advanced cooling systems and power electronics. Currently, there are two
dominating technologies: LTS (Low Temperature Superconductor) and HTS (High

Temperature Superconductor) systems. ohener are cooled to nearly 4 K269 °C)



51

with liquid helium, whereas approximately 100 KL{3°C) is sufficient for the latter
which utilize liquid nitrogen or special refrigerators. LTS systems are already cemme
cially available, while the HTS technolpgs still under developmentAlanen et al.
2003:76; IEA 2004:67.)

In addition to a superconducting coil with a magnet (SCM), an SMES system normally
consists of a power conditioning system (PCS), a cryogenics system (CS) and k contro
ler. The PCS sergeas an interface between the AC unit and the SCM, transferring and
converting energy as requested. The CS cools the SCM and keeps it at opemating te
perature. (Xue, Cheng & Sutanto 2005: 1524.) The above described composltizn is i
strated in Figure 9.

Power Vapor
Condifioning Cooled 4.23/1.8K SMES
Systam Leads Transition Coil
—— O LT3
AC/DC
Utiity _ﬂverter
Grid
° [
RN — Y
200ka  MNormal 200 kA
W2 Bz :

|_- -_I -

Ambient Temperature (300K) | 42K | 18K

Figure 9. Plant diagram of an SMES system (Luongo 1996: 2216).

Because of the cryogenic temperatures (i.e. bel@°C / 123K) there are virtually

no resistive losses. Further advantages include instantaneous response (in the range of
milliseconds), fastacharge, high power, long lifetime and excellent efficiency, since no
conversion to other energy forms take place. Moreover, the systems are compact, quiet,
safe and environmentally benign. However, attention must be paid to the possible health
impact ofthe maget i ¢ fi el d, which can exceed 9 T.
2214; Xue et al. 2005: 1524.)

Traditionally, SMES s yst e mumarilydes@gned fdrdoadl 0 b1 0 0
leveling, but the current development aims at producing smaller ones asuwiel] for

power quality management. Hence, common applications also include damping system
oscillations, improving voltage stability, stabilizing teamssion lines and serving as a
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spinning reserve(Alanen et al. 2003: 76; Luongo 1996: 2214; Xue etZ28i05:
152851527 .)

Suggested future measures focus on improving the circuit topologies, contholdmet
and configurations of the PCS (Xue et al. 2005: 1529). Moreover, an increaseiof the |

mited energy desity would further broaden the possibilities.

5.3. Conclusions andomparison

Supercapacitors are an attempt to combine the quality ofitafsio store considerable
amounts of power and the ability oftberies to store significant quantities of energy.
Particularly the capability to store energy must be developedidier to make them
able successors. Nevertheless, they already form a potentiabtite for applications,
which require high power for short durations, e.g. peak shaving. Another intergsting a
plication is their use together with a storage systemchvig more suitable for long

term conditions, typically batteries.

SMES systems offer fast, flexible and reliable performance and are in general wery ve
satile. Owing to recent progress in commercialization, a more widespread employment

is definitely expeded in the near future.

Critical for both technologies is the further need for costetalns. In terms of energy
density, they are usually not evemgarable to the other storage methods, as the aims
are different. Table 7 provides an overview and caigpa of their parameters anc-T

ble 8 a cost analysis.

Table 7. Comparison of the parameters of the supercapacitor and the SM&S (Al
nen et al. 2003 7 8 ; |l EA 2004: 40b72;
Electromagnetic| Power den | Energy den | Efficiency | Discharge| Self-discharge Lifetime Operating temp.
storage sity [Wkg] | sity [Whikg] duration | [%/month] [cycles / years] range [°C]
Supercapacitors] 1 00 b10 0. 1bj0.85H <5s 50 100 000bS 14071 +60
SMES 1 000b] 4b75|090099)| 1sbb b 100 000/20 126971173
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Table 8. Costs for the supercapacitor and the SMES (Schoenung et al. 2003: 32).
Electromagnetic storage: costs Supercapacitor SMES
o Energy+ el ated cost [ 26087 43478
@ Powerrel ated cost [ 4/ 261 174
% Re pl acement cost [ 0 0
g_y Re placanent fre quency [y1] None None
Fi xed O&M [G/ KkWbyr ] 43 8.7
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6. MECHANICAL STORAGES

This chapter assesses the characteristiesept use, costs and statkethe-art situation
of storage technologies based on mechanics: flywheels, compressed air stocagdsco

and pumped hydro storage.

6.1. Flywheels

The use of flywheels for shetérm storage of kinetic energy is an old concept, and in
more recent times they have proved to be useful for longer durations as well. Tiraditio
ally, they have been used in rotatieggines to smooth torque pulses. These aee rel
tively simple constructions, where the flywheel is directly mechanically coupleg- to r
gulate the shaft speed. The newer appibn is storage of electrical energy which is

achieved by addition of an electricaachine and a power converter.

During charging, an accelerating torque increases the speed of the flywheeland thus the
amount of energy stored in the rotor. The capacity is dependent on its mass, form and
rotational speed. When the energy is neededirdi@hine is operated as a geter fed

by the decelerating flywheel.

The kinetic energy stored in a rotating mass is proportional to the moment of Jnertia

and the squared angular velocityi.e.
- %JWZ. 17)

Moreover, the moment ofertia is a function of the mass and the shape of the flywheel
and is equal to (Alanen et al. 2003: 67; Ruddell 2003: 6)

J =kfjdm, , (18)

wherek is the shape factor andthe dstance of the differential masn, from the axis

of rotation. Hence substitution of equation (18) into equation (17) yields
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- %sz Fxzdm, (19)

Thus, as seen in equation (19), angular velocity is of greater importance than mass for a
high enegy storage capacity.

The tensile strength defines the upper limit of the angular veily. For a material with
the density , with the mass concentrated at the rim at &deusr, the tensile stress is
given by (Ruddell 2003: 6)

s =rriwt. (20)

Hence, material dependence is cdesed in equation (21)

E=1ms. (21)
2 r

which gives an estimation of the maximum storable energy. In accordance withuthe eq
ation, composite materials with lower density and higher tensile strength than metal,

achieve a higher energy density.

Besides the inertial composite rotor and an integral asynchronous-gaoterator, a
normal storage system consists of magnetic bearing supports, vacuum hougimgs, co
pact heat exchangers, a control system and power electronics for the electrical conve
sion (Bitterly 1998: 13). A schematic of gyfwheel module is shown in Figure 10.

Based on rotational speed, flywheels are usually dividedlomiospeedandhigh speed
classes. The former normally have operating speeds of up to 6 000 rpm and employ
steel robrs and conventional bearings. Normally, they only deliver power for tens of
seconds. The latter can reach up to 50 000 rpm and utilize composite materials for the
rotor and magnetic bearings. In this case, energy for hours of power delivery can be
stored.Low speed flywheels are already available on the market and the high speed
concept is currently being commercialized. (IEA 2004: 41ddeil 2003: 4.)
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Magnetic support

Top bearing
Top guard bearing

Rotating rectifier

Excitation generator

Main machine

Flywheel

Bottom bearing

Bottom guard bearing

Figure 10. Schematic of a fywheel module (Piller:1).

The main advantage of flywheels is that they can be ctlamgd discharged at high
rates for numerous cycles. Full capacity can be reached in approximately seués mi
and subsecond response times are typical. Furthermore, the cftaterge is ealy
assessed as a function of the angular velo¢akansi & Van der Linden 2005;
Ruddel | 2 00@h8r :bendiits &ré excellent efficiency, relatively high energy

density and negligible environmentaipacts.

Common applications are those requiring continuous cycling, high reliability and high
power. These inclde load following, peak power supply and Ug&tems. (Ruddell
2003:11.)

As for the other emerging storage technologies, the high costs are the primary restraint.
Another setback is the comparatively high standing losses. Current systems have self
dischage rates of approximately 28 of the stored capacity per hour. Therefore,
present telonology is not suitable for loatgrm storage. However, these improvements
within these areas are naturally the main aims of the ongoing research. Othep-develo

ment tgics are bearings which incorporate superconducting materials. Compared to
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conventianal magnetic bearings, losses may be hundredfold reduced (Mikkonen 2002:
786). Recent projects funded by the European Commission have focused on the use of
flywheels togethewith renewables, especially for smoothing power fluctuations from
wind tubines.(Rudel I 2003: 4b12.)

6.2. Compressed air storage technologies

As for most of the energy storage technologies, the basic principles behind compressed
air energy storage have been known a long time, but the concept has still not beeen wid

ly utilized. The systems ste energy by compressing air into a reservoir. When energy

is needed, the air is released and the pressure is used to drive a turbine connected to a
generator. Depending on the used storage facility, two different constructions are disti
guished: CAES an€AS. Furthermore, an improved adiabatic CAES modification is

examined.

6.2.1. Compressed air energy storage

The compressed air energy storage (CAES) system is based on conventional gas turbine
technology and utilizes the elastic potential energy of compressgdesGazarian

1994: 100). To opinize the use of the storage space, the compression phase includes
cooling of the air, which is pressurized to approximately 75 bar and storetyrouiel

in an airtight facility. This is the most important part of the CAESStem. There are
basically three different solutions in use: constructed rock caverns, salt caverns-and po
ous rock formed by watdrearing aquifers are potential alternatives. Aquifers may be
paticularly interesting because the compressed air displae¢esy and thus sets up a
constantpressure storage system. Additionally, they are currently the most economical
option (Vepakomma 2003: 58). After the air is released from the reservoir, i-is pr
heated in a ragerator, which reuses the energy extradigdhe compressor coolers.

Next, the air is mixed with gas or oil, which is burnt in the combustor. The ensuing
combustion gas expands in a turbine connected tonerager. (Cheung, Cheung, De

Silva, Juvonen, Singh & Woo 2003: 17; Lee, Kim, Park, Moon&&n 200 7 : 2b3.
Figure 11 illustrates the operation of a typical CAESieay.
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To this day, only two CAES plants have been realized. The first one was constructed
already in 1978 in Huntorf, Germany and has a power output of 290 MW. Nearly two
decades agan 1991, the most recent system was built in Mclntosh, USA, with a power
rating of is 110 MW. However, in the U.S. alone, more than 10 plants are currently b
ing planned. A considerable modification in the upcoming ones is that theressor

and gas turlme will no longer be mechanically connected through a shatft. Instead, a
motor-compressor unit and a gas turbine unit operate separately, and are only klectrica
ly connected. The largest storage plant in Norton will have an estimated output of 2700
MW.(Crot ogi no 2003: 6b7).

l\ Peak-day
. Electricity Out

Not to Scale

Limestone Cavern

-

Air In/Out

Figure 11. Schematic of a CAES system (ESA 2008).

Calculating the specific energy for an unusual shaped volume is difficult, but assuming
an isobaric CAES system where the piston moves without friction, a simplified @olum

tric energy density isigen by (Lee et al. 2007: 2)

1 Vdv 1 \Y/ V
E=—nRTR—="—"PV.In-2=P In-2, 22
A an_ V, oVo 1y, oy, (22)

o

whereV, andV are the initialand final volumesn the number of moleR} the gas co-

stant, T the tenperature andéo the pressure.

The advantages of CAES include the use of an unlimited andtbeege medium and a

construction made of wellnown and reliable parts. Owing to the modular desiga, u



59

grading is favorable since the system parameters are independent of each othdr: the abi

ity to store energy is adjusted by the number of motonpresso units, the electricity
gereration output is increasable through additional gas turbine units, and the storage
capacity can be raised by employing further caverns. Flexibility is indeed characterizing

for the technology; full load output can typically ached within ten minutes. (@o-

gino 2003:68) . On the other hand, t he nexed for
tensive implementation of the technology. However, solution minfras been s

gested as an attractive possibility, and suitable Palaeozoic salt deposits are indeed avai
able in lage parts of northern Europe (Buo ugh et al . 2004: 6b7) .

The systems are mainly used in centralized energy generation and may have energy st
rage capaities up to 10 GWh power outputs up to 2700 MW (Bauer & Lee 2004: 7; De
Boer et al. 2007: 6). Because CAEystems are incapable of reverse operation (i.e.
compression of air) and often suffer from poor efficiency (belowdOthey are cons

dered insuitable for star@llone systems (Cyphelly 2002: 5). Furthermore, as #erim

ty of the expansion power haslie generated by a fuel burner to avoid excessive te
perature decreases, the constructions are not renewable energy concepts. Nevertheless,
the technology is reckoned to form a successful combination with wind farmsoMore

ver, the dependence on fossil &ied suggested to be attended to by the use of biofuels
(Denholm 2006: 1356).

6.2.2. Advanced adiabatic compressed air energy storage

To avoid the losses in form of heat energy that inevitably occur during the compression
phase of a conventional CAES systeadyanced adiabatic CAE@RA-CAES) techné

ogy is suggested. In the adiabatic cycle, heat energy is extracted and conserved in a
thermal energy store before the compressed air is transferred to the cavern.néhen e

gy is needed, the air is brought back ancgt@®mbined with the heat energy, prior to the

expansionthrough anair turbif®ull ough et al . 2004 . 1b2.)

3 Extraction of soluble minerals from subsurface strata by injection of fluids and controlledaiemfiov
mineratladen saltions.
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This procedure does not only increase the storage efficiency but, above all, obviates the
need for burning fossil fuel and thus eliminates the gnobWith the enssions. Thus,
AA-CAES offers a solution to the major constraints for employment mpoessed air

as a truly renewable energy storage medium.

The key component, the thermal store, is designed to have a storage capacity in the
range o000 MWB Withh 8ubstantial heat extraction rate and a high consistency

of the outlet temperature. Of central importance is the store container, based on which a
division into liquid and solid systems is made. The former often employ a keat e
changer, whiclaverts the need for a pressurized container, but entails additional costs
and complexity. A duaimedia approach with nitrate salt and mineral oil has torbe e
ployed to cover the temperature range from 50 to°€50This concept is being tested

for solar hermal power stations. The alternative is to use a solid medium, which enables
a high surface area for heat transfer and the use of cheap materials, such as natural
stone, concrete and metal. On the other hand, the costs for pressurized containers are
greder. (Bullough et al. 2004: 6.)

Apart from the thermal store, the structure of the systerasigdlly the same as for the
conventional CAES plant. However, the components require supplementary modific
tions. Essential is further development of the congmredesign, in order to reach hig

er pressures (up to 160 bar) as well as temperatures (up RCHEIMultaneously.
(Bullough et al. 2004: 5; Meyer 2007: 3.)

The development of the technology is still in its infancy, but e.g-thmework 5 Po-
grammeof the European Commission actively undertakes research. The aim is to reach

an efficiency exceeding7,t o a cost U kWhOQWBHXB®BL1 A de mo
stration plant is estimated to be constructed in five to ten years. (CORDIS; Meyer 2007:
3.)

6.2.3. Compressed air storage

The compressed air storage (CAS) concept, occasionally referred to asstiA&SR, is

aninteresting modification of the larger CAES system. The air is pressurized bysa tran
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former and stored in higpressure tanks. In this manner, power ratings of up to 100
MW are still achievable (McKeogh 2003: 18). The two configurations mainly ased t

day ae the liquid piston design and the directiaoil interface system.

Theliquid piston desigremploys a fixed displacement pump/motor, which is controlled

by a solenoid poweredway spool valve. This works in a pulse width modulation se
vo-loop with a flywheel designed to maintain a lesmppled speed for the aon
tor/generator. The gas pressure is varied in order to the energy content of the system.
Owing to the low speed of the compression and expansion processes, an almatst perfec

ly isothermal perationis achieved.Gyp hel 'y 2002: 5b6.)

This design is considered the more probable dleon successor to leaatid batteries,

as it can be constructed from already &aldé standard parts. Furthermore, it is close to
maintenance free. The constraints are high weightvahame, wherefore high power

but low capacity applications are likely. In this field, the system is already a cost and
performance competitive alternative. However, the staybsses are still high andrfu

ther improvements are necessaryfelly 200266 1 3 . )

The direct air-to-oil interfacetransforms air pressure into oil pressure by cyclical e
pansion or compression phases. This technology enables the use of an approximately
ten times smaller cylinder volume, since the vessels are only filled witf laig. re-

quires the addition of an interface with a control valve and anibfreat exchanger,

which ensures an isothermal process during cosajare and expansion. Because the air

is taken from the atmosphere (compression) or exhausted (expansion) ex-fittfl

arrangmentis necessarf. Cyp hel ly 2002: 5b6.)

Besides the higher cost due to the need for additionastandardized components, the
efficiency of this s ycertossomeffecsis Idsb@n thé otheo we r
hand, there is no need for an oil reservoir and the geovalume is reduced. Thised

sign is suggested for seasonal storage. The technology is currently still under research
(lEA 2004: 63). (Cyphelly 2002: 6b10.)
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Another future possibility is to store the pressurized air containers underwater, at the
bottoms oflakes or seas. The benefit of this system would be a constant charge

discharge pressure, determined by the depth.

6.3. Pumped hydro storage

Pumped hydro storage is also an old concept and was until 1970 the only commercially
available option for largscale eargy storage. At the time present, it is still the most
used utilityscale technology, with a total of more than 90 GW installed. (Cheung et al.
2003: 13; ESA 2008). This mainly owes to the provided capacity, whichrrierntly

both in terms of energy ambwer superior to all other availablstions.

A pumped hydro storage plant uses two reservoirs, one located at a higher elevation
than the other. Energy is stored leyersing the turbines and pumping water from the
lower to the upper reservoir. The iI#d water can be released on demand and the-oper
tion is similar to that of a hydropower plant. As the water flows back into the lewer r
servoir, turbines coupled to generators are powered. The power capacity is set by the
difference in height between theservoirs and by the flow rate. A schematic ofa st

rage system is seen in Figure 12.

Main Access Tunnel
i»Surgo Chamber

T

Powerplant Chamber

Discharge

Breakers

Transformer Vault

Figure 12. Facility diagram of a pumped hydro storage system (TVA).
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In contrast to the early constructions, with a separate motor and dynamo, masdern sy
tems use combined genenatootori units. Thus expenses for separate pipes are saved
and currently efficiencies exceeding 80 % are reachable. (Cheung et al. 2003: 13.) The
largest existing power output, 2400 MW, is achieved by a plant located in Guangzhou,
China built in 2004.

Theavailable power output for a hydro system is (Paish 2002: 540)
P=A gQH, (23)

where d is the hydraulic efficiency of the turbing,the water density, g the standard
gravity, Q the volume flow rate anél the effective pressure head of waseross the

turbine.

Due to the large storage capacity and negligible distfharge, pumped hydro storage

can normally store energy for more than half a year. Moreover, despite the size, the r

spond times are rapid, cold starts typically taking one to foiautes.Full charge is

nor mally reached within 5b20 minutes. Furth
and the effects on the landscape are, unlike those of hydroelectric dams, minimal. O

ing to the simplicity of the esign and the huge storage capacity,dperating costs per

unit of energy are typically lower than for the other technologies. (Bradshaw 2000:

1554; Cheung et al. 2003: 14.) However, the capital costs, for building dams and huge

underground pipes, are massive, which limits the use denagily.

Moreover, according to Brauner (2008: 39), further increases in power ratingoand st
rage capactity are still crucial for the use of pumped hydro storage together with wind
and photovoltaics, due to their low number of full load hours (approximately 2000

h/year and 1000 h/year, respigely).

Since hydro generators typically have rapid stgxtand response times, which add
tionally is combined with flexible water release timing, they are considered ideal for
balancing wind energy fluctuations (Tekes 2008Y}. Z'his concept could be furthee-d

veloped by implementing pumped hydro storage as well.
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Obviously, feasibility is closely linked to the geographical properties of the terrain and
suitable locations are difficult to find. Consequently, the majority oé#isting storage
systems are conventional hydro power plants equipped with synchronous machines.
These are run at constant speed in order to obtain high efficiencies. However, evolving
concepts employ cycloconverters, which allow the turbine to operateriable speed.

This entails advantages such as improved efficiency at partial loads, increased turbine
lifetime and a highly dynamic control of the power deted to the grid(De Doncker,
Meyer, Lenek & Mura 2007: 3)

As an alternative to conventionalimped hydro storage plantsnderground instad-
tionsare suggested in order to expand the geological possibilities. Since the system only
requires an area large enough for an upper reservoir, the siting is more flexiresE

ly in the combination withenewable energy sources, this is of utmost importance, as
the storage can be located at the sites optimal for generation. Suitable geology is, ho

ever, necessary for the underground cavern which serves as second reservoir.

A further advantage of such astgm is increased efficiency due to the vertical water
flow, which eliminates losses associated with transverse flow. The employment of a
single surface reservoir also reduces tharemmental impact, and potential river dams
and overground powerhouseg auperfluous. Moreover, wildlife habitat disruption and

noise are reducedLevine, Matin & Moutoux 2007:11.)

Although no largescale underground pumped hydro storage plant has been realized,
several studies indicate that installations sized betwee® 460 3000 MW have ee

nomic potential. Case studies even suggest that the system is economically competitive
with leadacid batteries (Martin 2001: 73). Moreover, explicitly the expansioreof r
newable energies is increasing the interest in the techno(bgyine et al. 2007:
112 4) .

6.4. Conclusions and comparison
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Whereas the parameters for older flywheels are comparable to those of Haeitead
battery, newer technology is able to match supercapacitors in terms of specific power
(Ruddell 2003:9) and advanced batteries in termsnefgy density. With respect to
cycle life, flywheels are supreme.

Flywheels represent more than 95 % of thecatted new energy storage technology
sales (flywheels, SMES and supercapacitors) and are also considered one of the most
promising technologief replacing the leadcid batteries for a large variety of appl
cations. The sales rate is expected to grow approximately 8 % per year. A key factor
driving the market is the predicted growth in utilization of renewable energy. (IEA
2004: 40; Rddell 2003 5.)

CAES offers energy storage capacities and power outputs that are second only to those
of pumped hydro storage. Currently, its main renewable application is plannedoto be t
gether with wind parks. However, when combined with biofuels, CAES represents
interesting alternative for several applications in the lmage storage category, mai

ly competing with the more established pumped hydro storage. Geological restraints

are, however, a constraint for more extensive use.

The modified AACAES undoubtely yields great future potential, as a completely
green, higkefficient solution. The parts for the system are already far developed and an

optimization of the overall system is currently the target of the research.

CAS is a mature, reliable and enviromtaly benign technogy suited for higtpower,
longterm loadleveling applications. Already available at reasonable costs, further i
provements within energy efficiency and selischarge, would certainly make it an able
successor the leaakcid batery.

Pumped hydro storage is clearly the largest available system and therefore offer unique
possibilities, but is due to high investment costs able to compete witladahbdteries
only for considerably larger applications. Furthermore, the potential évagd in

America and Europe has already been utilized to a vast extent, wherefore majer expa
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sion would have to be implemented in the developing countries in Africa and Asia
(Cheung et al. 2003: 15).

An interesting future possibility is also to utilizeetthuge capacity of pumped hydro
storage on a much larger scale, for balancing energy between regions. Thus, laeal cond
tions could be fully exploited, as wind turbines, photovoltaic arrays and storage facil

ties all are optimally sited.

From a siting pergective, underground pumped hydro storage is a more flexible alte

native, which therefore is attractive in the combination with renewable energy sources.

Table 9 provides a representative compilation of the patexsnfor the energy storage

technologies utizing mechanical energy.

Table 10 provides an overview of the costs for flywheels, compressed air erergy st
rage, compressed air storage and pumped hydro storage. Since the costs for flywheels
are highly systerspecific, the sizes are specified as fokowhe highspeed flywheel

for distributed generation has a power capacity of 18 kW and an energy storage capacity
of 37 kWh, whereas those for power quality applications are in the rang®ds 220 0

kW and suited for storage between 20 seconds and 15 minutes.

Table 9. Comparison of mechanical storage technologies (Boyes & Clark 2000:
5; Cyphelly 2002: 8; De Boer et al. 2007: 6; Dell 2004: 162; IEA 2004
45b74; McKeogh 2003: 18; Ruddell 2003

Mechanical storage FW: Low/ High CAES /CAS PHS

P [MW] <165/<0.75 2563 000 / 100b4 0]
E [MWh] <100 200 10 000/ N/A 500 15 000
Power dens. [Wkg] 160* N/A N/A
Energy dens. Wkg] 55100 N/A /| 3.28 N/A
Efficiency 0.90/0.93 0.64 / 0.6 0.70b0.
Self-dis. [% / month] 72 25%* b
Resp.time <1 sbmin sbmin
Dis.duration 1i20 h / 1120 h / 16b 4711000 h
Lifetime [cydles (years)] | 1 0e5b10[ 10 000 / 20 0 N/A (75)
Op.temp.range [°C] 1207 +40 N/A /71107 +50 N/A

*Estimation based on Ruddell 2003: 9
**Stand-by mode (There is no salischarge in open circuit conditions)
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Table 10. Costs for the mechanical storage technologies (Schoenung et al. 2003:
30b32) .
Mechanical storage: costs FW: High FW: Low CAES CAS PHS
Energybrel ated cost N/A N/A 2.6 N/A 8.7
% Power brel ated cost N/A N/A 370 N/A 70b9
S Bal ance of plant [ N/A N/A 43 N/A 35
% Re pl acement cost [u N/A N/A 0 N/A 0
@ Re placement fre quency [yr] N/A N/A None N/A None
Fixed O&M [ G / k Wby r | N/A N/A 22 N/A 22
Energybrel ated cost 870 N/A N/A 104 N/A
L Powerbrelated cost 261 N/A N/A 478 N/A
§ Bal ance of plant [0 0 N/A N/A 43 N/A
o Repl acement cost [ 0 N/A N/A 0 N/A
e Re placement fre quency [y1] None N/A N/A None N/A
Fi xed O&M [0/kWbyr]l 870 N/A N/A 8.7 N/A
o Energybrel ated cost/|870b10 43478 N/A N/A N/A
§ Powerbrelated cost 261b2 261 N/A N/A N/A
% Re pl acement cost [uU O0bl139 0 N/A N/A N/A
8 Re placement fe quency [yr] >16 None N/A N/A N/A
Fi xed O&M [0/ KWbyr ] 43 43 N/A N/A N/A
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7. THERMAL ENERGY STORASES

This chapter assesses the characteristics, present use awd-Htatart situation of si-
rage technologies based on thermochemistry: sensible heages@nd latent heatost

rage.

Thermal energy storage is one of the most traditional concepts for storing ernergy. E
sentially, it involves capture of energy which is contained in a thermal reservoir until
required. Basically, two different storage mechasiswist: sensible heat storage and
latent heat storage. The former is based on the heat capacity of the storage medium,
whereas the latter utilize the energy associated with a change of phase of the medium;
such as melting, evaporation or a structural geatseveral lovwemperature applec

tions (below 150C) are used to provide heating and cooling, but these are rather heat
generation technologies than energy storage techniques. Thus, these systems are not
analyzed in this thesis. However, systems witfhér temperatures (exceeding T8,

allow heat to be transformed into electricity in a thermal machine (steam generator
turbine alterator). (IEA 2004:73; TeiGazarian 19945 7 b6 2 . )

7.1. Sensible heat storages

The arrangement employs two reservoirs with different temperatures. Duringpthe st
rage phase, a heat pump is driven to transfer heat from the cooler reservoir to-the wa
mer. When the energy is required, the thermal engimsfoams the heat into mechan

cal energy, which is finally converted into electrical power.

The sensible heat storage process described here utilizes a solid storage medium, which
is the most common solution, even though groundwadsed systems do exid well

(Alanen et al. 2003: 13). The low temperature vessel contains porous solids, which a
low vertical gas circulation and consequently heat exchange between them. As the st
rage phase starts, the top of the bed of solids is at a medium temperatuie (evgl

380°C), while the bottom temperatuiig is low (e.g.-74°C). The high temperature
vessel fetures an analogous construction, except that the tempefatofeipper layers
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of solids is extremely high (e.g. 78Q) and the bed temperatufg is approximately
equivalent to the ambient temperature (e.g°@p The reservoirs are opled by a heat

pump which comprises a compressor and an expander. The gas circulates in a closed
loop. (Ruer 2007: 2b3.)

During loading, the solids in the low temperature vessel gradually cool down and the
thermal front between the solidsTatandTs; moves upwards. Simultaneously, the opp
site occurs in the high temperature vessel, wherefore the condisgofront travels
downwards. (Ruer 2007: 3.) The operating principle during the storage phase a&d-the sy

tem is shown in Figure 13.

ELECTRICAL ENERGY

ELECTRICAL
LOW TEMPERATURE DRIVE HIGH TEMPERATURE
VESSEL WESSEL
ILTV) | | (HTV)
|
m | ]
Medium -
temperature ; nght
N emperature
T: (380°C) HEAT T, (780°C)
IRRRR PUMP
Cold = Ambiant
temperature
T: (20°C)

temperature —

COOLER

Figure 13. Schematic of a thermal energy storage system during the storage phase
(Ruer 2007: 3).

As the energy is retrieved, the h@amp is replaced by a thermal engine and the-ele

trical drive by a generator. In this case, the gas circulates in the reverse direction and is

cooled prior to compression, in order to minimize the requiredwBkiér 2007 : 3 b6.

Large reservoirs make the system suitable for storage for several hours and the storage
capacity can even be tens of thousands of megdwaits. The effective energy density

is in the range of 35 to 50 kWHh/rand overall efficiencies exeding 70% are achiea



7C

ble. Moreover, the system is not restricted by geographical conditions andeauiles

a cooling medium; water or air. (Ruer 2007:

In the foreseeable future, the operating temperature is expected to rise from awn appro
imate 80°C to over 1000C, which will entail energy densities of 60 to 100 kWH/m

and efficiencies higher than 80 (Ruer 2007: 11)urther progress in material tectno

ogy is the key, since these extreme temperatures cause problems such as corrosion and
heatshocks (TeiGazarian 1994: 63).

7.2. Latent heat storages

Latent heat storage, i.e. phase change based storage, is a technology based on the use of
materials with high latent héaof fusion and crystallization. The enthalpy of the phase
transition, i.e. the eargy released or bound, is utilized. Most commompleyed is the

change between solid and liquid states. Commercially used storage media are water, salt
solutions, hydrates of inorganic salts and fatty acids. In comparison to sensibl@heat st
rage, a higer energy density per degree of terapge change, over the temperature

range surrounding the fusion point, is achieved. Furthermore, heat can be supplied at a
constant temperature which enables storage of large amounts of heat, with small te
perature dferences. (Alanen et al. 2003: 14; K@azarian 1994: 63.)

As the stored heat is released, it can be used to generate electricity by driving steam tu
bines. Such an arrangement is especially interesting for smaliskamel systems, since

it is more compct than a conventional solution with secondary batteries. An attractive
combination is together with solar power and suitable applications are, for ins@nce, s
lar homes, local radio transmitters, mobile telephone stations and satellites. (Venere
2001.)

Problematic is, however, the formation of voids when the materials freeze arel cons

quently shrink. Hence, the heat transfer of the material, which is stored in series of me

4 The amount of energy, in the form of heat, released or absorbed by a substance during a change of
phase.
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al cells, suffers from gaps. Certain sizes and shapes, e.g. torus formats, disthesce

suggested tamprove the control over the voids. (Venere 2001.)

7.3. Conclusions and comparison

A system based on storage of sensible heat offers the unique combination of flexible
siting and the ability to hold energy amounts suitable for bukk sto@g@g to these
properties, the concept has the potential to become a competitor to the established
pumped hydro storage and compressed air energy storage fosdailgeapplications.
However, the actual costs of the system still need to be definedjen torevaluate its
competitiveness.

Latent heat storage systems are only suited for ssoale applications and are due

technical limitations likely to remain a niche.
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8. CASE STUDIES

8.1. Initial arrangements

8.1.1. Background

In order to assess the concrete bes@fftenergy storage for renewable getien, two

fictive scenarios are devised. Both are staluhe systems which are deded with data

from a weather station located in Burgenland, eastern Austria. In the ftsimsyan
Enercon E40 is employed, repsenting a commonly used whidrbine in Austria
(Austrian Wind Power 2007). The second scenario features a simplifiedvphaic
system. A load profile for 100 households is used as basis for the models. Theiconcom
tant analysis is implemented in two gde First, an assessment of the gains in form of

energy is made, and is then extended by an evaluation of the profitability of storage.

The fundamental concept of the following scenarios is presented in Figure 14. Eompar
sons are made between a tradaibsolution, consisting of only generation and load,
and a more advanced system employing energy storage.

Generation Load

Generdtion Load

Energy
storage

Figure 14. Fundamental concept of the scenarios.
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8.1.2. Weather station

The weather station, which is located in the state of Burgenland in easteria Aus-
vides information regarding wind speed [m/s] and solar radiation fjvAvhich are
used as basis for the generatiordels. The values are given every half an hour for the
year 2006.

8.1.3. Load profile

The employed load profile, provided by Energie AGesterreich (2000), is an est
mation of the electricity consumption for 100 Austrian households in 1991. Considering
the autonomy of the models, it is essential that the selected load profile is expressly for
households withouachtstromi.e. with a spcial night tariff and thus without the go
sibility of utilizing off-peak electricity. A sample of the used data is displayedain T
ble11.

In order to make the data comparable with that of the weather station, as well as to en
ble an upto-date assessmermtn approximation of the increase to the level of 2006 is
performed. Therefore, the total increase of the electricity consumption of Austrian
households between the concerned years is considered. The increase from 269.245 to
276.128 TJ (Statistik AustriaOB8) corresponds to a factor of 1.02556, which is used

for the ecalculation. Moreover, since the load data is given for every qaotar, it

has been rapproximated to match the corresponding data of the weather station, that
is, with an accuracy of ffaan hour. The processed data is finally used as basis i+ mo
eling communities of different sizes. For the small settlements considered here, the
change of the load profile characteristics that occurs as the number of households

grows, is assumed to begiligible.

The load profiles are given for winter and summer, as well as fokdags, Saturday
and Sunday. These options are suitably combined in the models, assuming tleat the p

riod April to September is equivatend.to

~

ns
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Table 11. Load profile for 100 households 1.1.1993 1 . 1 2. 1991, wit hou

tariff (Energie AG berdsterreich 2000).

ENERGIEAG

Oberdsterreich
Lastprofilanalyse

Haushalt ohne Nachtstrom, Messung 1.1.1991 - 31.12.1991
(~100 Haushalte)

Leistung in kWel

Winter Sommer Ubergang

Uhrzeit | Samstag | Sonntag | Werktag | Samstag §{ Sonntag | Werktag | Samstag | Sonntag i Werktag

0:15 30.40 34.20 27.87 27.33 29.28 23.86 28.71 29.55 24.12
0:30 29.40 31.60 26.24 25.44 27.75 22.78 26.43 28.15 22.80
0:45 27.40 30.10 25.61 24.22 25.75 21.73 24.71 27.15 22.70
1:00 26.85 28.40 24.46 22.94 24.34 21.34 23.50 25.82 22.07
1:15 25.55 28.05 24.17 22.00 23.99 20.47 23.29 24.15 21.79
1:30 24.90 26.40 23.80 22.17 23.22 19.97 23.07 23.68 21.54
1:45 27.50 29.00 26.34 23.72 25.34 22.81 24.57 25.08 23.75

8.1.4. Energy storage model

The main concept of the energy storage model is presented in the block diagrgm in Fi
ure 15. First, the difference between the generation and the load is calc8latplus

energy is stored, and if the capacity of the storage is exceeded, the exceeding share is
dissipated. On the other hand, if the generation and storage cannot supply the required

load, the energy shortage is registered as deficit.

Dissipation

Load 1
Difference — Storage

]
Generation j [ | —|—> Deficit

Figure 15. Block diagram of the energy storage model.

Initially, the model calculates the difference between the generated and the consumed

power for every hathour and converts it into energy, in accordance with
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Ediffn = (F)ger\1 - I:)Ioac% )tinterval’ (24)

whereE; is the energy differencep,, is the generated power arig,,, is the cor

sumed power during the intervalandtiniervalis the duration of the interval.

After receiving a possible starting capadiy the stéus of the energy storage system is

computed so that the energy difface for the previous period is continuously added

E = Estoragtg + Ediffm1 ’ (25)

storagg .,

where E is the status of the storage system.

storage

This occurs under the condition thaketobtained result is not negative, in which case
the storage status is set to zero and the negative sum is exported and categorized as

energy deficit

- "Estora w1 =0
Estorage, + Ediffn+1 ¢ OY lF - =E +E ' (26)

f deficit,, storage diff 1,1
Moreover, if the result)xeeds the preset storage capacity, the stotagasss fixed to
the value of this and the difference between the sum and the storage capacity is exported

and categorized as dissipated energy, in accordance with

- ‘éEstoraggﬂ = Ecap
Estoragg + Ediffn+l 2 Ecap Y % E -E +E ’ (27)

diss, g storage diff .., = —cap

whereEcapis the preset capacity of the storage.

For all other cases, the attained sum is the current storage status. The efficiency of a

specific storage technology is not considered yet.
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8.2. Wind power system

8.2.1. Generation model

The features of a thre@laded Enercon-0 are used for modeling the wind generation.

Theturbine @rameters which are essential for the model are listed in Table 12.

Table 12. Parameters of the EnercordB turbine (Austrian Wind Power 2007).

Rated power 500 kW

Rotor diameter 44 m

Hug height 78 m

Cut-in wind speed 2.5m/s

Cut-out wind speed 28 m/s

Turbine concept Gearless / variable speed / variable pitch control

Since the wind speeds provided by the weather station are measured close to ground
level, they are recalculated for the altitude of the turbine hub, in accordance with

(Brauner 2004)

Vy = 10?_69 ' (28)

wherevy is the speed at the requested heighy,the speed at 10 meters heigHtthe
requested height amgthe exponential factor. This describes the surroundings of the site

and is chosen according to Table 13.

Table 13. Considerabns and values for the exponential faggdBrauner 2004).

Surroundings g
Open areas with few obstacles, flat farmlands, coasts, seas and deserts 0.16
Areas with regularly scattered obstacles in the range of 10 to 15 m: residential

areas, forests and coppices 0.28
Areas with large randomly scattered obstacles: city centers, very uneven areas

with considerable amounts of obstacles, e.g. trees 0.40




77

Since Burgenland is a typical example of the first category, the value 0.16 is chosen for

the calculations

The power output of the turbine is calculated according to (Brauner 2004)

P=P,_cC (29)

max~p !

wherec, is the coefficient of performanteand Pmay the maximum available power

flow. The former can be obtained as (Brauner 2004)

2 2

v, 9
c, -—§+—% 22y © (30)
17(; elu_

provided that the wind speed in front of the rotor and the wind speeg behind it are
known. As this is not case, the parameter is set to 0.5, which is representative for a
modern rotor (Ngrgaard & Holttinen 2007: 1). Hereaf@®faxis substituted with egar

tion 27 (Brauner 2004)

Prsc = 5 AV, 1)
where} is the air density and the area of the cross section swept by the rotor. The
density} is set to the standard value 1.2 kgjimthe model. The areAis calculated in

accadance with the sific rotor diameter and is hence approximately 1521 m

Next, the computed power values are filtered so that all values received for codrespon
ing wind speeds below the eut speed and above the @it speed are set to zero, as

follows

£V <ch-in
f oy p =0, (32)
fvln >V

cut- out

® The teoretical limit on energy extraction fromthe wind, using the concept of a wind turbine, is known as
the Betzimit: Comac 1 6/ 27 40 . 59 3.
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wherevetin is the cutin speed of the turbinecuou is the cutout speed an@, is the

power output.

Moreover, all power outputs exceeding the rated power are fixed to this value (the rated
wind speed is not Uized since the available data sheets provide different information
and sheets from the producer are not available for this turbine type), in accordance with

I:)n 2 PratedY F)n = Prated'

(33)
Thus, the values used in the model are finalitamed.
8.2.2. Modeling the sgtem

Energy balance

The community, which is to be supported by the wind turbine and the storage system,
consists of 120 households. This corresponds to an annual load of 517 MWilatedlc
in accordance with the load profiles used. The employed turbmerafe s actal of 534

MWh in the considered year. Hence, on an annual basis, the energy balance is positive.
Full-load hours

Correspondingly, the number of fulad hours, cleulated as

a P®
P

rated

: (34)

is 1067 h. Figure 16 illustratesetlielationship between generated power and tine nu

ber of hours the concerned power out is attained during the year. As seen in the figure,
the turbine reaches its full capacity only 111 hours and a power output exceeding
400kW only 188 h. Thus, it can &ady be concluded that an energy storagéesy

suited for storing all of the energy otherwise dissipated, is not economically feasible
since the gains of such a large system would be comparatively small. On the other hand,
the tubine is not operating atll for 1306 h and generating less than 100 kW for 7186 h,
which creates a need for additional energy supply during this time.
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Figure 16. Duration curve of the modeled wind power system, year 2006.
Seasonal situation

Figure 17 illustrates the seasonal variationthefpower output (the blue curve) and the
load (the green curve) of the considered system. Even though the total generation
matches the total load, the intermittent nature of wind leads to continuous dégren
which are plotted in Figure 18.

Figure 17. The powe output and the load during the whole year.

The corresponding energy disparity between the generation and the demand over the

year is illustrated in Figure 18. Also interesting are the considerable seasonal differen



