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feasibility of incorporating different batter
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finally, the dynamic behavior of the battery

analyzed under various generation/load conditions
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Preface

The present Master thesis entitf@jptimal sizing and operation of battery storages in
standal one hybrid power systemso was conducte
Energy Technology, Albrg University, between™of Februaryi 31% of May 2012.

The main purpose of this thesis is the investigation of optimateEl$hology,size
location and operatioffior the islandedhybrid renewable power system of Agios
Efstratios.

Reading Instructions

In order to simplify the reading of the project some details about the way it is
structured are presented. Detailed information about the literature used is illustrated at
the bibliography. Figures and tables are numbered in arithmetical order. Bguato
presented like (X.Y), where X is the chapter number and Y is the equation number.
For the values, the point is used as decimal separator.
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Summary

Severalremote islands in Greece are not interconnected to the central power network because

of the high cost of the required infrastructure. As a result, their electricity demand is satisfied
by dieselfueled gaeratorsThose kinds of units havegh operational @st andare associated

with various environmental drawbacks. Those problems can be limited through integration of
renewable energy technologies such as wind and solar generation Turetsgreatest
challenge in renewableased networks is the negotiatiohpower fluctuations brought by the

stochastic nature of renewable energy sources (RES). A commonly used method for balancing

those variations is the implementation of energy storage (ES) devices in parallel to the
renewable ones. Storages provide regotafind ancillary services and enable an increased
RES penetration in the networkgios Efstratios is one of the most remote islands located at
the north part of the Aegean SEaue t o t he islandés | ocation
in its autononous power station (APS) is high and this fact increases the cost of electricity
production. On the other hand, Agios Efstratios provides suitable environment for RES
integration due to its abundant wind and solar power poteftial main goal of this tlsts is

to investigate the optimal size of an ES unit included in a hybrid renewable power plant at
Agios EfstratiosFor that scopehe initial step isto analyze the attributes and applications of
various storage technigsim order to focus on those technologies whidhraost suitable for

RES support.The comparison showed that batteries are suited for that purpose. In the
following, simulation models are developed in HOMER software tool. Various RES and ES

types and capacities are considered and the most feasible combinations with respect to the net

present cost (NPC) are calculated. The resultshave been assessed according to three scenarios

each of them representing a different policy and encountering severa constraints. Moreover,
thisthesis eval uates the feasibility of addressinglifferent battery types according to their co<t,
efficiency and cycle lifetime. An aternative option for the electrification of the island is the
interconnection through submarine cable with the power network of Lemnos which the
closest idand to Agios Efdtratios. Afterwards steady-state analysis of the existing network
topology is carried out considering typical cases of seasonal demand (summer- winter). The

static model is developed in DIGSILENT PowerFactory simulator and the systemé behavior
isinvestigated (voltage profile, loading of lines and transformers). In the following, thisthesis
discusses the issue of optimal placement for the wind, solar and storage units. The main
criterion which is used for this evaluation is the improvement of steady-state voltage
magnitude and minimization of power losses. The final part of this study analyzes the hybrid
system&s stability. An aggregated dynamic model is constructed based on built-in models

from DIgGSILENT library. The results illustrate the battery& capability to manage the
frequency and voltage variations under various cases of generation/load unbalance. Moreover,

this study proves the importance of battery operation in systems with high RES penetration.
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Chapter 1i Introduction

1.1 Background and motivation

Among thel65inhabited islandscattered ovethe Aegean and lonian Archipelago region in
Greece, lhere are 50 islands whire notinterconnected to the centrawer network of the
mainlanddue to their remote location and high cobtrequiredinfrastructuresand so, thie
electrification is based on Autonomous Powgst8ms(APS) The annual electricitdemand
of those islandss around 250@GWh (PPC 2011)as illustrated inFigure 1. The largest part
of the energy production comes from diesel postations and only a small fractidrom
renewables (wind and solar farms)

Total Energy production

2%

m Wind power stations
0 Photovoltaic stations

B Thermal stations

Figure 1 Total energy production share at norinterconnected islands for 201XPPC 2011)

There are a number oftechnical, environmental and economic drawbacks related to the
operation of diesel stations thdefy their sustainabilit and, for this reasons, the trend
nowadays is to limit their participation in total energy production and gradually replace them
with Renewable Energy Sources (REMparin, Alves and Zervos 2005)

Technical inconvenienciesudh as low power quality and black outs are frequently being
recorded at non interconnected islgnoisnging economic losses and affecting the life of the
locals.Also, most of the existing diesel powglants are rather old and insufficient to cover
the eyected electricity demand increasmother factor that poses additional problems on the
electricity power system of the islandstie seasonal demand. Summer peak load demand
can be approximately five times more than the minimum winter demand, while load
variations betweerN 60% of the average daily demand can occur during the same day
(zafirakis and Kaldellis 2007)

Furthermore, egarding the economic parthe transportation cost of the fuel from the
mainland to the remot®tationsn combination to the increasimqgices of crude ojlraise the
electricity generation cost significantlfs illustrated inFigure 2, energy production costs at
some of the islands cdre more than 1000/MWh.
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Figure 2 Small Greek island's peak load demand, APS annual energy production and electricity generation
cost(kaldellis, et al. 2009)

Regarding the environmental aspétis well known thatombustiorof fossil fueled engines
emitsO U gases enhancing the greenhouse effémivngrading th environmentnd posing
health risks for the inhabitant¥he strategidargets that werset for year 2020from the
European Union (EU)need to be followed by Greece whiclimposes reduction of
greenhousegases emissions by 20%nergy consumptioof 20% from renewables and
reduction in primary energy usy 20%(European Commission 2010)

In order to deal with the above mentioned drawbaaksnany non interconneet ishnds
around the world, and iGreece as wellthe system operatofsave started combing and/or
replacing he existing conventional diesstation with hybrid ones based on Renewable
Energy Sources (RESuch as wind turbines, photovoltaieV) panels andsmall hydro
power stationsDue to theirsustainability, reliabilityJong lifetime andechnical maturitythe
aforementioned technologies consist a feasible and attractive sofistiostandalone
applicationswhen properly sized, located amsditable cortrol strategiesare implemented
(Kaldellis, zafirakis and Kavadias 201Most of the islands provide suitable environment
for RES integration due to their abundant warl solar potential as shown Figure 3 and
Figure4.

Global irradiation and solar electricity potential Greece
et et ;

}N ;‘-J o
4

Yearly sum of global irradiation [KWh/m?]
<1500 1800 1700 1800 1800 _ 2000>

<1125 1200 71275 1350 1425  1500-
Yearny siactricity generated by 1KV SyStem with performance ratic 0,75 JAARHK Wl o __so oo 200 km

Figure 3 Solar potential distribution at Aegean- lonian islands (Joint Research Centre 2012)



Figure 4 Wind energy potential in Greece(Global Energy Network Institute 2012)

It is worth being mentioned that connecting some of the Aegean Sea islands with the
mainland and between them is also taken into consideriatiorter to take advantagé the
renewable energy potential in the best possible @gek Transmission System Operator
2010)

Due to thédfluctuating and intermittent characteristics of renewable resquiee&RES power
output is difficult to be pradted and because of the imbalances between power generation
and demandAPS are subject timportant frequency and voltage variations.

It is very crucial for any power system, including staahe networks to maintaining the
power quality at specifictandardized levels. Specifically, frequency and voltage stability are
the most important parts of this issaed for this reason the European Standard5SBN50
(EURELECTRIC 1995has set limits for those two parameters, whichthe case of nen
interconnected power systems are:

f 50 HzN1% (4957 50.5Hz) during ®.5% of a week 50 Hzi 6%/+4% (47i 52Hz)
during 100% of a weekmean value of fundamental frequency measured over 10
seconds)

230 VN10% (207i 253 V) during 95%of a week / 230 i 15% + 10% (195.5
207) during 100% of a wedknean 10 minutes rms values)

T 15kvN10% (13.5 16.5 kV) during 95% of a week (mean 10 minutes rms values)

In order to sustain voltage and frequency levels within the liriigery populatechnique is
the utilization of energy storageEHS) systems Storage deviceprovide regulation and
ancillary servicesenable the integration &ES units at both interconnected and stalothe
systems and allow an increased penetration of renewabld®e imetwork. Furthemore,
conventional diesel generator (DG)its may be also used either as a baglsolution or to
cover unexpected high load demand.



The case of Agios Efstratios

As shown inFigure 3, Agios Efstratios is amsall island located at the north part of the
Aegean Sea. It covers a total area of @4 and ispermanentlyinhabited by 270 peme.
During summer the population increases because of touFisenelectricity supply is based at

a diesel power station consisting of five engines with 840 kW total power cagawering

the year2010 te peak power demand was 360 k&kid theamual energy demand was 22
MWh. The electricity generation coss 326 (/MWh, which is around four times more than
the cost from conventional thermal plants in the mainldihé main generation and demand
characterists of Agios Efstratios are summarizedTiable 1. Moreover, Agios Efstratios is
included in the European ecological network NATURA 2000 because of its important
ecosystems and speci&uropean Environmental Agency (EEA) 2011)

The aforementioned high electricity generation cost and the negative impact of the diesel
power station at t he i sl andtithe Grdek Wigistry ef envi r o
Environmental and Energy affairs announe, at Juf 2011,a plan that willmakethe island

of Agios Efstratios the first renewable island in Gredce e pr oj e Greentslandil ed as i
Agios Efstratio® i s pil ot demonstration projfoessét whi ch
fuekindependenenergy pofile through achievement of high RES penetration and significant

reduction of diesel consumptiofmhe project includes the implementation of a hybrid power

station based on wind turbines and photovoltaic pangiported by ES systems and efficient

energy management controllef€CRES 2011) Figure 5 presents a diagram of a possible
configuration of the islandds hybrid system.

" station
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Figure 5 Diagram of Agios Efstratioshybrid Wind/ PV/Diesel/Storage system



Table 1 General data for Agios Efstratios

Parameter Value
Diesel power station capacity (kW) 840
Total annual energy demand (MWh) 1221
Average load (kW) 140
Peak load (kW) 360
Average wind speed (m/s) 8.65
Average sol ar powklay pot 4.43

1.2 Project dojectives

The goalof this study is to investigate the optimal siaed operatiorof an ES system
included in ahybrid renewabldased plantor the islanded power system of Agios Efstati
Furthermore,aims to optimize the hybrid system based on specific economic and policy
criteria andevaluate the techreconomic feasility of incorporating differentbattery ES
types Moreover, this thesis examind®e economic feasibility of inteoonecting the islanded
system withthe stronger network of thaeaby island of LemnasFinally, another scope for
this study i¢o analyze the steaestate behavior of the power network under normal operating
conditions find the optimal location fortie RES and ES units and ass#éss batterympactin
system stability under variogeneratiordemand conditions

1.3 Methodology

At first, various ES technologies and applications are analyzed in ordecus onthose
which are suitable for thislanded pover systemLongterm smulation models of the power
system network, RES (Wind and PV) units and storages are devétog@MER. The most
feasible types and capacities for RES and ES units are calculated considering different
scenaios. The next step is toatculake the optimal locatiorfor the proposechybrid systerd s
componentdy perforning load flow analysis for differerdacenarios (demangtofiles) using
DIgSILENT PowerFactoryDynamic analysigs carried outwith the same stivare tool,in
order to demonstrate the ES operation in siode system@ncludingcontingencies anthe
effect of variabledemangl. Apart from the technical, cost analysis for different types of
storagesis also done in ordemtfind the most feasible solution from both technical and
economic viewpoint. Thecope of this mject includessteadystate analysis of theabe case
(existing topology) islanded systemunder normal operatiorand cost evaluation of
interconnectingh\gios Efstratios witlthe power network ahe nearby island of Lemnos

1.4 Limitations
A number of limitationdhavebeen considered in this thesis as stated below.

- Thetime series of wind speed amttmandwhich were used in the simulationsre
provided from CRES and Public Power Corporation (PP€jpectively and have a time
resolution of one hour.



- The diesel price is assumed to be constant for the lifetime period of the .project
- The optimization analysis is not considering any demand side manaigactiens.

- A simplified radial model of théow-voltage (V) distribution network is used for the
steadystate analysis. This model does not represent every individual consumer.

- The dynamic analysis considers an aggregated model of the hybrid power. system

- The dynamicmodelling is based on DIgSILENStandard modeland is not within the
scopes of this study touild detailed models for the renewable and storage unite or
evaluateheir configuration parameter

1.5Project outline

This thesis is dividedn six different chapters. Chapter cbntains the background and
motivation of this thesis, sets the objectives, describes the methodology and project
limitations. Chapter 2 presents a literature overview on various ES technologies and
applications, focuag on those who are suitable ftre islanded power system of Agios
Efstratios. Further, describes similar cases and studies for island net@r&pter 3
describes the optimization analydisr the RES and ES units regarding diffatrepolicy
scenarios rad evaluates the feasibility of interconnecting Agios Efstratios through submarine
cable with a stronger gridChapter 4 presents the steaigte model development of the
current power network in DIGSILENT arifustrates its voltage profile for differeseasonal
demand. Also, investigates the optimal placement for the proposed renewable and storage
units. In chapter 5DIgSILENT standard models are used for the dynamic model of the
proposed hybrid system and illusgathe ES operation under different RHEractions,
contingencies and generation/load variatidbisapter 6 summarizes the main conclusions of
the thesis and proposes topics for future wditke Appendices contain additional results,
model diagrams and parameters.



Chapter 2- State of Art fo Energy Storage
Technologiesind Applications

2.1 Introduction

Electridty canbe stored in variouknergy StoragéES) devices aftebang converted into
mechanical, electromagnetic, electrochemarahermal energyThe aim of this chapter is to
descibe the ES technologies that are currently available or under development and evaluate
their suitability to mitigate RES variabilitfzigure 6 presentghe most typical technologies

anda classificatiorfor each type of storage
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Figure 6 Classification of ES technologiegSwierczynski, et al. 2010)

The operation principle andmain technical characteristics of each ES technology are
illustrated and compared, namely power rmgtidischarge times, response time, rotrip
efficiency, lifetime, and investment and operation cdststhermore, this chapter describes
the main ES applications and presents some aasg¢sstudiegegarding ES utilization at
existing island systems.

2.2 Overview of ES technologies

2.2.1Pumped Hydro Energy Storage (PHES)

Pumped Hydro ES is thmost matureand widespread larggcaleES technology among the
available onegConnolly 2009) A typical PHES system comprisestefo water reservoirat
different elevationgonnected by a system of waterways including a number of pump/turbine
units. During off-peak electricity demand, excess energy is used rngppuater to the upper
reservoir. When the demand is high, water from upper reservoir is released back into the
lower one through turbines that generate electridiypical roundtrip efficiency of such kind

of facilities is aroun@0%- 85%(E.S.A. 2009)



PHES systems are able to provideaielé pwer supply within a few minuteand are suitable

for frequency regulation, load levelingnd blackstart and energy managemeecause of
these capabilities, PHES can be utilized at si&lode systems, where renewable energy
technologies are usgeth order to improve power quality and increase the RES penetration
level. The major drawback of this technology are the long construction times #sd
dependence on geographical, ecological and environmental restridfioreover, although

the cost pe kWh is relatively low in comparison to the rest storage technologies (up to 20
wkwh), thehigh initial construction cost for the facilitwhich is between 500 1500 WkW
cansometimesnake PHES plants economically unattracti@ennolly 2009)

2.2.2 Compressed Air Energy Storage (CAES)

PHES and CAES are the only commercially available laogde storage technologi€3AES
systems use exceeding enexgygually at offpeak hours)aken from RES or the gritb
compress air ahstore itin large storage reservoirs. There are many geolo@pcalations

such as naturally occurring aquifers, solutioimed salt caverns and constructed rock caverns
that can be used to store compressedClien, et al. 2009)he typical power capacity of a
CAES system is between 50 MW 300 MW and its efficiency is around 70%80%.
Although this technology, due to high power and energy capacity, can be a good storage
solution for grids with RES integration, there issarious disadvantage related ttwe
dependence from geographical location. Moreover, even though the cost per kWh produced is
low (37 5 /kWh), the initial cost for the plant is relatively high (30600 WkW).

2.2.3 Flywheel Energy Storage (FES)

A FES systenis also a mechanical form of storage apeérates by storing energy in the form

of kinetic energy in a rotating maskhe centrakhaftof a flywheelrotates on two magnetic
bearings in order to reduce friction and is placed inside vacuum in order to minimize the
windage losse@Naish, et al. 2008During the charging process, the flywheel is accelerated

by a motor to very high speed and maintains the energy in the system as kinetic energy. The
faster a flywheel rotates the more energy it stadesthe other hand,uiling discharging, the

stored energy is retrieved by returning the kinetic energy to titernvhich in this case is

used as a generator. As the flywheel discharges, the rotor slows down until it stops.

The typical efficiency of a FES system is aroun&8%urthermoreghe dynamic response of

this storage technology is vefgst, it requires oy little maintenanceand itslifetime is tens

of thousands of cyclea nd doesnd6t depend ®©nthd dorgrarydthept h o f
main disadvantage is the short discharge time. Consequently, they are suitable for power
quality applications such asrefjuency regulation but only for a small time scale
(Swierczynski, et al. 2010Finally, the cost per kWh is between 758800 0/kWh and the

initial cost of the system varies from 200 to ZBKW (Chen, et al. 2009)

2.2.4 Lead Acid Battery Energy Storage (LAES)

Lead Acid (LA) batteries are the most developed, common and mature battery storage
technology.There are two types of LA batteries: flooded (FLA) and vabgulated (VRLA)

8



FLA batteriesconsist of an anode (positive electrode) and otk (negative electrode). The
electrodes are lead plates which are immersed in a mixture of water and sulphuki¢heid.

the battery is charged, the electrodes sit in a sulphuricedeidrolyte. Durig discharging,

the electrodes turn into lead sulphate and the electrolyte losses its dissolved sulphuric acid and
becomes mainly watéChen, et al. 2009Martin 2010) The operational principlef&/RLA

batteries is similar to that of FLA. The difference is that the first ones have smaller weight and
volume and lower maintenance cost but, on the opposite, they have shorter lifetime and higher
initial cost.

The average efficiency of a LA battery up to 85% andhey are able to respond within
milliseconds. Consequently, they are able to supRB$ devices at stand alone systems for
both short term and long term applicatiomsch as energy management and frequency
regulation Some of the main dravaleks are the reduced lifetime and its dependence from the
depth of discharge, the low power density and high sensitivity in temperature chéinges
capitalcost is around 000 W’kWh and150to 200 WkW (Espinar and Mayer 2011)

2.2.5 Lithium lon Battery Energy Storage (LIES)

Likewise LAES, Lithiumion batteriesare electrochemical cell$vhen the battery is charged,
lithium oxide in the cathode isutned into lithium ions and move through the electrolyte
towards the carbon anodénere they combine to external electrons and are placed between
the carbon layersin the case of discharginthe aforementioned process is reversed
lithium moves from aode to cathode.

LIES systems haviast responsejery high efficiency that can reach up to 100%, high energy
density (001 150 Wh/kg), long lifetime (around 3000 charging/discharging cycles for 80%
DOD) and minimum environmental impact. Consequentlgytban be utilized for hybrid

RES systems to improve the power quality and also for energy management. The main
disadvantage of this technology its high cost (around ®00W/kWh and 250 - 300 WkW)
because they require special packaging and internal aitege protection circuits
(Schoenung 2011)

2.2.6 Nickel Cadmium Battery Energy Storage (NCES)

Nickel Cadmium is a mature and popular type of electrochemical battetypidal NiCd

battery consists of a positive electrodeafd made of nickebxyhydroxideand a negative
electrode made of metallic cadmiuifhereare two types of NiCdbatteries: the sealed and

the vented ones. Sealed batteries are the common rechargeable batteries fscatenall
applications and gases are neleased from them. Vented batteries work in the same way as
the sealed ones but gases are released through@dssure valve during overchargiog

rapid discharging. This difference between them makes the vented batteries more robust,
economicabnd sife compared to sealed orf€onnolly 2009)

Comparing this type of electrochemical battery with LAES, it has higher energy density (50
75 Whkag), longer lifetime (2000 2500cycles)and are able to operate in wider temgpere
range Moreovertheir efficiency varies from 60% toOPb, they are reliabletheir response
time is fastandtheyd on 6t r equi r e . The adbf thisasiorage eechaobydse
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around190 WkWh and 750 WkW (Steward, et al. 2009) Furthermore, the enviromental

impact of these batterids serious since cadmium is a toxic material and brings issues
regarding their di sposal . Anot her di sadvant ag
e f f eConseguently, it imot much possible that NCES will be used for lasgale projects

and is not an important candidate for RES integration compared to other battery technologies

2.2.7 Sodium Sulphur Battery Energy Storage (NaSES)

Sodium Sulphur (NaS) batteriase made otlectrochemical cells constructadcylindrical

form. The positive electrode consists of liquid (moltauphur and the negative eleatie is

made of liquid (molten) adium During discharging, electrons are removed from sodium
metal causing the format of sodium ions that are transferrex the positive electrode
through the electrolyteThe electrons move through the electric circuit and return back at the
positive electrodeDuring charging, this process is reversed and as the sodium polyshulphides
decompose, positive sodium ions are released back through the eledwolg®wrm as
elemental sodiumNasS are characterized as high temperature batteries since they operate at a
range between 320340 AC in order to keephe sodium and the sulphur maitin the battery

and also to maintain the conductivity of the electro{ifivya and Ostergaard 2009)

The average rountip efficiency of a NaS battery is up to 90he lifetime is approximately

2500 cycles anthe energ density within the range 150240 Wh/kg.Moreover it has the

potentialto respond withinmilliseconds and is alstesigned for long discharge cycles (8

hours). As a result, NaSES is suitable for power quality applications, peak shaving and energy
manayement. Their major drawback is the fact that NaS battery needs to operate at high
temperature so, a heat source is required whi c
its performancdChen, et al. 2009)The initial costfor this technology is also high (around

1500 WkW and 2500/kWh) but is expected to fall with mass production and NaSES can

become an attractive and viable option for RES integration anddaade applications

2.2.8 Sodium Nickel Chloride BatteryEnergy Storage (ZEBRA)

The sodium nickel chloride batteriealso known as ZEBR/Aatteries evolved from the
sodium sulphur oneand operate at high temperature (around 80P likewise NaS The
negative electrode consists of liquid sodiwtmile the positie electrode is made of nickel and
sodium chloride. The two electrasleare separated by a sodium -tonducting solid
electrolyte betai alumina.During charging, sodium ions from the central positive electrode
move through the beta alumina electrolyteo form the liquid sodium negative electrode
(Sudworth 2001)Turconi) During discharging, the opposite procedure takes place. The
energy density of a typical ZEBRA battasy120 Wh/kg the lifetime is2500 cyclesand the
roundtrip efficiency can reach 90%n comparison to other battery technologié® tostis
relatively low (around 800/kWh and 2000/kW). The major drawback is related to the fact
that ZEBRA batteries are manufactured exclusively by one fadtotiie world Another
disadvantage is the energy they have to spend in order to keep their temperature high. This
storage techrogy is suitable for large capacity batteries dnad the potential to be used for
integration of renewables since it has already been used at electric vilimbdopaedia)
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2.2.9 Vanadium Redox Battery Energy StoragéVRBES)

VanadiumRedox is a kind of flow battery that stores energy by interconnecting two forms of
vanadium ions @ j @ in the negative electrode and j@ in a sulphuric acid
electrolyte at each electroddydrogen ions are transferred between the two electrolyte tanks
through a hydrogeion-permeable polymer membrane. Moreovethrough the
electrochemical conversion all chemicals are dissolved in the electrolyte and so, within the
battery, no deposit of materials takes place during thegicltpand discharging processes
(Makarov, et al. 2008)The power capacity W) of the Vanadium Redox battery is
determined by the size of the cell stack while the energy capacity (kwWh) is indicated by the
volume of the electrolyte. Duringjschargingthe two electrolytes flow frorthe negative and
positive tankio the cell stackvhere hydrogen ions pass between the two electrolytes through
the permeable membran&his process is reversed during chargi8MRBES has fast
responsecan reach efficiency level up to 90% and its lifetime is approximately 10000 cycles.
Their major disadantages are the low energy density-d&Wh/kg) and the complexity of

its structureThe power codfor this technology is around @8 WkW and the energy cost is in

the range 250 750 W/kwWh, depending on system designd applicationVanadium Redox
batteries are highly versatile and, consequently, suitable for various energy storage
applications such as power quality, peak shavingnténiupted Power Supply (UPS) and
integration of RESConnolly 2009)

2.2.10 Polyshulphide Bromide Battery Energy Storage (PSBES)

Another type of flow battery is the Polyshulphide Bromiidgtery This battery typaes made

up of a cell stack and an electrolyte tank systEne electrolytes utilized for PSB are sodium
bromide as the positive electrolyte and sodium polysulphide as the negative elecfolyte
polymer membrane separates tve electrolytes at the celbnly allowing sodium ions to go
through itduring charging / discharging and, creates voltage around 1.5 V across the cell
(Divya and Ostergaard 2009)he power cods approximately 75@/kW and the energy cost

is 1400/kwWh.

The efficiency of PSBES isround75% and the lifetime is estimated at around 2000 cycles
depending on the applicatiomhe main disadvantage this techology is the maintenance
required to remove the small amounts of hydrogen, bromine and sodium suliadeeth
produced during the chemical reactio@haracteristic feature of PSB batteries is their very
fast response. Specifically, they are able to react within a few milliseconds and that makes
them suitable for frequency and voltage regulation. They eamsbd for integration of RES

and other ES requirements such as peak shaving, load leveling, black start and forecast
improvement.

2.2.11 Zinc Bromine Battery Energy Storag¢ZnBrBES)

The structure of this battery is similar to the other types of fldtelyabut does not operaite

the same way as PSB and \#itice material is deposited as solids within the cell during
charging and dischargin@Makarov, et al. 2008)During charging, zinc and bromine ions
flow to the cell stak where they are separated by a microporous membrane. During
discharging,Zn and Br ions are dissolved in both electrodes and combine into ZnBr,
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generating 1.8 V across each d€lhen, et al. 2009)The efficiency of the ZnBrBS system

is around 75%, the energy densitybistween 75 85 Wh/kg and every 2000 cycles the
membrane needs replacement. The power capacity cost is arourikd0and the energy
capacity cost i900 Wkwh. Furthermore, this battery does not suffer from memory effect and
can be 100% discharged without drawba¢k®nnolly 2009) ZnBrBES is suitable for
frequency regulatio and supportof RES in standalone/interconnected systems and are
already being used at existing wind power plants.

2.2.12 Superconducting Magnetic Energy Storage (SMES)

SMES system consists of a superconductive coil, a power conditioning systeyoganic
refrigerator and a vacuumesselthat preservet he coi | 6 s tlte oppra&tionais ur e
based orstoringenergy in the form of magnetic fieftoduced by the flow of direct current
through the circular superconducting cMiaterials such as lead, vanat or mercury which

have very low resistance are normally used for the coil and consequently, energy can be
stored with practically no losses. Furthermorés kept in superconducting temperatw260

AC) by being immersedh liquid helium or nitrogenAt that temperature, resistance of the
material against electric currents is eliminafdish, et al. 2008)

Typical power capacity cost 200 W/kW and energy capacity cost is around 400 k VWine.
roundtrip efficiency of SMES systems epproximately97% and has very faslischarging

times (within ms) but takes only a few minutes to discharge complgtblahim, Ilinca and
Perron 2008)Moreover, one bthe greatest advantages of this technology is its long lifetime.

It lasts for tens of thousands of cycles without wear of the magnet and this attribute makes
SMES suitable fopower quality applications. It has sor faeen employed for industrial
applications but due to its low energy density, low discharging duration and high energy
consumption of the refrigeration system, it is not much likely that it can play an important
role for RES integration.

2.2.13 Supercapcitor Energy Storage (SCES)

In supercapacitorenergyis storedin the form of electric fieldetween two electroddbat

hold opposite charge$he energy stored within the supercapacitor is a functidineofoltage
applied at and its capacith SCES @vice consists of two parallel etemdes which are
separated bymaelectrolyte solutionThe electrode plates are usually made of porous carbon
material while the electrolyte can be either aqueous or or¢@hen, et al. 2009)

Typical efficiency of SCES systems is around 95% and they have very long lifetiowend
100,000 cycles Other advantages are their quick response, the absence of memory effect and
fast charge/discharge operation. On the contrary, they have lowyedengity (up to 5
Wh/kg) and high seldischarge rate. Typical power capacity cost of a SCES system is 200
UKW and energy capacity cost can be up to 1850Wh. Due to the aforementioned
attributes, supercapacitors are suitablesioallscale(<250 kW) power quality applications

but not for longterm applications such as energy managemigiureover, they carbe
considered as a technology that can supiptetmittentRES but on condition that they are
combined with a battery system.
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2.2.14 Thermal Energy Storage (TES)

TES systems store energy by using materials that can be kept at high/low temperatures in
thermal insulated reservoirs and recover it for electricity generatsimg heat engine cycles
Moreover, TES systems are categorized into ‘éghperature and lowemperature TES
depending on whether the operating temperature of the thermal reservoir tgimadirat a
temperature above or below that of the roéwrording to(lbrahim, llinca and Perron 2008)

there are three main types of higgmperature TES and two types of lswmperature TES.

High-temperature TES (HT-TES)

- Latent-fusion-heat TES
- Sensible heat TES
- Concrete storage

Low-temperature TES (LT-TES)

- Aquiferous lowtemperature TES (ADES)
- Cryogenic Energy Storage (CES)

Most of the types mentioned above are under development so there is a lack of available data
regardingtheir characteristics. Those thave been utilized so far, mostly at peak shaving
applications, have demonstrated high energy density-Z000Wh/kg), long storage periods
androundtrip efficiency around0%. Furthermore although the energy capacist olow,

the investment cost for the initial infrastructure is hiGhen, et al. 2009 Summarizing, this
technology is not considered yet to be suitable for RES integration due to its immaturity.

2.2.15 Hydrogen Energy $rage (HES)

Although hydrogen systems are still technologically immature and economically unattractive
due to their high investment costs, they are expected to be one of the most promising storage
techniques since they can be utilized both in stationawep systems and the transportation
sector. Hydrogen produced by RES is totally emission free and cprotdeced at remote
locations, thus increasing power supply security and contribute to energy independence
(Zoulias and Lymperopoulos 2008)here are three stagesmprising the operation process

of a HES system:

- Create hydrogen
- Store hydrogen
- Use hydrogen for energy production

There are three main techniques to create hydrogen: extract it from fossil fuels, by electrolysis
and through reacting steam with methane. Producing hydrogen from electrolyzers is the most
economic and ecologic solution among the others. Production from fossil fuels is more
expensive than using the fuel itself and production from steam reacting wihnmagtollutes

the environmentElectrolyzers consist of an anode and a cathode separated by an electrolyte
During electrolysis, the electrolyzer divides water into hydrogen and oxygen. Oxygen is
releasedn the atmosphere and hydrogen is stored for éb@gtgeneration when needed.
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Storing of hydrogen can be done either by compressing it into containers, by liquefying it or
by metal hydridéConnolly 2009) The first method is the most common one although there is
the drawbak of the energy required for the commen. The other two methods are not so
popular since they require extra costs and energy consumption.

There are two main methods used to produce electricity from hydraiterFuel Cels (FC)

and Internal CombustimEngine (ICE). H2ICEs are modified gas engines that operate with
hydrogen and their average efficiency is around B#retti 2011) FC convertsthe stored
chemical energy into electricitand consistsof two electrodes thaare separated by an
electrolyte.

At t he c eledtrdns and pratodseof hydrogen are separated. The electrons travel
through a circuit, generating electrical power. At the cathode, a catalytic process takes the
electrons back in, combining them withe protons, which have travelled through the
electrolyte. The greatest advantages of FC #reir higher efficiency compared to ICEs,
reliability, no emissions and higher power density. On the contrary, they require high initial
costs because they ar#él sinder developmeniConnolly 2009)

2.2.16 Comparison of ES technologies

At this section, an overall comparison of the ES technologies is presegmding their
main characteristics.
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Table 2 Comparison of techical and economic characteristics ofES technologiegChen, et al. 2009)Connolly 2009) (Swierczynski, et al. 2010jGonzalez, et al. 2012{lbrahim,
llinca and Perron 2008)(Yang, et al. 2010(E.S.A. 2009) Steward, et al. 2009)Schoenung 2011)

Characteristic

Energy

Poyver Dischgrge Re_sponse Efficiency ggﬁg% Lifetime nggvfi:y capacity dis?ﬁgrge

. rating duration time (%) (Whikg) (cycles) cost ( gost per day
echnology (ul kW

PHES 1005000 | 1. 24n + minutes 7085 0515 | 1200035000/ 5001500 <20 very small
CAES 50-300 MW 1-24h + minutes 70-80 30-60 900020000 300600 35 small
FES tens of MW <15 min milliseconds 85 10-30 20000+ 200-250 7503800 100%
LAES <20 MW sechours | milliseconds 85 30-50 5001500 1000 150200 0.1-0.3%
LIES tens of MW | sechours | milliseconds 90-100 100150 100610000 250-300 500 0.1-0.3%
NCES tens of MW | sechours | milliseconds 60-70 50-75 20002500 750 190 0.20.6
NaSES few MW sechours | milliseconds 75-90 150-240 2500 1500 250 20%
ZEBRA few MW sechours | milliseconds 80-90 120 2500 200 80 15%
VRBES few MW sechours | milliseconds 70-90 2545 10000 1500 250750 small
PSBES 1-15 MW sechours | milliseconds 75 n/a 2000 750 140 small
ZnBrBES < 2MW sechours seconds 75-80 75-85 2000 500 400 small
SMES <10 MW seconds | milliseconds 97 0.55 100000+ 200 400 10-15%
SCES <250 kW | secminutes | milliseconds 95 0.055 100000+ 200 1500 20-40%
TES tens of MW 1-24h + minutes 60 100-200 n/a 200 30 1%
HES few MW sec24h + seconds 3540 1000+ 1000+ 1000+ 5-10 very small
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2.3 Overview of ES applications

The aim of this section is to present an overviewttd most significantES potential
applicationdor renewable energy integration and accommodation of network requirements.

Due to the intermittency of renewables, rapid fluctuations at the power output of wind and
solar farms are likely to occur, bringing a mismatch between generatiofoathdand a
number of issues related to power quality and system staliifyecially at standlone
systems with high RES penetration and reduced participation of conventional generation units
that often supply regulation capacity, utilization of ES desihas a major importancehe
following Figure7 describes the operation of a typical ES device in such a system.
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Figure 7 Operation of a typical ES system

The ES applications to be investigated here are: frequency regulatonoltage ride
through (LVRT), voltage control support, oscillation dumping, load following, load levelling,
transmission curtailment, black start and energy arbitrage.

Frequency regulation

In order to balance thaetwork frequency variationEES systemsan be employed and
provide all three levels of frequency regulatigprimary, secondary and tertiaryptorage
technologies suitable for this application demonstrate good cycling capability and fast
response (especially for the primary control). Thuestbatteries and other short time scale
technques such as FES and BE&are well suited for the primary control (fast respe
spinning reserve) while furthgechnologies, such as PHES,CAES and HES, can provide
secondary and tertiary control (conventiorghging reserveas well(Gonzalez, et al. 2012)

Low voltage ride through (LVRT)

At the point of interconnection between the extegnal and wind turbingsvoltage control is
required in order to keep them connected duaimpltage dip. At every country there are grid
codes, also known as LVRT requirements, which specify the level (% of the rated voltage)
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and duration of voltage dipthat wind turbinesmust withstand(Gonzalez, et al. 2012)
Normally, the power converters which are connected to the wind generators regulate the
reactive power injection into the grid during these situati@@misBellmunt, et al. 2008)
Consequently, ES systerase not required for retive power compensation bate utilized

in order to maintain the voltagef t h e c olinkvirearspeeific éasgardl also protect

them against overvoltage by being charged during fatdrage technologies with fast power
response, like those m@mned for the frequency regulation, are suitable for this application.

Voltage control support

The voltage level of a power network is an illustration of its reactive power balance. Too high
voltage means surplus of reactive power and vice végagh and Hussain 2010M7s
mentioned above, the power electronics interface between tirhes and the grid
regulategshe reactive power flow and is able to sustain the voltage levels stable. Apart from
power converterd:S systemsgan also be used fdinis purpose and improve the dynamics of
the voltage controlBatteries and other short time scale ES devices are well suited for this
application due to their response time.

Oscillation damping

At stable grids without perturbationsglative angular positionsf synchronous machines
rotors remain constangincewind powerpenetration in a power system network can create
disturbances, the generators that are connected to the grid can lose synchwceusding to

grid requirementsmposed by future grid codes, wind power plants will be required to assist
generators to maintain their synchronism against powseillations. ES systems can be
utilized for this application by absorbing/injecting active power at frequencies of D18z

(EPRI DOE 2004)Since this application requires fast response times, batteries, FES, SMES
and SCES can be suitable.

Load following

In order to deal with therawbacksof RES output uncertaintyeS systems can be used to
store and provide electrical power in a time frame of minutes to hawgtgg as a source

when power required is more than production and as a tank when there is power surplus
(Barton and Infield 2004)Storage devices that areitable for this application are: batteries
(electrochemial and flow) and HES

Load levelling

Load leveling is a long term application that requiresdéicesable to operate within the
time frame of 110 h. The operation strategy is to store cheap ersguggpg offpeak hours
(during nighttime) and supply it back to the network during times of high electricity demand
as illustrated ifFigure8. The result is that the typical
curve flattens which practically means that utilization of efficient and cheaper baseload
generation is maximized and less spinning reserves are regbdBetechnologies that are
suitable for this application are: batter{egectrochemical and flow), HES, PHES and GAE
(Gonzalez, et al. 2012)
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Figure 8 Schematic for a typical bad levellingcase

Transmission curtailment

RES power units must sometimes be disconnected from the grid due to reasons related to the

stablity of the electrical system or technical limitations of the transmission lines. ES devices

can be utilized storing energy for hours and sujiphack to the network according to the
capacity of transmission | i nedscoansation bffRES sy st e mé
units can be avoided. Transmission curtailment is a long term application and thus, suitable
technologies are: batteries, CAES, PHES and hydrbgead systems

Black start

Black start is the ability of a power unit to go from shutdostate to operating condition
without being assisted from the grid. Afterwards, the energized grid is able to help other
generating units to start after a blackout occ{EPRI 2002) This application can be
particularly usetl in case of remote staradone networks andan be provided for ES devices
such adatteries, CAES, PHES and HES.

Enerqgy arbitrage

The electricity price can vary from hour to hour at many grid até@iization of ES devices

can bring revenues by puating inexpensive electricity when its cost and demand are at low

levels and sell it when price and demand are high. ES systems that are suitable for this
application can operate on a daily charge/discharge cycle, have the capacity to store large
amounts benergy and interact with the power grid at the transmission (EvSLA. 2009)

Some types of battery technologies can be used for this application but those that are
considered as more suitable are PHES and C#B& theydon 6t suf fer from de
like batteries do and they have low operation cost.

The type of application that each ES technology can prawisi@mmarized iffable3.
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Table 3 Combination of ES technologes with their applications (Barton and Infield 2004) (EPRI DOE 2004)
(Gonzalez, et al. 2012(Singh and Hussain 2010§Swierczynski, et al. 2010)

Technology

Application

PHES
CAES
FES
LAES
LIES
NCES
NaSES
ZEBRA
VRBES
PSBES
ZnBrBES
SMES
SCES
TES
HES

Primary
Reserve

Secondary
Reserve

Tertiary
Reserve

LVRT

Voltage
Control

Oscillation
Damping

Load
Following

Load
Levelling

Transmission
Curtailment

Black
Start

Energy
Arbitrage

To summarize, according tie information provided ithis chapter, there are various ES
devices that are able tagport RES integration istandalone systems. Spiéic ES selection
depends on specifayplications as well asther factors such as their cost, technical maturity,
reliability and geographicalependence®?HES and CAES are not considered as suitable for
the island of Agios Efstratios due to geological boundaries, large initial costs and incapability
to provideshort time scale regulation servicédthough currently it is not a very attractive
option, HES seems to have a very good future potential, specifically in ttedehe
improvementsat energy infrastructurat the islandwill consider the transportation sector as
well. Moreover ES technologies such as FES, SMES and SCES are not cotsidgoed
option due to their incapability to provide lorgrm applicationsandcan be utilized only if
combined with another technologylES is also not suitablébecause of its technical
immaturity. On the other handnostbattey technologieseem to bea good optiorfor RES
integration. LAESare moretechnically maturecompared to LIES, NCES, NaSES, ZEBRA
and flow batteriesand the most commonly usedES technologyat renewable energy
applications. On the contrary, they hdower energy density and regted lifetime
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2.4ES applications in renewableenergysystems

In general, islands are rich in renewable resources but in order to overcome issues caused by
intermittent renewable energy in their weak grids, ES can be integrated in the system. Adding
storage units in staralone systems provides a number of benefits such as reduction in diesel
consumption, lower power production cost and increased level of energy autofioesg.
benefits are clearly stated in literature where both studies and alrepthmented energy
systems including storage worldwide emphasize their importance, as presented below
(Kaldellis and Zafirakis 2007)

Studies

Several storage technologies are combined with energy generated by wind andwan in t
Greek islands, namely Lesvos and Donousa, possessing a largevarydsanallelectrical

grid respectively. The examined storage technologies include pumped hydro, lead acid
batteries and CAES for Lesvos while for Donousa hydrogen and batteries deal asid,

NaS and flow batteriesire used. The study indicates that in both islands, the proper sizing of
storage can address effectively issues caused by intermittent wind and solar energy in the
autonomous grids. More specifically, the level of renewalergy penetration is increased,
while eliminating the environmental impact of the current diesel generators and maintaining
power quality and grid stabilitiKaldellis and Zafirakis 2007)

I n the case o fantoPhydrogan gtardgé combihedrwithoan &ectrolyzer and a
fuel cell promise complete coverage of the electricity demand, assistance of the energy system
(existing oil fired generators, wind turbines and PV) and further expects successful operation
both inthe case of peak shaving ah@i0% renewable operatidMarin, Alves and Zervos

2005)

Existing systems

Apart from the previously presented studies, already implemented systems around the world
demonstrate the benefits of adglistorage to an energy system.

I n Canadads Bel |l a -Gyrobkyatem wahaharaeterized byihighgdieskl e s e |
consumption and difficulty to match supply and demand. Therefore, two storage technologies,

flow batteries and hydrogen used in a faeé¢ | | l'imit the generatorso
generally successful operation of the energy system, even though the fuel cell requires
additional experience. The battery is preferred for short term stability of the system while
hydrogen for long terrenergy manageme(iomor and Glassmire 2012)

I n Samo a 6 sland theol0G%menewkble electricity system consisting of PV and lead
acid batteries is able to provide constant electricity supply. Replacing the formerigiesed
generators with the RWattery system led to lower diesel consumption, noise levels and
emissions but, most importantly, it led to high security of supply in a remote and inaccessible
island(Komor and Glassmire 2012)

I n Australiabés Kind | sl and, a vadesdenergy r edo x
systemand managetb increase the contribution of renewable energy, ratltleehigh costs

originating from fuel use and also stabitizthe fluctuating wind poweand enhanakthe

overall operation of the systefidarri, Yap and Titchen 2008)
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2.5 Conclusions

This chapter described various ES technologies with respect to their operation and main
technical characteristics and their apgfions in renewabtbased energy systemSpecific

ES selection depends from various characteristics and the applications which are required.
Regarding the case of Agios Efstratios, battery technologies are considered as the most
suitable ones due to theiwide range of applicationgheir flexibility and level of maturity.

The following chapter investigates the optimal size of the hybrid RES/ES system and
evaluates its feasibility considering different battery technologi@sally, explores the
economic gasibility of interconnecting Agios Efstratios to another island.
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Chapter 3i Optimization of the hybrid power
system

3.1 Introduction

The hybrid power system of Agios Efstratios is suggebie@€RESto consist of wind and
photovoltaic generators, tharies and the existing diesel powsation. The integration of
both wind and solar systems can take advantage
and ensure better security of supporeover, those two technologies can be complementary
to eat other(Rodrigues and Estanqueir@hotovoltaics are suitable for the island because
they have the ability to supplyower close to their nominal ratired summerwhich is the
season of peak load demand. On the other,haimdl turbines can be much useful for the rest
of the year since as shown kigure 9 and Figure 10, when solar irradiationsiweak, wind
speed is largeNormally, at wind/PV systems the largest parenérgy comes from the wind
generatorsince theyhave larger capacity factors and lower cost per kW in comparison.to PV
For this study in order to improve security of supply and reassure participation of both
technologies in the energy mix,s assume thattheir energy production potential mustdte
least10% of the annual demand

As explained inchapter 2, batteries are meosuitable for the specifiautonomoussystem,
compared to other ES technologidae to theirflexibility and ability to provice a wide range
of applicationsLastly, the diesel generators remain as resdo/egsure the energy security
during the prolonged periodd low RES power potential.
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Figure 9 Yearly profile of solar irradiation for Agios E fstratios (HOMER online database)
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Figure 10 Yearly profile of wind speed for Agios Efstratios(provided by CRES)
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In order to use solar and wind energy resourcearirefficient and economal way,
optimization of the hybridwin®®V/ bat t ery systemds sizing plays

The aim of this section is to optimize theze of RES and ES components, make a cost
comparison between a staalbne and interconnected system and evaluate the utilization of
various battery technologies geding their cost, efficiency and cycle lifetime.

3.2 Optimization of hybrid system

The goal of thissectionis to optimize the size of the hybod sy st emdé NTcPYmMponent s
and ES)with respect tahe net present ast (NPC).That factor isevaluated bycalculating
various costs and variables an&ng optimized as described at the section below.

3.2.1 Objective function

The objective functioffior the system optimizatiois the NPCGormula as stated below

a4 Q¢ Qa ®©a Q Th (3.1)

Where:
- 0 p isthe total annualized cogtlyr)
- (s the annual interest rate (discount r&%)
- 'Y s the project lifetimgyr)

- 6°'Y() is the capital recovery factor

The NPC includes all costs and revenues that occur within the project lifetime, with future
cash flows discounted to the present using the discount rate. Specifically, the NPCsinclude
the initial capital cost of the system components, the cost of any component replacements that
occur within the project lifetime and the cost of maintenance and fuel. Any revenue from the
sale of power to the grid or salvage value that occurs at thefehe project lifetime reduces

the total NPQNational Renewable Energy Laboratory (NREL) 2012)

Thed | is the hypothetical total annual cost value that if it occurred each year of the
project lifetime would generate a NPC equal to the actual NPC ateb@sibed by equation
(3.2.

6 n O 6 6° 0 (32

Where6 ,6 ,6 9 andd are the annualized capital, replacemé&M and fuel
costs respectivelf he salvage value is inded in the replacement cost.

The CRFconvets a present value intofbow of equal annual payments over a specified time
andis given by thdollowing equation
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oY@ —— (33

Where, N is the number of years

The calculation of salvage value, which is the vaha remainst each component at the end
of the project lifetime, is based on the equabetow.

A p— (34)

Where:
- 0 isthe replacement cost of the compor{éint

is the remaining life of the compong(yt)

Y
Y is the lifetime of the componefr)

3.2.2 Constraints

The abrementioneabbjective function isubmitted to a number ¢échnicalconstraints such
as:

1 The system active power balance

0 0 0 0 0 0 (3.5)
Where:
-0 is the power dispatched by the wind power pldy)
- 0 s the power output from the photovoltaic statfkiV)
-0 is the power output from the diesel power stafiof)
-0 is the power supplied or absobed 0 from the batterykW)
- 0 is the systemds power | osses (kW)

The charging and discharging limit of the battery depends on its power aatingaries
between thevaues ( 0 ,0 ). The power losses are negkedtat this optimization
process.

1 The power output of each generation uii@ must be always positive and below a
maximum generation limitd . The generation units are the wind turbines, PV
systemandDG.

m 0 0 j (3.6)
There are also constraints related to governmental policy and stated below.

§ The total NPC of the hybrid systerd 0 6 must be less than the total cost of
the diesel station for a timperiod equal to the project lifetime (25 years) and
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assiming that diesel price is 0.8 WL 6 . The diesel station NPC is
5,086,451 and ts calculation is presented ifrigure48 andTable10 at Appendix A.

RiN 6 & (3.7)

1 The annual energy production from photovoltai@s must be at least 10% of the
total annuablemandO R

O O R (38)
3.2.3 Methodology

The simulations are performed with HOMEfational Renewable Energy Laboratory
(NREL) 2012)which is a simulatin andoptimization toolsuitable for modeling a hybrid
power syster@s behavior and lifeycle cost inboth grid-connected and autonomous miode
HOMER comprise various energy componergsich as wind turbines, photovoltaics, hydro,
batteries, diesdhnd oher fuel$ generatorshydrogenstorage and convertesurthermore, it

can evaluate the economical and technical feasibility for a large number of technology
options, while considering alterations awailability of renewableresourcesand technology

coss (Lund, et al. 2010)

Initially, the user defines the system configuration, sets the range of sizes for the components
and provides input data suchapital, replacement, operation and maintenance (O&M) cost
for the componets, technical restraintsgconomic inputs for the hybrid system (fuel prices,
annual interest rate and project lifetime). Moreoeemual time series for the load demand,
wind speed and solar irradiation are required as wdélerwards,as shown inFigure 11,
HOMER starts an hourly simulation of every possible configuratomputing the available
power fromRES 0 , comparing it to the electric load and deciding how to
manage thasurplus renewable paw in times of exceddbattery chargingdr how to generate
additional power in times of deficfbattery discharging / diesel station power supplyhen
simulations are oveit sorts the feasible comiations in order of increasingtnpresent ost
(NPQ which represents the lifeycle cost of the systenfNational Renewable Energy
Laboratory (NREL) 2012)

The capital, maintenance, replacement and fuel aetstg with the salvage valaeusedfor

the calculation of eachoop o nent 6 s a rnMineuatal anrmaizéd cos &f the system
derives from the summation of the annualized costs of each component and is an economic
indice of majorimportance because it is usedcompute the two principal economic figures

of the system, the totaNPC and the cost of electriciCOE). COE is the average cost per

kWh of useful electrical energy produced by the system and is given as follows.

600 —7 ﬁ (3.9)
WhereO andO are the total amounts of primary and deferrable loacede(kWh/yr),
0 is the boiler marginal costitkwWh), O is the total thermal load served (kWh/yr)
andO j is the total grid sales (KVWyr).

It is assumed that there are neither deferrable nor thevandd land grid sales are zeBince
at the present study thermal loads have not been considered, the NPC can give a complete
picture about the cost of the system and COE is not necessary to be analyzed.
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Figure 11 Optimization flowchart of the hybrid wind/PV/diesel/battery system(Souissi, Hasnaoui and

Furthermore, within the scopes of this study is to investigate the cost of interconnecting Agios

Efstratios wih Lemnos through submarine power cafilee interconnection is an alternative
feomn the Ibewl

s ol

ut i

on for

t he i

Salami 2010)

sl andods

power

station A comparison between the cost ®100% renewablstandalone systemand an
interconnected system is performed by calculating the breakeven grid extension distance. This
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is the distance from the grid which makes the NPC of extending the grid equal to the NPC of
the stanealone system.

0 (3.10)

5S¢

Where:

- 0 s the total primary and deferrable load (kWh/yr)
- ® isthe cost of power from the grid/kwh)

w s the capital cost of grid extensiailkm)
- 0 isthe O&M cost of grid extensiomi/ffyr/km)

Farther away from the grid, the remote system is optimal while closer to the grid, grid
extensions optimal.The distance between the two islands is approximately 4@nihpower

can be transferred though a medium voltage level (15 kV) cable due to the low power
demand.The advantage in the case of a medium volteglglei s t hat it doesnoét
trarsformers at start and epaint of the linesince it is the sameoltage level in both islands

3.2.4HOMER software input data

This section presents the data used as input parameters for the simulation of the hybrid
system The capacity range of renewabl uni t s was considered with r
power and energy demands.

3.2.41 Wind speed annual time series input data

The wind speed time series in hourlyesage values, as illustrated figure 49 at Appendix
A, were masured with a 10m wind mast and have been provided by CRES.

3.2.42 Solar irradiation annual time series input data

Based on | atitude and | ongitude of the islandd
t hat serves up data fgriccml eiStolerr NREL Gst i ©Ini njaCts
Surface meteorology and Solar Energy (SSE) data (National Renewable Energy

Laboratory (NREL) 2012)

The latitude of Agios Efstratios is &808and longitude is 288 The annual averagsolar
irradiation for this area is 4.48NVh/m]/day and Figure9 illustrates the solar resource profile
for a oneyear periodAt this level of solar potential, the energy outfartevery installed kW
of PV is 1,446 kWh/yr.

3.24.3 Load demand annual time series input data

According to data provided bghe Public Power CorporatiolPPQ for 201Q the annual
energy demand at the islamehs 1221 MWh ard daily average demandas 3.349 kWh.

Figure 12 showsthe load profilein average monthly values. Tipeak demandvas 360 kW
during summer period-he average yearly power demand was 140 kW
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Figure 12 Yearly profile of load demand in average monthly values for Agios Efstratios

3.24.4 Economics

Since the construction of the islandbs energy
public funds, it is not subjected to any capital cost subsidies anedaxtions like private

investments d¢Vassillakos, et al. 2003 real annual interest rate of 6% was assumed. The

real interest rate is equal to the nominal interest rate (10%) minus the inflation rate (4%)
(Giannoulis and Haralambopoulos 201The lifetime of the projecs considered to be 25

years.Also, according to th@PC, theaverageprice of diesefuel is set at 0.&/L. This value

is assumedo be constanand free from inflation due to software limitationgith respect to

this dieselprice the COE is equal to 0.328kWh and for a time period of 2%¥grs the total

NPC is 5,086,456. Finally, thed 0 emissioncost is 210/tn (Tsikalakis, et al. 2009)

Moreover, he cost for a medium voltageable (15 kV) is around100,0000/km, excluding
transportation cosand the O&M cost is neglectdtiVright, et al. 2002)Cable laying cost
depends on the site, depth and length. Due to relatively low sea depth, approximat&y 100
m (Roussakis, et al. 2004} is assumed that the laying tisthe same as the cable cddte
grid power price is approximately 0kwh (PPC 2011)

3.2.45 Diesel Generators

The i sl astatiéansomprizes divo types of engines as shownTiable8 of the next

chapter According to data provided tRPC, the capital, reptement and O&M cost of the

small units(MAN D2566/ME) are 22,5000, 21,1500 and 05 U/hour respectively. For the

other type of engine (HYUNDAI KD8AX) the same costs &&0000, 51,7000 and 05

U/hour respectively. It must be noted that the capital obshe HYUNDAI engines is not
considered at the simulations since they have recently been replaced. On the other hand, the
MAN engines will have to be replaced soon, so their capital cost is considlaeetifetime

for both types of engines is 50,000un®and the minimum load ratio is 50% as suggested by
(Papathanasiou and Karamanou 2007)

3.2.46 Photovoltaic Panels

The power capacity range assumed for the simulation of the photovoltaa sththe island

is betweenl00 kWp and 300kWp. The minimum rating of 100 kWp is chosen so that the
potential annual energy production can be more than 10% of the debwgdr power
capacities are not considered becanfstheir cost The capital and replacement coststhe

PV panels aret,0000/kWp and3,5000/kWp respectivelyThe expected energy production of
a typicalcrystalline silicon PV panel is between 1,302,400 kWh/kWp.The O&M cost is
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usually so small that can be neglected. According to the guarantee of most PV producers, the
derding factor is set to 80%Bognar and Behrendt 201Moreover, it is assumed that the
slope is 39.8 Azimuth is Aand the ground reflectance is 20¥he panels are modeled as
fixed and the temperature effect is neglected.

3.2.4.7Wind Turbine

The wind turbine that has recently been installed at the island (GEV 10/20) has
capitalfeplacement cost 120,000 a nd & & A600¢CGRES 2011)The hub height is 25

m and its lifetimas 20 yearsApart from this wind turbine, larger ones need to be included at

the hybrid system in order to satisfy the power/energy demafidse peular and
representativaypes of wind turbines and aumber ofcombinationsof units are tested in

order to examine a wide range of wind power ¢
curves formany types of wind generataasdthe ones considered difig study are described

below:

- Enercon E33 / 330kWThe maximum annuaénergyoutputof this type ofgenerator
is 2,891 MWh The hub heightd 50m and lifetime is 20 yeariBhe capital is equal to
the replacement cost (600,00D and the O&M cost id2,0000/year. The power
curve of this wind turbine is shown Kigure50 at AppendixA.

- Fuhrlander 250 / 250kWFor this type of wind generator, the maximum annual
energy output is 2,190 MWh. The hub heightt5m and lifetime is 20 year3.he
capital/replacement cost is 390,000and the O&M cost is 11,80/year (Lorax
Energy Systems LLC 2004)he power curve is illustrated Figure51 at Appendix
A.

- Fuhrlander 100 / 10kW: This generator type has maximum annual energy output
equal to 876 MWh. The hub height 85 m and the lifetime is 20 year3he
capital/replacement cost is 290,00@nd the8,760 U/year (Lorax Energy Systems
LLC 2004) The power curve is shown Figure52 at AppendixA.

3.2.48 Batteries

Conventionalgenericbatteries are included in this study for storage of surplus energy and
supply in cases of high demand. A commertfpk, contained in the HOMER library, of a
vented deegycle leadacid battery (Hoppecke 24 OPzS 30pds considered for the
simulations.The capital and replacement ogter batteryare 180 WkWh and 1% WkWh
respectively The O&M cost is0.26 WkWh/year. The minimum capacity assumed for the
optimization analysis is 1 MWand he depth of discharge (DOD) i9%.

3.2.49 Converter

A power electronic AC/DConverteris required to maintain éhenergy flow between theC

side (grid) and the DGside, that aréghe PV array and the battery bawkich areutilized at

the islandés hybrid system. The capacity | evel
even at peak demand periods, frile deside g ner at or s. For thsize study,
is considered to be 400k The typical capital/replacement cost & kW system is around

650 U and the O&M cost can be neglectéithe lifetime is estimated at 15 years and the

efficiency is 90%Khan and Igbal 2004)
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Table 4 Technoi economic data for the hybrid system in HOMER(Giannoulis and Haralambopoulos 2011]Tsikalakis, et al. 2009 Wright, et al. 2002)(PPC 2011)Papathanasiou
and Karamanou 2007)(Bognar and Behrendt 2011YCRES 2011)Lorax Energy Systems LLC 2004)Khan and Igbal 2004)

Technology Model type Size Capital costyr Repl. costy O&M cost Lifetime Min. load ratio
Diesel gen. MAN D25666/ME 90 kW 22,500 21,150 0.5%/hour 50,000 hours 50%
Diesel gen. HYUNDAI KD8AX 220 kW 55,000 51,700 0.5¥/hour 50,000 hours 50%

PV - 1 kW 4,000 3,500 0 x/yr 20 years -
Wind gen. GEV 10/20 20 kw 120,000 120,000 1460x/yr 20 years -
Wind gen. Enercon E33 330 kW 600,000 600,000 12,000x/yr 20 years -
Wind gen. Fuhrlander 250 250 kw 390,000 390,000 11,820x/yr 20 years -
Wind gen. Fuhrlander 100 100 kw 290,000 290,000 8,760x/yr 20years =
Batteries Hoppecke 24 OPsZ 300C 1 kWh 180 150 0.26 xlyr 20 years -
Converter - 1 kW 650 650 0 xlyr 15 years -
Economics and System Control Additional data
Economics PV Wind turbine
Annual real interest race 6% Derating factor 80% GEV 1020 hub height| 25 m
Project lifetime 25 years Slope 39.5A E33 hub height 50 m
Diesel price 0.8 ul Azimouth 0 F250 hub height 45 m
Submarine cable capital cost 100, 000 Ground reflectance 20% F100 hub height 35m
Submarine laying cost 100,0000 / k Temperature effectt  neglected
Submarine cable O&M cost 00/ km
Grid power price 0.1WkWh
‘A "Eemission penalty 21 0/tn
Converter
System Control Efficiency 90%
Dispatch strategy Cycle charging
Operating reserve as % of load 10%
Maximum annuatapacity shortag 0%
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3.3 Simulation results

The aim of this section is to calculate the RES and ES size for three different scenarios: an
optimal one(scenario 1)a high RES penetration scenaffsenario 2)and a total(100%)
renewablescenario(scenario 3)Also, the scope is to highlight the technical and economical
differences between those scenarios and evaluatadirentages and disadvantagesach

case Furthermore, presents the resultshed comparison between different types of batteries
and between a staradone and an interconnected system.

Regarding scenario 2, must be mentioned that according to the policy of the authorities

which are responsible for the implementation of thegpojt 7 Gr é Agi bs| BEhdtrati o
the RES fractionO must be very high in order to minimize the diesel fuel consumpison

much as possibld-or this study it is assumed that it must be at least(@RES 2011)

o

T80 (3.11)

Where:

- 0O is the annual energy production from wind turbines (kwh)
- 'O isthe annual energy production from photovoltaic farm (kwh)
- 0O is the annuieenergy production from the diesel power station (kWh)

The configuration of the hybrid power system as implemented in HOMER is shdvigure
13
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Figure 13 Configuration of Wind/PV/Diesel/Battery power system simulated at HOMER

The following figures show the simulation resultsith respect tothe NPC of the hybrid
system, the achieved RES fraction and excdsstrity for various RES and storage
capacitiesseparaté into three cases, each casgresponding to one of the WT typésat
werepreviously mentioned.
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Case 1:E33wind turbine typd330 kW)

Several RES and ES combinations are tested. PV power rating is betwe200100p, wind
power rating is from 330 to 660 kW and battery energy capéaity 1 MWh to tens of
MWh. The optimization results are lustrated graphically in Figl3 1 15 and presented
analytically inTable11 at the Appendix A. As shown iRigure 14, when batteries are larger
than 12 MWh, there is no feasible RES combination withi@ NPC policy constraints
(GO 6 05,086,456) as stated irsection 3.2.4eq. 3.7) Moreover, as PV power rating
grows, the cost increases considerably. The optimal combirfatistenario lis one WT,
100 kWpPV and IMWh ES capacityThe NPC for that combination 8966 Ml which is
the smallest among the otheFor the same RES ratings Hatger batteries (3 MWh), the
RES fraction is more than 90% as illustrated=igure 15. This figure showsonly for the
combinations that are economically feasilie, RES fractions that are achieved.

NPC forvarious RES and storage capacities

B PV 100 kW (1 WT)

B PV 200 kW (1 WT)
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Battery energy capacity (MWh)

Figure 14 NPC for various combinations of RES ad storage capacities for the case &33wind turbine
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Figure 15 RES fraction for economially feasiblecombinations of RES anl storage capacities for the case of
E33wind turbine
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Moreover the same figure shows thié0% RES fraction can kechieved, within the NPC
condraint, with two WTs, 300 kW PV and 6 MWh battaupit.

Also, as illustrated irFigure 16 which shows the excess energy for all the scenaiios

scenaios 1 and 2 iis around 40% of the total production but in the 100% RESasiethe

excess increases considerably at approximately &#th amounts of exceeding energy are

considered too high and are generated due to the size of the chosen RES units and the
restrained capability of ES to absaalh the excessln Figure 53 at the Appendix A, which
illustrates the batteryds SOC frequency histog
for more than half of the yearhe energy that cannot be storadst becurtailed.

The capacity factor of WT igestrained because tife power curtailment. In the case of one
WT (scenario 1 & 2), the capacity factor is 34.6% and for scenario 3 the capacityfdactor
each wind generator is 19%. Furthermore, the diesel consumption is 72,700 L/yr in the
optimal sceario and decreases to 48,900 L/yr in scenario 2.

Excess energy for scenarios 1,2 and 3

3,000

2,500

2,000

1,500

1,000

Excess energy (MWh)

500 A

Scenariol Scenario 2 Scenario 3

Scenarios

Figure 16 Energy exces®f scenarios 1, 2 and 3 for the case B33 wind turbine

Case 2:F250wind turbine typd250 kW)

In this caseit is considered thathe wind power ratings in the range of 25050 kW and

capacity range for PV and storage is the same as in cadee Tesul with respect to the
NPC, RES fraction and excess electriatg illustrated graphically ifigures 16/ 18 and

presented iTablel12at Appendix A.

As illustrated inFigure 17, there are no feasible solutions when batteries are larger than 12
MWh because the NPC exceeds the const(aipt3.7) As already explained icase 1, solar
power capacities larger than 100 gWaise the cost significantly but there is not any
significant increase IRES fractionapat from the case of one WThe optimal saltion for
scenario is one WT with 100 kWp PV and 1 MWh battery uifihe NPC for this scenario is
equal to 3.093 M. The RES share for all theconomically feasible combinatiorere
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presented ifrigure18. For scenario ,lthe RES penetratias 83% and diesel consumption is
103,500 L/yr. In the semd scenario, RES share larger than 90% can be achievetivaith
WT and the same PV and battery capacity as in scenario 1. Furthermore, diesebtionsum
drops by 42%The optimal size combination for 100% supply from RES is three WTs, 300
kWp PVs and 6 MVh batteries capacity.

In the third scenario, there is a large amount of exceeding energy which, as stoguren

19, is around 70% of the total production and the capacity factor of every wind turbine is very
low (16.5%). Inscenarios 2 and 1, the energy excess is 56% and 28% respectively. The
capacity factor for each WT in those scenarios is 24.8% (scenario 2) and 41.3% (scenario 1).

NPC forvarious RES and storage capacities

B PV 100 kW (1 WT)

EPV 200 kW (1 WT)

B PV 300 kW (1 WT)

——5 086,456

B PV100 kW (2 WT)
B PV200 kW (2 WT)
B PV300 kW (2 WT)
HPV100 kW {3 WT)
B PV200 kW (3 WT)

1 3 6 a 12 15 18 PV 300 kW (3 WT)
Battery energy capacity (M'Wh)

Figure 17 NPC for various combinations of RES ad storage capadiies for the case oF250wind turbine

RES fraction for various RES and storage capacities
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Figure 18 RES fraction for economically feasible combinations 0RES ard storage capaities for the case of
F250wind turbine
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Excess energy for scenarios 1,2 and 3
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Figure 19 Energy excesf scenarias 1, 2 and 3 for the case d¢250wind turbine

Case 3F100 wind turbine type (100 kW)

In this case the windqwer rating varies from 100 td0@ kW. For simplicity reasons, the
graphicswill demorstrate only the combinations with WTs up460 kW. The reslis are
illustrated in Figures 1B 21 and inTablel13at the Appendix A.

Figure 20 shows that for most RES combinations, when batteries are more than 9tMdWh
NPC values do not comply with the consita. In case of low wind power rating (100 kW),

the cost is higher than most of the other combinations due to high energy share from the
diesel power station. Also, the increment of PV capacity brings the same impact over NPC
and RES share as it did inses 1 and 2. The optimal combination for scenario 1 is two WTs,
100 kWp PV and 1 MWh battery unithe NPC for this combination is 3.483(MMoreover,

the RES fraction is 81% and diesel consumption is 105,100 L/yr.

Additionally, as demonstrated Figure21, the effect of battery growtbver RES fractions

more important ifow RES capacitiefigure 22 shows that in scenario 1, the energy excess
is relatively low. Therefore, the capacity factor of each WT is higher (49%) compared to
cases 1 and 2.

The optimal solution for scenario 2 is three WTs, 100 kWp PV and 3 MWh battery units. That
scenario brings a diesel consumption decrease by 44% and energy excess grows to 800 MWh
(38% of total production). The capacity factor of each WT is 39%.

Another interesting point is the absence of solutions, within the constraints, that lead to 100%
RES fractiln. The most economicombination which can achieve thatseven WTs, 300

kWp PV and 6 MWh batteries. Asigure 22 shows, the exceeding energy at this scenario is
71% of total production. Finally, the capacity factor afle WT is 18%.
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NPC forvarious RES and storage capacities
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Figure 20 NPC for various combinations ofRES and storage capacities for the case BL00wind turbine
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Figure 21 RES fraction for economially feasible combinationsof RES and storag capacities for the case of
F100wind turbines
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Figure 22 Energy excesf scenarios 1, 2 and 3 for the case BfL00 wind turbine

In Table 5 below, the results for all the cases and scenasams summaried The total
annualized costs of the hybrid system components are preseiitanléd4 at Appendix A.

Table50pt i mal RE S aombinatioissforuah dages aid scenarios
Wind PV ES NPC Diesel RES Excess
Case Scenario power | power | capacity M) (Liyn) fraction energy
(kW) | (kwp) | (Mwh) (6) | (Mwh)
Optimal (Sc. 1) | 1x330 100 1 2.966 | 72,709 89 937 (42%)
Case 1| High RES (Sc. 2) 1x330 100 3 3.033 | 48,945 93 846.5 (39%)
100 RES (Sc. 3)[ 2x330 300 6 4.910 - 100 2,791(69%)
Optimal (Sc. 1) | 1x250 100 1 3.093 | 103,500f 83 506.5 (28%)
Case 2| High RES (Sc. 2) 2x250 100 1 3.173 | 60,054 94 1639.6 (56%)
100 RES (Sc. 3)| 3x250 300 6 5,042 - 100 3,017 (70%)
Optimal (Sc. 1) | 2x100 100 1 3,483 | 105,100, 81 3839 (24%)
Case 3| High RES (Sc. 2) 3x100 100 3 3,628 | 58,680 92 800 (38%)
100 RES (Sc. 3)| 7x100 300 6 6,340 - 100 3,209 (71%)

As shown inTable5, among thehree casethe optimalsolutionfor all the €enari® can be
achieved inthe first one The NPCfor scenario Is equal to 266 MU and RES fraction is
8%%. The extra cost in cases 2 and 3 for the same scenario isIE2d 617 k respectively.
Apart from the economic asgte another advantage of case 1 compared to the othés tive
reduction of diesel consumpti@mdd O emissionsy approximately 30%The drawback of

case 1 in this scenario is the large energy excess and thus, limited capacity factor of the wind
turbine.

The NPC fora hybrid system that satisfies the REfsare policy constraint (RES fraction
>90%) is3.033 Mi. That hybrid system costs 140 k | tkas the system in case 2 and 595
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ki | ess compar ed therois lesslissel coBsunyption & caseelhd energy
excess is similar to case 3 and imlss than case 2.

Thecost difference between the optimal system (scenario 1) and a high RES system (scenario
2) is 67 K. Practically, this is the extra cost that the government needs to pay in order to
satisfy the policy constrainOn the other handhe diesel consumption drops by 32% and
there is a slight increase time capacity factoof wind turbine

In case 1,He financialcost for the implementation ofl®0% renewable scenario is 4.9
and the differencadm the optimal one is 1.9MU. In case 2 the difference is similar to case
1 and in case & is 2.857 M. The diesel consumptiois not completely eliminated big
considered as insignificant anddsingneglected.

Another fact that can be noticed in scenario 2 is that although thefrB&®n in case 2
(94%) is greater thaim case 1 (9%), the amount of diesel beirgpnsumed is 11,109 L/yr
more. This can be explaimeby how frequently everdG is usedthe loadingratio of each
unit andits fuel consumption rat& he last one is shawin Table8 of the following chapter.

The results which are statedTiable5, derived with respect to the policy congtita referred

to equations3.7, 3.8 and 3.11 By removing those&onstraints and ths, without taking into
account obligatory PV participation or considering any NPC and RES fraction limitatiens
optimization results that appear are presentéchbiie 15 at Appendix A and compared to the
previous ones of soariol. The main conclusion from tiiemparison is that in all cases, by
excluding the constraints, PV units are not included in the system and NPC drops. Moreover,
in cases 1 and 3, the RES share decreases while in case 2 it grows.

Also, it is found thathere is darge amount of excess electrigigspecially in scenarios 2 and

3, whichmust be curtailed in order t®ep an active power balanbetween generation and
load This large excess is created because ofhiylarid s/stem sizeand limitedcapability of
battey to absorb itIn Figure54 at the Appendix, &pical example of such cageillustrated.

As soon aghebat t eryés SOC appr oacdnergy prodhced isunpopee r
than the demat exceeding energy apprs which must be rejected by the control systems of
the generatorgin alternative way to manage the excasd thus, further optimize thsystem

is through demand side managemesttons.

Finally, the results for the calculation of breakeven distane@egsented ifigure23.
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Figure 23 Breakeven grid distance extension for the 100% RES hybrid system of case 1

The cost of the 100% RES hybrid system of case 1 is compared to the cost of the
interconnead system. fie breakeven distanée is 16.7 km. Consegently, interconnection

is more expensive and thus,nonfeasible option in comparison to the 100% RES scenario.
The breakeven distance is extended at 17.4 km for the hybrid system of case 2 éd#rat 23

at case 3.

3.3.1Verification using different types of batteries

So farin this study lead acid batteries have been considered for the sizing of the renewable
hybrid system. The aim of this section is to examine, for a given size of wind andaswlar
(Case iscenario 2)thetechnical andeconomicimpact of addressing various types of the
most popular and promising battery storage technologjiesrder to acquire comparable
results, for all the following battery types, the nominal energy capa@tual to 3 MWh

Parameters for Vanadium Redox battery

Although Vanadium Redox battery storage is the most mature among flow batteries, it is
relatively new and there is limited experience from its applications. The costs depend on the
prices of maerials and for this reason, arsubjected to uncertaintyAccording to (EPRI

2002) the capital cost for thieatterystack is set at5000/kW andfor the electrolyte a250
wkwh. In its service life, only the pumps and tledectrolyte should be replaced and
consequently theeplacement cost is 26/kWh (Hu, et al. 2012) The operation and
maintenance cost is WkW per year for the cell stack and 0.0&Wh per year for the
electrolyte.The expeted lifetimefor the stack and electrolyte 15and 30yearsrespectively

and roundrip efficiency is 70%(EPRI 2002) As mentioned at chapter 2, the power and
energy capacity are decoupled at this type of batlEmgrgy capcity is3 MWh and power

rating is500 kW.

Parameters for NaS battery

The rated capacity of each cell is considered to be 628 Ah and the nominal voltage is 2 V
(EPRI 2002) The energy to power ratio is siand typical efficiengy for this battery
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technology i85%. The capital and replacement cost is @&BVh and the O&M cost is 0.35
WkWhl/yr (Kintner-Meyer, et al. 2010)The service life of this battery is 15 years and the
cycle life time is 2,500yxles for 100% DOD, 4,500 cycles at 90% DOD and 6,500 cycles at

65%.

Parameters for Lithium ion battery

The lithium ion battery modetl in this study has nominal capacity equa®®Ah andits
nominal voltage is 10.8 \(Garimella and Nair 2009}t comprises of three parallel and three
series cells.The capital and replacement cost of this battery technology isuBMWh
(Schoenung 2011pue to lack of information regardirthe O&M cost it is assumed to be
equal t00.35 WkWh/yr like in the case oNaSES. Furthermore, the lifetime is equal to 15
years and the cycle life is 2,000 cycfes 100% DOD, 3,000 cycles for 80% DOD, 4,000
cycles for 70% DOD and for very low DOD (3%) it can reach 500,000 cythesefficiency

is 90%andthe power to energy ratio is fo(Braun, et al. 2011)

The characteristic whictvere used for the model development of those types of batteries are
summarized imable6.

Table 6 Characteristics of battery technologies modeled in HOMEREPRI 2002)(Hu, et al. 2012)(Kintner -
Meyer, et al. 2010)Garimella and Nair 2009)(Schoenung 2011§Braun, et al. 2011)

. Lifetime Energy
Battery Capital Replacement O&M per Eff|c(:)|ency at 80% | to power
year (%) DOD ratio
. 180 150 0.26 1,600
Leadacid| '/ (a/ kwH (a/ k e cycles £
250 250 0.35 5,000
NaS— |k (as kwH (alk 85 cycles 6
. 500 500 0.35 3,000
Liion | (Al kwH (Al k = cycles | 0%
1,500 1,500 1 >10,000
( G/ k (Gl kW] (alk cycles
VRB 250 25 0.02 70 20 vears 6
(al k\ (G/kWH (a/k y

As demonstrated ifrigure24, lead acid is the most attractive battery technology, among the
investigated ones, from economic point of view. The NPC of the hybrid systethe cases

of NaS, Li-ion and VRB battery, imneases by 13% (3,4281), 38% (4,184k0) and 43%
(4,335ku) respectively.

Figure 25 showsthat VRB tas the largest energy losses (69M@/h/yr), in comparison to
the other batteries, due to their lovedficiency. On the other hand, the energy losses-airii
batterieswhich are equal to 19 MWhjr are the lowest among the other an&slead acid
and NaS batterieshe energy losses are 26.1 MWh/yr and 27.3 MWhAgpectively

Practically, there areah major differences, regarding the losses, betweenNa§ and Li

ion. Also, it is worthto be mentioned that RES fractiony tbhe case of Lion, reaches 9%

while for NaS andlead acid battery it is 93% and for VRB it is 92%.
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NPC forvarious battery technologies
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Figure 24 NPC of the hybrid system for different types of battery technologies
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Figure 25 Energy lossedor various battery technologies

3.3.2 Battery lifetime comparison

Apart from the cost and efficiency, this section parfs a comparison between the lifetimes
of each battery typeln HOMER, the battery bank lifetime can be limited either by the
lifetime throughput or the battery float life and is given as follows.

Y 0 O0—— hY (3.12

Where

- 'Y isthe battery bank life (yr)

-0 is the number of batteries in the battery bank
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- 0 is the lifetime throughput of a single battery (kWh)
-0 is the annual battery throughput (kWh/yr)
- 'Y j isthe battery float life (yr)

The

batteryos

through a battery before it needs replacement and is shown below.

Where:

0

NQ————

- "Qs the number of cycles to failure

10i f e} is the ambuntrob enerdy phattic be(cycled

(3.13

‘Qis the depth of idcharge (%)
- N is the maximum capacity of the battery (Ah)
- ® isthe nominal voltage of the battery (V)

The results of the batteriegclelife time evaluation are presentedTiable?.

Table 7 Lifetime comparison for various battery technologies

L s L Fu <D .
Battery type (|I£\./\/h/ly?) o (k|\5\/<h’y>r)_< |F r< :: _< Float life (yr)
LA 3,840,000 207,863 18.5 20
NaS 12,057,600 208,252 57.9 15
Li-ion 7,197,854 217,471 33.1 15
VRB 24,000,000 207,336 115.75 15

As illustrated inTable7, the cycle lifetime of LA battery is close to its nominal float life. For
the cases of NaS, dion and VRB, the cycle life is much more théeit float life. This fact
happens because of the low annual throughput since theeé¢hsr charging nadischarging

for more than 50% of the yedPractically, thosehree types obatteries are not likely to last
more than whatheir float life suggets and thusLA batteries have an advantag@mpared to

them. Therefore, the best battery type option with respect to cost, efficiency and lifetime is the
LA.

3.4 Conclusions

In conclusion, this chapter investigated the optimal size for a hybrid pow¢ensys
considering various RES and ES types and capacfig®e optimization scenarios were
investigated each of them taking into account different policy constraints and approaches.
Also, a comparison between the most promising battery technologies wasmeer
regarding their cost, efficiency and cycle lifetime. Finaltiis chapterevaluated the
economic feasibilityof submarine cable interconnection between Agios Efstratios and
Lemnos.The following chapter will deal with the steadtate analysis ohe existingnetwork
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configuration and also the proposed hybrid system with respect to the results of the
optimization analysis. For the followirgapter, it is assumed that the proposed sysizens
that of scenario 2.
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Chapter 4i Load flow analysis

4.1 Introduction

In the previous chapter, the optimal siziifgot he hybr i dvasdligcasses.nfibes uni t s
current chapter deals with the steatgte analysis of the power system during normal
operationand the optimal location of WT, PV and ES plants

Load flow analysis is a very useful tool for power system planning and design. Given supply

voltages, system configuration and loading, a load flow analysis caleoléges active and

reactive powefflows and losses throughout the whole sys{&aadat 2002)The load flow

calculations are performed by DIgGSILENT PowerFactory satioh tool. Since load flow

analysisis a nonl i near probl em, DI gSILENT solves the
iterative procdure. One of the athods used for load flow analysistish e Newt on Raphsol
method.

4.2 Description of islandb6s grid

As mentioned at the first chapt econventidmnad i sl and
power station consisting of five diesel fueled generaiidns. rominal rating for two of those

gensets is equal 80 kW and the other the engines are rated at 220 kWheir output

voltage is 400 V and their technicalachcteristics are illustrated Trable8. Apart from those

engines, a sail asynchronous wind turbine (20 kW) has recently been installed.

Table 8 Characteristics of diesel power generators

. . Minimum .
Unit Installation Nominal operation point Fuel consumption
year power (kW) (kW) rate (g/kwh)
50% | 75% | 100%
MAN 1088 90 45 201.9| 265.8| 263.3
D2566/ME ' ' '
HYUNDAI
KDSAX 2008 220 110 250.7| 240.3| 242.8

Two threephase transformers raise the voltage level from 0.4 kV to 15 kV. As shown
Figure 26 at the single line diagram of the island net wor k, t wo separate
(OHL) start from each transformer and at the end of every line branch there is a transformer
that steps down the voltage level at 400 V. The total lengtmeahedium voltage (MVOHL

is 9 km and they are madef copper wire 3x35 min Individual cable lengthsand
characteristicaare presented iffable 16 at Appendix B.A short line that starts from the
transformeDPS TR1(630 kVA)ends at the village where the majority of the households are
located. The other transmission line starts from the second transoR&eTR2 (400 kVA)

and goes to the smaller part of the village and to other loads which are spread at different
parts of the island. The wind turbiredonnected to this lindroughWPP TR (50 kVA) As

shown in Table 9, the remote loads are two military basgsB1-AB2), a station of

44



telecommunication network antenn®NA) and two water pumping statis{PS1PS2)that
use induction motorharacteristic lod values for different periods are shownTiable 16.
The power factor for the pumping stations is assumed to be 0.85 while for all the other loads

it is equal to 0.95.

Table 9 List of the transfor me r se§, ratingspand buses at MV/LV sides

Transformer Transformer MV (15 kV) LV (400 V)
Load type . : .
type rating side bus side bus
Loads 1-7 R TR-1 250 kVA BUS RL11 BUS RL1-2
Loads 811 R TR-2 250 kVA BUS RL21 BUS RL22
AB1 AB TR-1 50 kVA BUS AB1-1 BUS AB1-2
AB2 AB TR-2 100 kVA BUS AB2-1 BUS AB2-2
MNA NA TR 50 kVA BUS NA-1 BUS NA-2
PS1 PS TR1 50 kVA BUS PS11 BUS PS12
PS2 PS TR2 25 kVA BUS PS21 BUS PS22
MAN D2566/ME HYUNDAI KDSAX
1 117
DPS TR-1 EJ :; DPS TR2
BUS DPS-1 BUS DPS-2
B1 4
. . j BUS AB2-1
i = ( .
- " @ ABTR2
BUS WPP-1 BUS AB2-2
5 WPP TR (=]
_ES WPP-2 s Voltage Levels
B2 Ml 15 kv
@® 04 kv
wT
N BUS RL2-1 BUS PS2-1
BUSRLI1-1 i $ t ‘
D1 D3 | DS D7
e &) . - - PS TR-2 (q
RTR1 S {~ RTR2 s BUS AB1-1  BUS PS1-1 s BUSNAL i
BUS RL1.2 BUS RL2-2 ARTRE E)\ el o )C% BUS PS2-2
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]':nads :oa;s
v U v
AB1

PS1
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Figure 26 Single line diagram of the island's network
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The total lendt of the low voltage (LV) OHL is around 1.5 km and the type of cable that uses
is aerial bundled alumium cabl e 4x120+25 mm] . Talled7ac har act er
Appendix B

Figure 27 illustratesa simplified schematic of the LV distribution network divided in 11 main
branches. The feeders are arranged in radial configuration. The average length of the branches
is between 100 150 m and separate lengths are stated, along with those of the MV line
branches, imable 16 at Appendix B. Also, at each branch there is a load which represents a
group of households and buildings. The single line diagram and the data required for the
model development were provided by the PPC.
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Figure 27 Single line diagram of the low voltage distribution network at theresidential area

4.3 Load flow analysis of currentelectricity grid

At the current section, load flow analysis is performed for the exigtiage)power system
under different operating conditions.

The aim is to calculate the voltage magnitude at the buses and loafdiitges and
transformers Moreover, the purpose of this load flow analysis is to compute the power
system losses and investigate if thansmission and distribution system operates within
acceptable rangeghich are the voltage limits as stated in chapter if,they are exceeded.

As being menti oned, the islandds | oad prof il
diversity. In summey the electricity demand is greater because of the population growth

(tourists) and usage of apnditions for cooling. On the other hand, winters are mild and the

villagers do not consume much power for heating or other domestic appli&iges 28

illustrates two different load profiles. The blue line represents the average daily demand of

August and varies from 140 kWi the morningto more than 300 kVét night The red line

illustrates the average daily demand of Januaryth&t case there is not important load

deviation within a day and varies between 80 kW and 150 kW.
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Typical daily load profile
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Figure 28 Typical daily load profiles for August and January

Three different cases (high demandverage demanidlow demand) ge considered for the

load flow analysis of each season scendfoshown inFigure28, times of high demand take

place during night while average and low demand take place at midday and morning hours
respectively. Regarding Augy the high demand case (case 1) demonstrages tey st e mod s
maximum load conditions (360 kWvhile case 2 representverage loading (225 kW
conditions Case 3 is the zone of low load demand (150 kW). On the other hand, for the
winter scenario (Januarythe load values for high (case 1), average (case 2) and low (case 3)
demand are 150 kW, 110 kW and 80 kW respectively.

The load duration curve iRigure 29 illustrates that the demand is between 100 kW and 250
kW during 88% of te whole year. On the contrary, the load duration frequency for loads
larger than 300 kW is less than 1% and for loads less than 100 kW it is around 8.7%.

400

Power kW
3
|
|

1 1 S —

0 2,000 4,000 6,000 2,000
Hours

Figure 29 Load duration curve of Agios Efstratios for 2010
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4.3.1Base casesimulation results

This section presents the simulation results for the base power sy#temespectto the
previously mentionedcass and scenariosln the following, the loading of lines and
transformers and voltage magnitude at MV and LV buses isuisnated.

Loading of lines

The rated current capacity is eqt@mlL 70 A for the MV OHL and aBA for the LV OHL. For
all cases the currents that flow through the lines are relatively low compared to their nominal
capability.

As illustrated inFigure 30, the loading of MV OHLin August and Januarg less than 5%
and 2% respectivelyLines A and Bcarry the largest part of the load and the loading
difference between cases 1 andBthose liness more significantompared to lias C and D.

In August, this difference is up to 3.5% while in January it is aroundA®4ndicated in
Table 16, the remote loads connected to lines C andr®not subjected to major seasonal
variations.On the contrary, there emore significant changes at the loads of the residential
area.

Loading percentage of 15 KV OHL
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Figure 30 Loading of 15 kV OHL in August (a) and January (b) for different case of demand
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Regarding the loading of LV OHLEigure 31 illustrates thémportantdivergence between
cases 12 and 3 The line branches of theV distribution network are not loaded more tha
50% in August while in Januaiy is less than 15%Moreover, in case of August, loading
varies up to 20% from case 1 tosea2 and 33% between cases 1 and 3. In January, that
difference is up to 6% from case 1 to case 2 and 10% between cases Inageh8raterms
during all casedylV and LV lines are not imposed kigh loadingconditions
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Figure 31 Loading of 400 VV OHL in August (a) and January (b) for different cases of demand

Loading of transformers

As expected, in the period of August the loading at some of the transformers is higher
compared to January. As shownHigure 32, transformer R TRL which isconnected to the
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residential areds highly loaded(up to 90% in case 1. In cases 2 and 3, loading is 40% and
60% less compared to case Similarly to the case of line loading, the most significant
loading vaiations occur at the transformers between diesel station and the residential area
(DPS TR, R TR)Mue to the fluctuations in demapdofile of householdsin January, those
transformers are not loaded more than 27% in case 1 and 15% in Tagsel@ding bthose
transformers which are located at the remote loads and generators (wind farm, army bases,
pump stati ons avary mahketeveenthescasestiseasas O t
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Figure 32 Loading percentages of transformersn August (a) and January (b) for different cases of demand
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Voltage magnitude of buses

As shown inFigure33 and for case lthe steadystate vitage magnitudat the MVbusesn
AugustandJanuayo e s nd6t devi at euef{lrpw by mork thanB%and ¥ al Vv a
respectivelyln cases 2 and 3, voltage is closer to 1Atubuses connected to lines C and D

voltage level ilmost the samfor each casef demand

Voltage magnitude at MV buses

Voltage magnitude (pu)

-1

BUS DPS-1 BUS DPS-2 BUSRL1-1 BUSRL2-1 BUS AB1-1 BUS AB2-1 BUSPS1-1 BUS PS2-1 BUS WPP-1 BUS
MV buses

MCasel MCase2 MCase3l

(a)

01598

0996

0594
0592

- ST A e ek ah ah aii e
- NN RS REE RN AR NS REE Y
oo« (NI IS WEN NN MNN R WAS RN NN

BUS DPS-1 BUS DPS-2 BUSRL1-1 BUSRL2-1 BUS AB1-1 BUS AB2-1 BUSPS1-1 BUS P32-1 BUSWPP-1 BUS
MV buses

Voltage magnitude (pu)

-1

BMCasel MCase2 MCase3

(®)

Figure 33 Voltage magnitudes at MV busein August (a) and January (b) for different cases of demand

Figure34 shows the voltage magnitude at LV buses in August and January for cases 1, 2 and
3. The voltage drop percentage depends on the length of the linetimecs it with buses

RL1-2 and RL22 andthe load along the lineln August the voltage magnitude drops by
around 7% in case In case 2 the voltage varies fr@84 V to 392 V and in case 3 between

392 V and 396 VAs illustrated inFigure 34b, there is higher voltage magnitude in January
and variations between the cases not important

In general, at all cases and buses, the stetadg value of voltage magnitudenmintained
within the acceptable operational limit€10%).
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Voltage magnitude atLV buses
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Figure 34 Voltage magnitudes at LV busesin August (a) and January (b) for different cases of demand

Finally, there are power losses at the system that occur at OHL and Toedttallosses of

the power system in August are.3kW in case 1, 9 kW in case 2 and approximately three
times less compared to case 1 in the tiosiade (6 kW).In high demand case (case 1) in
January, power losses are 6 kW as well. In cases 2 and 3, the losses are 5.4 kW and 5 kW
respectivelyAs expeotd, the losses are proportional to the demand.

4.4 Optimal location for the RES and ES units

The aim of thissection is the investigation for the optimal placemerihefrenewable energy
and storage unitsThe analysis is performed with respect to thdrhy system size as
specified for high RES scenario (casscknario 2) in chapter 3 (WT: 330 kW, PV: 100 kWp,
ES: 3 MWh).

In general, the optimal placemeoftdistributed generatn units is the one thaminimizes the
electrical network losses, improvéke voltage profile and ensures system stability and
reliability (Kansal, et al. 2011(Borges and Falcao 2006)
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4.4.1 Optimal location for wind turbine

According to wind speed measurements réedrby CRES, the location that has the best
possible wind power generation potential is at the pdtdéghest altitude othe islandwhere
the 20 kW wind turbine has already been instali@dES 2011)

The transformer betweewind farm and gridWPP TR)in the existing system is rated at 50
kVA. For the model development of the hybrid power system, this transformer is assumed to
be replaced with a larger one (500 kVA) in order to carry the power flow from the wind farm
without being overloaded.

4.4.20ptimal location for the photovoltaic station

Apart from active power supply, PV generators are capable of providing reactive power as

well. In practice it is equal to the reactive power capability of the converter connected
between the PV and grid and is |l argely dictated
I n general, as the nominal reactive power out
rises according to the following formula.

Y 0 0 (4.1)

So,assuming® and Q output at the converter terminals equal to (1@ kW)and 0.5 py50
kvar) respectivelythe apparent power is 1.12 fii2% increase).

Two possible locabns are investigad. As illustrated irfFigure 35, the first location islose
to the residential area which is the main load center of the island and the second location is
close to the wind farm.

AB2-1
c2
C1 T Cc3
WPP-1
AB2-2
A B2
Location 2
WPP-2
RL12 ‘Wind farm PV
D1 D2 D3 D4 D5 D6l D7
Location 1
RL2.2 @ AB1-1 @ PS1-1 NA-1
v AB1-2 PS1-2 NA2
v Y Vv

Figure 35 lllustration of the two possible places for the location of the PV station
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The voltages at the buses for both locations are showdiginme 36 and Figure 37. For the
simulations, three differentases of demand have been considered in order to observe the
effect of PV location under various loading conditions. The first case is the high demand (360
kW) period of August. The second case is the low demand period of August (150 kW) and the
third one & the low demand period of January (80 kW). Moreover, it is assumed that all diesel
generators are disconnected, the PV unit supplies its nominal active and reactive power (P=1
pu, Q=0.5 pu) and the rest of the demand is covered by the wind turbines.

As illustrated inFigure 36, when the PV unit is placed at location 1, voltage magnitude at MV
buses is higher compared to when the solar panels are connected at location 2. The red line in
Figure 36 shows tlat there is 3.5% voltage increase at bus RlWhere the PV is connected

and around 1% at the other bus&anilar effect is demonstrated in (b) and (c) as well.
Specifically in (c), the combination of very loacal load and nominal power injectidrom

the solar unit causes reverse power flow from LV side to MV sidebengs overvoltage in

all nodes and particularly in REL
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Figure 36 Voltage magnitudes at MV busesin case 1 (a), case 2 (b) and case 3f@)locations 1 & 2

Similar results can be obtained at LV buses as showkiguare 37. When the PV unit is
connected at bus REZ, the voltage steadstate level at one part of the residential area (buses
N1-N7) can increase up to 6% in case 1 4%elin cases 2 and 3. The overvoltage in case 3 is
2.5% more than the nominal. This is the maximum overvoltage that can take place and is
within the acceptable limitdVloreover, at the same buses, voltage drops that are below the
acceptable limits are likglto occur during high demand periods when thedystemis at
location 2. Such significant voltage decrease takes place because of the large distance
between power supply and load center and thus, larger voltage drop across the line.
Consequently, the dph of location 2 is not suggested.
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Figure 37 Voltage magnitudes at LV buses in case 1 (a), case 2 (b) and case 3fgc)ocations 1 & 2

Furthermore, when PV usitareat location 2, the active and reactive power lossdse high
demand case (casedre 26.2 kW and 45.1 kvar respectivatycase of location 1, the active
power losses drop by 35% (17 kW) and teactive power losses decrease by 65% (16.5
kvar). Therefore distribution of gearating units close to the cameersr e duces t he
loses and improves theltage profile.

Also, the level of voltage improvement depends from both active and reactive power
capability of the PV Assuming thatreactive power supply increases from 0.5 pu to 1 pu,
voltage growsurtherup to 2% at MV buses and up to 2.5% at LV buses.

Since placing the PV system closer to the loads has more advatiiagethe opposite
another option regaing the optimal location of solar panels is to divide thetial capacity
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into smaller uné andplace them at different feedestthe LV distribution network as shown
in Figure38 below.

BUS RL1-2 BUS RL2-2

TTE TR T TE or o

BV station 1 PV station 2 PV station 3

Figure 38 lllustration of separatedistributed PV stations

Figure39 shows for the three cases of dematite effect of PV units over voltage magnitude
when the last ones are distributed at different parts of the residentialraczegse 1, when
separate units are placed at locations 3, 4 and 5 (red line), the voltage magnieakemby
1% to 2%in buses NAN7. The effect in buses located far from this location is negligible

Regarding cases 2 and 3 which are illustrated in (b) and (c), the relatively low local load
brings further increase in voltage level. In some of the bitsesn reach 1.04 pu but this
overvoltage phenomenon can be restrained through power output control of the solar units
and/or power absorption from the storageFigure 55 at Appendix B, a snapshot of the
radial LV residential ga network is illustrated during an overvoltage case.
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Figure 39 Voltage magnitudes at LV buses in case 1 (a), case 2 (b) and case 3 (c3ifgleand separatePV
units

Although, from technical point of view, the case of dstting the PV units at many
locations is more advantageous than placing them at one, there are further parameters, such as
increased installation cost, that are likely to ploagiersbut it is not within the scopes of this

study to investigate them.

4.4.3 Optimal location for the ES unit
The conclusions regarding optimal locatitmat werepreviouslyderived for the case of PV,
apply to the case of battery as well.

Thus, splitting the batteries into different parts and patiem, along with the PVnits, at
locatiors 3, 4 and 5 is the optimal solutifor storage placement for two major reasons. The
first reason is that batteries, atpwith the PV unit, can furthemprovetheg r i wltage
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profile during both voltage drop and overvoltagée secad reason is thathen solar power
supplycapability is limited batteries arable to assist in voltage stability

Batteries are able to provide active and reactive power supply which depends on the rating of
the converter connected between them and grid

4.5 Conclusions

In conclusion,a load flow analysisfor the existing power systemonfiguration was
performedand demonstrateitis loading conditionsand voltage profile considering different
seasonal demandhe highest loading and voltage drop takacpl at summer while, on the
contrary, they are insignificant during winter. The voltage limits are not exceeded in all cases.
Moreover, the optimal location for theroposedRES/ES componerg was investigated.
Regarding the wind turbine, thsitting evaluéion is related to the wind conditiordong the
island For the PV and battery system, the best option is consideredparate them into
smaller units angblace them at differeritV feeders of the residential argaorder to reduce

the losses and impve the voltage profileThe following chapter deals with the dynamic
stability analysis of the hybrid system under normal generation/load conditions and fault
cases.
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Chapter 51 Dynamic power system simulations

5.1 Introduction

with DIgSILENT

In the previous chapter, a load flow analgsvas performed for the existimpwer syptem of
Agios Efstratios andptimal location for RES and ES units has been investigated.

The scopeo f

t his

chapter

S t o

analyze

t he

generabn/load situations and contingencimsd highlight the contribution of battery storage

in frequency and voltage stabilitpMoreover, aims at demonstrating the importance of

batteryb6s bal an calomegystenaspviththighl penetsation aieemablesa n d

Before proceeding to the dynamic modelling and simulations of the hybrid system, a brief

definition of power system stabilitg discussed

Power system stability is the ability of mower system to remain in a state of operating

equilibrium afterbeing exposed to a physical disturbariéendur 1994) The same author
classifies and describes the different types of stalasitghown irfFigure40.

Those disturbancasitiate dynamic phenomea The stability of the power system is strongly
related to the magnitude and type of the disturbance as well asstoytiset imitral®gerating

condition Some of those dynamics are regarded as normal (switching, load variations

generation chandeand do not endanger the system stabiljtike smaltdisturbance rotor
angle stability) while some others like earth faults, disconnections and-siouits have
more serious impact and affect large parts of the sy@tansient stability)lt is essential tha
the steadystate condition reached after the disturbancaciseptable. Moreover, it is not
necessary that the system returns exactly at the same steady state condition it had before the

disturbance.

Power System

Small-
Disturbance
Voltage Stability

T
I

Long Term

Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small-Disturbance Transient Bi IIarge-
Angle Stabilit Stabilit ISturance
9 y ability Voltage Stability
I T T
I
Short Term Short Term
Short Term Long Term

Figure 40 Classification d power system stability(Kundur, Paserba, et al. 2004)
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This chapter deals with two types of power system stability, the frequency and the voltage
stability.

Frequency stabilitys adisplayof t he sy st e mb se. \@her thevatal ppveeve r b al @
fed into the system by the generators is less than the power consumption, the frequency level

drops below its nominal value (50 HH)the power supply is more than the consumption, the

frequency exceeds the nominal vallreboth case, the power output of the generating units

adjusts in order toring the frequency back to acceptable levels.

Voltage stability ist he power systemdéds ability to maintai
level and depends on the reactive power balande t h e n et \Whem tkebirgectado d e s
reactive power is different from the required one, there is voltage instafiigrvoltage is

mostlyrelated to low load conditions while voltage drop to high loading.

5.2 DIgSILENT standard models

This sectim describes the dynamic model development of the proposed hybrid power system.
The system configuration is thene illustrated in Figure 26. Built-in models from
DIgSILENT library are used for the implementation of the hybridesystt is not within the
scopes of this part to analyze those modeldetail but to present theain structure and
configuration parameters of the simulation blocks.

Loads

The low voltage loads of the residentialeas aremodeled as twaseparateaggregagd
voltagedependentoads(Elmlodlv) placed at buseRL1-2 and RL22. The load profile is the
high demand (August) which is shownTable16.

Wind power station

A built-in modelillustrated inFigure 56, containe in template librarypf a wind turbine
generatorequippedwith fully rated converters connected in bus WPP2he parameters of
the control blocks are presented in tall820 at Appendix C Its power rating is 350 kW
andthe power factor is equal ta9 The transformemhich connects it with thergl (TR
WPP) is ratect 500 kVA.

Diesel generation units

The diesel generation units are modeled as synchronous generators. Their sktownisn

Table 8 of the previous chapteand they are equipped with a governor and an automatic

voltage regulator (AVR). The governor regulates the output power and the speed of the
generator. The governor model used in this thesis is aibuiibdel included in DIgSILENT

library. It is named as$i D E G O \ridbased on an IEEE mod@éDIgSILENT GmbH) The

AVRregul ates the gene amdtthag tilesterménal cvoltagehroughn  cur r e
adjustment of the excitation voltage of the rotor windinfse library model is named as

A | E E HIEAEQ®O006) The parameters for both governor and AVR models are presented in
Table21andTable22 at Appendix C.
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Photovoltaic system

The PV gstemis connected in theV bus RL:2. The PVarrayandthe power converter are
represented by a static generator included in the template library of DIgSILEBET
illustrated in Figure 57 at the Appendix C(DIgSILENT GmbH) This builtin model
comprises othe PV generatowhose apparent power is 0.M\VA and power factor is 0.95
and also from measurement and control blodkseir parameters are also showrtahles23-
26.

Battery ES system

The battery ES syste(BESS)that is used in this section is also contained in the template
library and its modeiframe is shown irrigure58 at Appendix C(DIgSILENT GmbH) This
modelconsists af

- The generic battery model which provides the input signals for the charge controller.
Those signals are the SOC, the DC cell voltage and DC cell current.

- The conerter which determines the active and reactive power output for frequency
and voltage control respectively.

- Three controllers (frequency controller, voltaggower controller and a charge
controller) The frequency controlleegulates the active powar case of frequency
deviation according to the droop value. In the voltagewer controller, the voltage
and active paer deviaion is balancedThe output fom this controler is used as
input signal ér charge controllerThe kst one controls the charging/discharging
according to the SOC. A current limiter is also included in this block in order to
restrain the value of current according to a maximum current limit.

- Three measurement blocks (frequency¥dtage and PQ).

The configuration parameterfor all blocksare presented itables 2730. Furthermore, the
BESS is connected in bus R2lin parallel to the PV system.

5.3 Simulation and results

This part presents the simulation restdisvarious generatiofdad conditionsand fault cases
concerning th&ESS response aradsothes y st e mé s vauéntyastgbdity and fr e

Case 1: Wind generator outage event

The first case to be investigated is an outage eveitflly, the wind generator supplies
steadypower to the consners and20 seconds after the simulation startis suddenly
disconnected from the grid hree levels of RES petrationare taken into accourfor each

RES penetration level, wind power share is 90% while the rest (10%) comes from the PV
systemMoreover, three different cases of BESS operation are considardt first case the
BESS isdeactivatedind only the DG is responding to the disturbaicé¢he second and third
case, lhe battery is activatednd its power rating is 0.5 MW and 1 MW respesiyv The
following figures 4144 illustrate the voltage and frequencprofile andthe power output of

the battery and DG
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As shown inFigure41, there are more significant voltage and frequency variatftes the
disturbancen case that BESS is not included in the hybrid system. Moreover, the increment
ofbatteri esd p o themagnitugde andilengthr obfituationa and leads to better
steadystate conditionsThe improved dynamic performance occurs because ofBEES
balancing capabilitandis due to the time constanof thebatterycontroller blocks.
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Figure 41 Simulation results for outage event in high RE$enetration (90%) case

Also, Figure 42 illustrates tlat as the battey 6 s power C a posver isupply gr ows ,
increases as well. Onthe otherhandye D Goédopo ut put
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Figure 42 Power output from BESSand DG during outage event in high RES penetration (90%) case

The voltage ad frequency profiles in the cases of medium and low RES share are
demonstrated irigure43 andFigure44.

Those figures show that as RES power participation in the energy mix grows, more
significant ingabilities are likely to take place in the grid during a sudden wind power supply
interruption and also, there are larger deviationsteadystatefrequencyvalues from the
nominal (50 Hz). This issue is common in energy systems with limited participfation
synchronous generatoidue to low inertia of the system. Therefore, the presence of BESS in
hybrid systems with high penetration from renewables is very important in order to negotiate
the generation/load unbalances and as storage power ratirgsiegrethe achievement of high
RES fractions becomes more feasible.
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Case 2: Residentiabhd reduction event

This case discusses the battery behaviour system stability during a load reduction event
that takes place at the 28econdof the simulationDuring this event, batteries absatie
exceeding power in order to maintain balancing conditibhsee different levels of load drop
are assumed: 20%, 30% and 40%is alsoassumed thatind and solar generators &
90% of the deman@nd the powerating of BESS isl MW. The results a& illustrated in
Figure45 andFigure46.

During the event, the voltage and frequency variations which are illustratédure 45,
show that the magnitude of the fluctuationsdathe steadgtate condition after the
disturbance are related to the percentage of load drop and witbwthe increment of
reduction Moreover, the acceptable ranges are not exceeded during the event&id\ls®,
46 shows thabattery charging increases according to the load andpDG output is adjusted
as well.
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Figure 45 Simulation results for different levelsof load reduction
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Figure 46 Power output from BESS and DG diring load reduction event

Case 3:.DG outage event

In this case it is assumed that the demand is covered 40% by wind and solar units and the rest
by one DG that suppligs nominal power (220 kW)The DG is suddenly disconnected from

the grid 30 secondafter the initialization of simulation. The disturbances are negotiated by
the BESS and other DG units which are in stpdnode.Three cases are considered: one
case where BESS is not included in the system and two other cases with different battery
powea capacitieg0.5 MW/1 MW). Figure47 shows the simulation results for this event with
respect to the frequency and voltage variations.

As expected, more i mportant deviations take
Moreover,larger power ratings bring better balancing capability. It is also found that during
suchimportant DG contingencies in cases of increased conventional power supply in the
energymix, the system stability is improved when a BESS operates in pasgtifethe stand

by DG reservesTherefore, the operation of batteries in statmhe systems has many
advantageand not only when it comes to achievement of high RES shares.
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Figure 47 Simulation results for DG outage event

5.4 Conclusions

In conclusionthis chapteinvestigated the dynamic behaviour of the proposed hybrid power

system under different generation/load variations and falitisough simulation of various
events, it wagound thatthe BESS plays a very significant role in syst&ability and keeps
the grid within acceptable frequency and voltage randdso, the power systefns
unbalancesduring sudden changes aférdand and/or renewabp@wer supply, are amplified
in cases of high RES penetration due to low system inéiathis reason, in renewable
based standlone systems, it is considered very important to include BE@&ermore, the

problems related to low system inertia are likely to pose technical barriers in the level of

achievable RES share since a DG unit musubeing all the timeFinally, the benefits from
battery usage weralso demonstratedduring a DG unit disconnectionevent and results

showed thabatteries can improve the stability in casédigh DG participation (low RES
fraction)due to their fastetesponse compared to the DG units.
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Chapter 6/ Conclusions and future work

The initial goal for this thesis was sizing an ES eysfora hybrid renewabldased power

station in the islanded system of Agios Efstratios. Utilization of ES technologies in
autonomous power systems is a popular method for improving power quality and negotiating
the power output fluctuations. For this reason, the first step was to evaluate the aizdlable
technologies according to their capability to provide applicationsaldaitfor renewable
standalone islanded systems. The main characteristicseoEh types have been presented

and compared. According to this assessment, battery technologies are the most suitable ones
to support RES integration in Agios Efstratios due to theirnieah maturity, flexibility and

wide range of applications. Furthermore, a number of studies and cases demonstrating the
benefits of ES utilization in autonomous power systems have been included.

Secondly,the size of hybrid system has been optimized wéhkpect to its NPC and
considering a number of technical and economic constraints. Moreover, the optimization
process took into account different types of wind turbines and a range of wind, solar and
storage capacitieS.he results were categorized acdngdto three scenarios, each of them
representing a different policy approafdtenarios)It was found that the solution of the
objective function is a system comprisingooie WT rated at 330 kW, a PV plant of 100'p

and1 MWh batteryenergy capacityThe drawback of this hybrid system is the large energy
excess that is generated due to the size of WT and the incapability of ES to abEbeb it.
NPCis 2,966 K and omparingit to the costghat were derived from combinations with
smaller wind turbinesjt was found that the first one was legdso, by removing the
constraint of obligatory PV participation, photovoltaics are not included in the optimal
solution and the NPC drops . The high RES policy constraint (scenario 2) is satisfied
with the same wind (330 kW) and solar (100 kWp) ratingad by increasing the battery
capacity to 3 MWhThe cost for that system is 67 knore than scenario 1 but on thiner

hand ithas the advantage of diesel reduction by 3Rféreover, it has been proved that a
total renewable scenario (scenario 3) is economically feasible since the cost for that system is
| ess t han t hsecostdfor ehe esdme perialt Fumhard it was calculated that
interconnection is not a feasible option due to high capital and installatioT bestext step

was a battery type assessment including four types (LAgr.iVRB and NaS) which are
suitable fo RES integration. The results showed thatis the most economic choichas

good efficiency level and cycle lifetime close to the nominal float life.

Another objective of this thesis was to analyze the existing power system (basgpcasy)

and its voltageprofile during normal operation. For that scopestatic model of the power
network was developed in DIGSILENT and load flow analysis was performed considering
various demand profilesummeri winter). The results showed that the voltage stesteye
magnitude is maintained within acceptable range tldle sy st emés @dmponent s
transformers) are low loaded durittge largest part of the yea®nly during pealkdemand

there is high loading in one of the transformergesiidential areaThe next targewas to
investigate the optimal placemeiot renewable and ES units. Regarding the WT, its sitting
depends on the wind conditions of the island and it is proposed to be located at the existing
wind farm. For the PV and battepjants the best option i place separatemallerunits at
different LV feeders of the residential area. In that way, the power losses are minimized and
the voltage profile is improved.
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Finally, this thesisaimed atdemonstrahgt he hybri d systemds dynamic
generat on and demand v ar icamhility fosfreqaencd and Moleage bat t er y &
stability improvementA dynamic model was developed using DIgSILENT standard library

models and simulatits showed thatBESS operation is very important in autonomous
renewablebased power systemiloreover, he BESSbalancing capability is improved with

the increment oits power capacityand thus achievement of high RES share becomes more

feasible Moreover, high levels of RES penetration bring limited tolerance against
disturbances due to lowertia in the systerandpower quality deviationare amplified as the

magitude of disturbances increas@firough the resultd was proved thathe constant DG

operation is important in order to maintain thestem inertiaTherefore, the potential RES

penetration levels are likely to be restraiaed a total renewable scenario might be infeasible

for the island. A possible solution che to use a smaller DG unit so that it will not suppress

the renewables fraction that much.

A possible future work mabeto apply demand side management actiongurther system
optimization. Also, a sensitivity analysis can be performeghrding renewable resources
data, demand time series and diesel prices abs#rve the changes thate brought in
optimization results andgrid breakeven potn Another option is to expand the dynamic
analysis for furthedynamicevents (shottircuits, LVRT etc.) andlevelop a controller which
can enable 100% RES penetratioinaily, another potential is tinvesticate the techno
economic feasibilityof implementing hybrid power statiein more islanded systems.
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APPENDIX A

Diesel power system cost calculation

The total discounted cosésmd main technical characteristits the diesel power systeare
presentd in Figure48 andTablel0.
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Figure 48 Discounted case flows for the diesel power station

Table 10 Operational data and total costs of the diesel powestation

Capital (1) | Replacement () | Salvage( U | Operating( G| Fuel( 0 ) Total ( 0]
System 45,000 60,501 -27,828 478,485 4,530,300 | 5,086,459
Di Fuel Specific fuel Electrical
iesel . X : Hours of p
Unit consumption consumption production operation (hriyr) Fuel Cost( U
(L/yr) (L/kWh) (KWh/yr)
DG1 203,666 0.345 589,673 7,810 2,082,828
DG2 135,898 0.395 344,027 6,928 1,389,783
DG3 103,424 0.360 287,254 1,796 1,057,689
DG4 0 0 0 0
DG5 0 0 0 0
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Table 11 Optimization results for case 1

WT Battery PV Capital | Total COE RES Excess Diesel

power (MWh) power cost NPC (al k\ fraction energy (L/yr)
(kW) (kW) (Ma) ( Ma) (MWh/yr)

330 1 100 1.678 2.96 0.190 0.89 937 72,709

200 2.078 3.284 0.210 0.91 1,043 61,032

300 2.478 3.640 0.233 0.3 1,162 52,807

3 100 2.037 3.033 0.194 0.8 846.542 | 48,945

200 2.437 3.324 0.213 0.95 948.822 | 34,483

300 2.837 3.667 0.235 0.97 1,064.3 | 24,855

6 100 2.577 3.499 0.224 0.95 798.8 35,701

200 2.976 3.829 0.245 0.97 912.367 | 24,738

300 3.377 4,186 0.268 0.98 1,033.3 | 16,407

9 100 3.116 4.045 0.259 0.96 772.312 | 29,644

200 3.516 4,392 0.281 0.97 895 20,385

300 3.916 4.755 0.304 0.98 1,018 12,592

12 100 3.655 4,593 0.294 0.96 750.575 | 23,868

200 4.055 4.964 0.318 0.98 880.222 | 16,809

300 4.455 5.342 0.342 0.99 1,010.4 | 10,387

15 100 4.194 5.184 0.332 0.97 743.09 22,079

200 4.594 5.552 0.355 0.98 872.634 | 14,695

300 4,994 5.921 0.379 0.99 1,000.7 7,506

660 1 100 2.368 3.347 0.214 0.98 2,573.6 28,615

200 2.768 3.707 0.237 0.98 2,696.3 20,927

300 3.168 4.108 0.263 0.99 2,828.4 16,643

3 100 2.638 3.520 0.225 0.99 2,531.2 16,896

200 3.038 3.914 0.25 0.99 2,664.6 11,904

300 3.438 4,327 0.277 0.99 2,800.9 8,691

6 100 3.177 4.065 0.26 0.99 2,508.2 10,792

200 3.577 4.479 0.287 0.99 2,648.5 7,740

300 3.977 4.910 0.314 1 2,790.9 6,085

9 100 3.716 4.632 0.296 0.99 2,492.2 6,803

200 4116 5.061 0.324 1 2,637.2 5,046

300 4516 5.488 0.351 1 2,779.1 3,098

12 100 4.255 5.216 0.334 1 2,482.2 4,331

200 4.655 5.640 0.361 1 2,626.5 2,147

300 5.055 6.079 0.3 1 2,772.6 1,332

15 100 4.794 5.807 0.372 1 2,475.2 2,471

200 5.194 6.244 0.4 1 2,623.7 1,495

300 5.594 6.676 0.427 1 2,767.8 0
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Table 12 Optimization results for case 2

WT Battery PV Capital Total COE RES Excess Diesel

power (MWh) power cost NPC (al k\ fraction energy (L/yr)
(kW) (kW) (Ma) ( Ma) (MWh/yr)

250 1 100 1.468 3.093 0.198 0.83 506.517 | 103,49

200 1.868 3.365 0.215 0.86 598.792 | 87,070

300 2.268 3.699 0.237 0.89 707.820 | 76,033

3 100 1.828 3.178 0.2 0.85 422.897 | 83,801

200 2.228 3.379 0.216 0.9 498.432 | 60,557

300 2.628 3.665 0.235 0.93 597.355 | 45,026

6 100 2.367 3.584 0.229 0.88 354.274 | 65,015

200 2.767 3.843 0.246 0.92 449.862 | 47,006

300 3.167 4,138 0.265 0.95 551.995 | 32,407

9 100 2.906 4.139 0.265 0.89 329.342 | 59,946

200 3.306 4,352 0.279 0.93 413.942 | 37,744

300 3.706 4.680 0.299 0.96 527.896 | 26,051

12 100 3.445 4.672 0.299 0.9 301.926 | 52,740

200 3.845 4,907 0.314 0.94 393.869 | 32,578

300 4.245 5.265 0.337 0.96 518.463 | 23,681

15 100 3.984 5.223 0.334 0.91 281.608 | 47,295

200 4.384 5.518 0.353 0.94 393.49 32,608

300 4,784 5.877 0.376 0.96 517.066 | 23,786

500 1 100 1.858 3.173 0.203 0.94 1639.68 | 60,054

200 2.23 3.507 0.224 0.95 1750.18 49,377

300 2.63 3.883 0.249 0.96 1873917 | 42,511

3 100 2.218 3.251 0.208 0.96 1545.874 | 35,880

200 2.618 3.588 0.23 0.97 1661.455 | 25,070

300 3.018 3.964 0.254 0.98 1786.768 | 17,917

6 100 2.757 3.740 0.239 0.97 1502.479 | 24,731

200 3.157 4.108 0.263 0.98 1628.889 | 16,726

300 3.557 4,500 0.288 0.99 1761 10,980

9 100 3.296 4.299 0.275 0.98 1480.781 | 19,891

200 3.696 4,655 0.298 0.99 1606.356 | 10,905

300 4.096 5.084 0.325 0.99 1751.578 | 8,510

12 100 3.835 4.840 0.31 0.99 1456.515 | 13,507

200 4.235 5.249 0.336 0.99 1599.556 | 9,315

300 4.635 5.665 0.363 0.99 1740.494 | 5,828

15 100 4.374 5.424 0.347 0.99 1446.357 | 11,064

200 4,774 5.833 0.373 0.99 1589.903 | 6,897

300 5.174 6.256 0.4 1 1733.401 | 3,947

750 1 100 2.248 3.523 0.225 0.97 2840101 | 39,911

200 2648 3.887 0.249 0.98 2961.987 | 32,196

300 3.0488 4.287 0.274 0.98 3093.343 | 27,558

3 100 2.608 3.656 0.234 0.99 2759.905 | 18,489

200 3.008 4.054 0.259 0.99 2894.744 | 13,316

300 3.408 4,468 0.286 0.99 3030.272 | 9,559

6 100 3.147 4.190 0.268 0.99 2732447 | 11,405

200 3.547 4,612 0.295 0.99 2875.477 | 8,434

300 3.947 5.042 0.323 1 3017.046 | 6,210

9 100 3.686 4,758 0.305 0.99 2715.928 | 7,455

200 4.086 5.192 0.332 1 2862.969 | 5,572

300 4.486 5.625 0.36 1 3006.343 | 3,591

12 100 4.225 5.342 0.342 1 2705.457 | 5,012

200 4.625 5.779 0.37 1 2853.988 | 3,436

300 5.025 6.214 0.398 1 2998.831 | 1,645
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15 100 4.764 5.929 0.379 1 2696.944 | 2,822
200 5.164 6.373 0.408 1 2848.053 | 1,833
300 5.564 6.808 0.436 1 2992.688 0
Table 13 Optimization results for case 3
WT Battery PV Capital | Total COE RES Excess Diesel
power (MWh) power cost NPC (a/ kV\ fraction energy (L/yr)
(kW) (kW) (Ma) (Ma) (MWh/yr)
100 1 100 1.458 3.746 0.24 0.6 26.447 173,35
200 1.858 3.927 0.251 0.68 63.156 143,29
300 2.258 4.127 0.264 0.75 122.32 118,01
3 100 1.727 3.983 0.255 0.6 14.473 171,98
200 2.127 4.034 0.258 0.69 37.141 135,66
300 2.527 4.172 0.267 0.77 75.226 104,31
6 100 2.267 4.596 0.294 0.6 4.2 172,24
200 2.667 4.583 0.293 0.7 12.725 130,@
300 3.067 4.638 0.297 0.79 39.993 94,179
9 100 2.806 5.203 0.333 0.6 1.509 171,83
200 3.206 5.141 0.329 0.71 0.742 125,20
300 3.606 5.212 0.334 0.8 29.925 90,807
12 100 3.345 5.803 0.371 0.6 0 170,9
200 3.745 5.764 0.369 0.71 1.92 126,%
300 4.145 5.816 0.372 0.8 24.828 90,205
15 100 3.884 6.412 0.41 0.6 0 170,69
200 4.284 6.382 0.408 0.71 2.299 127,01
300 4.684 6.376 0.408 0.81 11.733 85,494
200 1 100 1.748 3.483 0.223 0.81 383.918 | 105,10
200 2.148 3.689 0.236 0.85 464.309 | 85,168
300 2.548 3.992 0.255 0.89 561.2 70,961
3 100 2.017 3.559 0.228 0.83 335.095 | 92,896
200 2.417 3.734 0.239 0.88 401.081 | 67,754
300 2.817 3.999 0.256 0.91 493.275 | 50,954
6 100 2.557 3.942 0.252 0.86 259.101 | 71,971
200 2.957 4171 0.267 0.91 344,508 | 51,818
300 3.357 4.466 0.286 0.93 446.762 | 37,818
9 100 3.096 4.497 0.288 0.87 237.679 | 66,898
200 3.496 4.699 0.301 0.92 314.281 | 44,243
300 3.896 4.988 0.319 0.95 416.424 | 29,624
12 100 3.635 5.048 0.323 0.88 215.482 | 61,424
200 4.035 5.254 0.336 0.93 295.877 | 39,107
300 4.435 5.560 0.356 0.95 403.969 | 26,036
15 100 4.174 5.610 0.359 0.89 199.327 | 56,921
200 4.574 5.847 0.374 0.93 289.668 | 37,452
300 4.974 6.178 0.395 0.95 404.863 | 26,739
300 1 100 2.038 3.585 0.229 0.89 871.069 [ 78,237
200 2.438 3.859 0.247 0.92 961.288 | 61,401
300 2.838 4.186 0.268 0.94 1,069.811 | 49,953
3 100 2.307 3.628 0.232 0.92 799.35 58,680
200 2.707 3.919 0.251 0.94 901.854 | 44,234
300 3.107 4.238 0.271 0.96 1,010.125 | 32,346
6 100 2.847 4.100 0.262 0.93 750.727 | 45,924
200 3.247 4.386 0.281 0.96 853.9% 31,000
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300 3.647 4.724 0.302 0.97 968.344 | 20,919
9 100 3.386 4.606 0.295 0.95 713.474 | 36,293
200 3.786 4.937 0.316 0.96 830.665 | 25,527
300 4.186 5.306 0.34 0.98 957.056 | 18,217
12 100 3.925 5.156 0.33 0.95 691.265 | 30,643
200 4.325 5.507 0.352 0.97 815.237 | 21,735
300 4.725 5.880 0.376 0.98 942.826 | 14,824
15 100 4.464 5.707 0.365 0.96 670.72 25,235
200 4.864 6.090 0.39 0.97 806.064 | 19,209
300 5.264 6.453 0.413 0.98 931.319 | 11,395
400 1 100 2.328 3.838 0.246 0.93 1,388.403 | 61,790
200 2.728 4.133 0.265 0.95 1,488.757 | 47,466
300 3.128 4.477 0.287 0.96 1,602.825 | 37,641
3 100 2.597 3.918 0.251 0.95 1,327.239 | 44,716
200 2.997 4.221 0.27 0.97 1,432.58 | 31,344
300 3.397 4.569 0.292 0.98 1,549.52 | 22,198
6 100 3.137 4.370 0.28 0.96 1,274.047 | 30,096
200 3.537 4.705 0.301 0.98 1,389.578 | 19,738
300 3.937 5.086 0.325 0.99 1,517.977 | 13,549
9 100 3.676 4.924 0.315 0.97 1,250.54 | 24,920
200 4.076 5.283 0.338 0.98 1,376.043 | 16,663
300 4.476 5.658 0.362 0.99 1,504.553 | 9,959
12 100 4.215 5.461 0.349 0.98 1,224.05 | 18,078
200 4.615 5.832 0.373 0.99 1,355.327 | 10,991
300 5.015 6.248 0.4 0.99 1,496.384 | 8,102
15 100 4.754 6.028 0.386 0.98 1,209.033 | 14,030
200 5.154 6.411 0.41 0.99 1,343.876 | 8,049
300 5.554 6.826 0.437 0.99 1,485.594 | 5,069
Table 14 Total annualized costs of the hybrid system components
Case Scenario Total Annualized Costs f/year)
WT PV Diesel gen| Battery | Converter Total
Sc. 1 77,503 35,043 59,462 20,790 35,347 232146
Case 1l Sc. 2 77,503 35,043 38,056 47,780 35,347 236,293
Sc. 3 142,872 | 105,130 4,144 95,561 35,347 383,334
Sc. 1 46,510 35,543 97,477 21,535 35,347 242,152
Case 2 Sc. 2 105,154 35,543 49,569 19,346 35,347 248,294
Sc. 3 151,663 | 106,630 5,074 95,561 35,347 394,618
Sc. 1 81,244 35,043 92,335 21,740 35,347 271,919
Case 3 Sc. 2 115,779 35,043 48,168 47,780 35,347 285,384
Sc. 3 254,019 | 105,130 5,571 95,561 35,347 496,006
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Table 15 Comparison of optimization results with respet to policy constraints and without them

Wind PV ES . RES Excess
. . NPC Diesel .
Case Scenariol power | power | capacity M1 | Ly fraction energy
(kw) | (kwp) [ (MWh) y (%) (MWh)
With constraints| 1x330 | 100 1 2.966 | 72,709 | 89 937 (42%)
Case 1 i
Without 1x330 - 1 2.705 | 88,286 | 87.4 | 835.5 (39%)
constraints
With constraints | 1x250 | 100 1 3.093 | 103,500 83 | 506.5 (28%)
Case 2 i
Without 2%x250 | - 1 2891 | 75129 | 92 | 1,536 (55%)
constraints
With constraints | 2x100 | 100 1 3,483 | 105,100 81 | 383.9 (24%)
Case 3 i
Without 2x100 | - 1 3,303 | 136,857| 745 | 345 (21%)
constraints
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APPENDIX B

Table 16 List of cable lengths and load values for all cases and seasons

August August August | January | January
Line Length Load type High Average Low Average Low
(m) demand | demand | demand | demand | demand
(kw) (kW) (kW) (kW) (kW)
A 543 Load 1 40 23 13 8 4
B1 312 Load 2 30 17 10 6 3
B2 231 Load 3 35 20 11 7 3.5
C1 1,857 Load 4 25 14.4 8 5 2.5
Cc2 976 Load 5 20 115 7 4 2
C3 37 Load 6 25 145 8 5 2.5
D1 1,351 Load 7 25 145 8 5 25
D2 1,940 Load 8 20 9.7 5 3 1.6
D3 49 Load 9 125 6 4 2 1
D4 7 Load 10 25 12.1 7 4 2
D5 285 Load 11 25 12.1 7 4 2
D6 2,021 PS1 15 15 15 15 15
D7 43 P 7.5 7.5 7.5 7.5 7.5
V1 150 AB1 20 17.5 15 12.5 12.5
V2 100 AB2 30 25 20 17.5 17.5
V3 100 MNA 5 5 5 5 5
V4 100
V5 80
V6 250
V7 100
V8 150
V9 170
V10 200
Vil 100

Table 17 Technical characeristics for MV and LV OHL cables (Papathanassiou and Papadopoulos 2006)

Cable type R (Ohm/km) X (Ohm/km) C (nF/km)
MV OHL 3x35 mm| 0.591 0.393 5
LVOHL 4x120+2 0.253 0.069 610
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APPENDIX C
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Figure 56 Wind turbine generator frame including current controller

Table 18 Parameters for the PQ controller of wind turbine geneator

Parameter Value
Kp, Gain ofactive powercontrol (pu) 0.5
Tp, Time canstant of the active powepntrol (s) 0.002
Kg, Gain of reactive power control (pu) 0.5
Tq, Time canstant of the reactive poweontrol(s) 0.02
Xm, Magnetizing reactance ab&se(pu) 0
deltaU, Voltage deadband (pu) 0.1
i_EEG: O=acc. EON; 1=acc. SDLWindV 1
Tudelay, Voltage support delay (s) 0.01
K_deltaU, Reactive support gain 2
i_max, Combined current limit (pu) 1
Ramp, Active power ramp (%/s) 500
u_max, Maximum allowed internal voltagépu) 1.1
X, Coupling reactance (%) 10
id_max, id current limit (pu) 1
1

iq_mayx, ig current limit (pu)
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Table 19 Parameters for the current controller of wind turbine generator

Parameter Value
Kqg, Gain of reative current controller 1
Tq, Integratortime canstant of the reactive currecntroler (s) 0.002
Kd, Gain of active current controller 1
Td, Integrator ime canstant of the active curreapntroler (s) 0.002
Tm, Current filter time constant (s) 0

Table 20 Parameters forthe active power reduction block of wind turbine generator

Parameter Value
fUp, Start of active power reductiqhiz) 50.2
fLow, End of active power reduction (Hz) 50.05
PHz, Gradient of active power redtion (%/Hz) 40
Tfilter, PT1-filter time constant (s) 0.05
nedGrad, Negative gradient for power change (pu/s) -0.25
posGrad, Positivegradient for power change (pu/s) 0.25

Table 21 Parameters of the model of the diesel governor

Parameter Value
K, Actuator gain 30
T4, Actuator derivative time constant (s) 0.35
T5, Actuator first time constargs) 0.002
T6, Actuator second time constds) 0.015
TD, Combustion delay (s) 0.024
Droop, Frequency deviation/active power change 0.002
TE, Time constant power feedback (s) 0.5
T1, Electric control box first time constant (s) 0.018
T2, Electric control box second time constant (S) 0.0001
T3, Electric control box derivative time constant (s) 0.38
Droop control, O=Throttle feedbackl=Electric power feedback 1
Tmin, Minimum torque (pu) 0
Tmax, Maximum torque (pu) 1.2
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Table 22 Parameters of the model of AVR

Parameter Value
Tr, Measurement delay (s) 0.02
Ka, Controller gain (pu) 175
Ta, Controllertime constant (s) 0.03
Ke, Excitor constant (pu) 1
Te, Excitor time constant (s) 0.266
Kf, Stabilization path gain (pu) 0.0025
Tf, Stabilization path time constant (s) 15
E1, Saturation factor 1 (pu) 4.5
Sel,Saturation factor 2 (pu) 15
E2, Saturaion factor 3 (pu) 6
Se2,Saturation factor 4 (pu) 2.46
Vrmin, Controller output minimum (pu) -12
Vrmax, Controller output maximum (pu) 12
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Table 23 Parameters of thePV array

Parameter Value
UIO, Opencircuit voltage of module (V) 32.9
UmmpO, MPP voltage of module (V) 26.3
ImmpO, MPP current of module (A) 7.61
IkO, Shortcircuit current of module (A) 8.21
au, Temperature correction factfuoltage)(1/K) -0.0039
ai, Temperature correction fact@@urrent)(1/K) 0.0004
nSerial, Number of series modules 20
nParallel, Number of parallel modules 25
Tr, Time constant of module (s) 0

Table 24 Parameters for the DC busbar and capacitor

Parameter Value
Capacity, capacity of capacitor on DC busbar (s) 0.0172
UdcO, Initial DC voltage (V) 700
UdcN, Nominal DC voltage (kV) 1
Pnom, Rated power (MW) 0.1

Table 25 Parameters for the Vdc controller
Parameter Value
Kp, Gan of active power PI controller 0.005
Tip, Integration time constant of the active power Bontroller 0.03
Tr, Measurement delay (Ss) 0.001
Tmpp, Time delay MPP tracking) 5
Deadband,Deadband for AC voltage support (pu) 0.1
Droop static for AC voltage support (pu) 2
i EEG: O=acc. TC20071=acc.SDLWindV 1
id_min, Minimum active current limit (pu) 0
U_min, Minimum allowed DC voltage (V) 333
ig_min, Minimum reactive current limit (pu) -1
id_max, Maximum activecurrent limit(pu) 1
iq_max, Maximum reactive current limit (pu) 1
maxAbsCur, Maximum allowed absolute current (pu) 1
maxlg, Maximum absolute reactive current in normal operanr) 1
Table 26 Parameters for active power reduction block

Parameter Value
fUp, Start of active power reductiqhiz) 50.2
fLow, End of active power reduction (Hz) 50.05
Gradient, Gradient of active power reduction (%/Hz 40
Tfilter, PT2-filter time constant (s) 0.01
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Table 27 Parameters of the battery common model

Parameter Value
SOCO, State of charge at initialization 0.8
CellCapacity, Capacity per cell (Ah) 3000
u_min, Voltage of empty cellV) 1.7
u_max, Voltage of full cell(V) 2.4
CellsParallel, Amount of parallel cells 20
CellsInRow, Amount of cells in row 25
RiCell, Internal resistance per cell (ohm) 0.001

Table 28 Parameters of the frequency controller of the battery ES system

Parameter Value
droop, The droop value of active power 0.004
db, Deadband for frequency control (pu) 0.0002
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Table 29 Parameters of the voltage and power controller of the battery ES system

Parameters Value
Tr, Filter time constant, activeath (s) 0.01
Trq, Filter time constant, reactive path (s) 0.1
Kp, Proportional gainid i PIT controller (pu) 2
Tip, Integrator time constaiitid i Pl controller (s) 0.2
AC_deadband,Deadband for proportional gafpu) 0
Kg, Proportional gaindr ACi voltage support (pu) 1
Tiq, Integrator time constaiitiq i |1 controller (s) 0.002
id_min, Minimum real part of current (pu) -0.4
ig_min, Minimum imaginary part of power (pu) -1
id_max, Maximum real part of current (pu) 1
iqg_max, Maximum imaginary part of current (pu) 1

Table 30 Parameters ofthe charge controller of battery ES system

Parameters Value
ChargeCur, Minimum charging current (pu) 0.05
minSOC, Minimal SOC, discharging will be stopped (pu) 0.2
maxSOC,Maximal SOC, charging will be stopped (pu) 1
deltaU, Threshold foiiq preference (pu) 0.9

86




Bibliography
Barton, John, and David Infield. "Energy Storage and Its Use with Intermittent renewable
Energy.""EEE TRANSACTIONS ON ENERGY CONVERSION, VQUuh@, 2004244448.

Bognar, Kristina, and Frank Behrerilater Desalination in Micro Grids Based on
Renewable EnergiesMicro Perspectives for Decentralized Energy Supphin:
¢t SOKYAaO0OKS ! yADGSBBAGNG .SNIAYI HamMmM® ToO

Boretti, Alberto. "Stoichiometric H2ICE with water injection and exhaust and coatat h
recovery through organic Rankine cycldatérnational Journal of Hydrogen Energy vol. 36
2011.

Borges, Carmen, and Djalma Falcao. "Optimal distributed generation allocation for reliability,
losses, and voltage improvemenElectrical Power and Erggr Systems 28February 23,
2006: 418420.

Braun, Philipp, Maciej Swierczynski, Robert Diosi, Daniel Stroe, and Remus Teodorescu.
"Optimizing a Hybrid Energy Storage for a Virtual Power Plant for Improved Wind Power
Generation: A Case Study for DenmaRtceedings of the 6th International Renewable
Energy Storage Conference and Exhibiéd.1.

Chen, Haiseng, Ngoc Kong Thang, Yang Wei, Tan Chunging, Li Yongliang, and Ding Yulong.
"Progress in electrical energy storage system: A critical reveregres in Natural Science
19, 2009: 291312.

Connolly, David. "A Review of Energy Storage Technologies for the Integration of Fluctuating
Renewable Energy." University of Limerick, August 17, 2009.

CRESCenter for Renewable Energy Sources and Savings252011.
http://lwww.cres.gr/kape/news/deltia/deltio_typoy prasino_nisi.htm (accessed March 11,
2012).

DIgSILENT GmbH. "PowerFactory User's Manual DIgSILENT PowerFactory, Version 14 ."
Manual, Gomaringen, Germany, 2008.

Divya, K.C., and Jacob Ostergaard.téBaenergy storage technology for power systems
An overview.'Electric Power Systems Research vgolD&gember 11, 2009: 58320.

E.S.AElectricity Storage Associatid?009.
http://www.electricitystorage.org/technology/storage_technologies/technologpmpariso
n (accessed March 2012, 4).

Electropaediahttp://www.mpoweruk.com/zebra.htm (accessed February 20, 2012).

EPRI DOEPRI DOE Handbook Supplement of Energy Storage for Grid Connected Wind
generation Applicationslechnical report, Palo Alto: EFRDE and U.S Department of
Energy, 2004.

87



EPRIHandbook of Energy Storage for Transmission and Distribution Applicdtemiical
update, Palo Alto, CA: EPRI, 2002.

Espinar, Bella, and Didier Mayer. "The role of energy storage for mini grid stabilization
International Energy Agency, Photovoltaic Power Systems Program, July 2011.

EURELECTRADplication Guide to the European Standard EN 50160 on "Voltage
Characteristics of Electricity Supplied by Public Distribution Sysfesethical Standards,
Eureletric, Union of the Electricity Industry, 1995.

European Commissiohe EU climate and energy packa@etober 2010.
http://ec.europa.eu/clima/policies/package/index_en.htm (accessed March 2012, 10).

European Environmental Agency (EERMTURA 2000 View@011.
http://natura2000.eea.europa.eu/# (accessed March 11, 2012).

Garimella, Niraj, and{K.C. Nair’Assessment of Battery Energy Storage Systems for-Small
Scale Renewable Energy IntegrationENCON 2008ingapore: Conference Publications,
20009. 16.

Giannoulis, E.D., and D.A. Haralambopoulos. "Distributed Generation in an isolated grid:
Methodology of case study for LesvoSreece."Applied Energy 88-ebruary 2011: 2530
2540.

Global Energy Network Institut&.E.N.12012.
http://www.geni.org/globalenergy/library/renewablesnergy
resources/world/europe/windeurope/wind-greece.shtml (accessed March 10, 2012).

GomisBellmunt, Oriol, Adria Junyeifierre, Andreas Sumper, and Joan Betlyase. "Ride
Through Control of a Doubly Fed induction Generatodes Unbalanced Voltage SagieEE
Transactions on Energy Conversion vol. 23 Ndedember 2008: 1036045.

Gonzalez, Diaz Francisco, Andreas Sumper, Gomis Oriol Bellmunt, and Villafafila Roberto
Robles. "A review of energy storage technologies for wimger applications.Renewable
and Sustainable Energy ReviewsA®12: 2154171.

Greek Transmission System Operator. "Study for the upgrade of the transmission network
20102014." Report, 2010.

Hu, Guozhen, Shanxu Duan, Tao Cai, and Changsong Cheg algilysis of PV system with
VRB storage." 2012.

Ibrahim, Hussein, Adrian llinca, and Jean Perron. "Energy Storage SyStesinacterisitcs
and ComparisonsRenewable and Sustainable Energy Reviewg0a@3: 12211250.

IEEEIEEE Recommended PractmeHxcitation System Models for Power System Stability
Studies, IEEE Std 422@05.New York: IEEE, 2006.

Joint Research CentreVGISk-ebruary 2012. http://re.jrc.ec.europa.eu/pvgis/ (accessed
March 12, 2012).

88



Kaldellis, 1., and D. Zafirakis. "Optimunesgy storage techniques for the improvement of
renewable energy sourcdsased electricity generation economic efficiendgriergy 32May
30, 2007: 2298305.

Kaldellis, loannis, Dimitrios Zafirakis, and Kosmas Kavadias. "Minimum cost solution-of wind
photovoltaic based standalone power systems for remote consumerriergy Policy 42
December 21, 2011: 16517.

kaldellis, loannis, Dimitrios Zafirakis, kosmas Kavadias, and Eleni Ké&ldstlbenefit
analysis of a photovoltaienergy storage electrification solution for remote islands."
Renewable Energy 32009: 12991311.

Kansal, Satish, B.B.R. Sai, Barjeev Tyagi, and Vishal Kumar. "Optimal placement of distributed
generation in distrintion networks."International Journal of Engineering, Science and
Technology, Vol. 3, No, Bpril 2011: 455.

Karri, Vishi, Wai Yap, and John Titchen. "Simulation and Configuration of Hydrogen Assisted
Renewable Energy Power Systeningineering and Thnology 472008: 269276.

Khan, M.J., and M.T. Igbal. "Feasibility study of stan@lone hybrid energy systems for
applications in NewfoundlandRenewable Energy 3December 8, 2004: 83%64.

KintnerMeyer, M., et alEnergy Storage for Power SysteApplications: A Regional
Assessment for the Northwest Power Pool (NWR&)ort, Washington: Pacific Northwest
National Laboratory, 2010.

Komor, Paul, and John Glassmkttectricity Storage and Renewables for Island Power: A
Guide for Decision MakerReport, International Renewable Energy Agency, 2012.

Kundur, Prabha?ower System Stability and Contidlo Alto: McGraviill, 1994.

Kundur, Prabha, et dIDefinition and Classification of Power System StabilitligEE
Transactions on Power Systems, 18], no. 2May 2004: 13872401.

Lorax Energy Systems LLC. "Windpoweringamefcdutlander Wind Turbine Overview.
September 29, 2004.
http://www.windpoweringamerica.gov/winddiesel/pdfs/2004_wind_diesel/company/lorax.
pdf (accessed March 29, 2012).

Lund,Henrik, David Connolly, Brian Vad Mathiesen, and Martin Leahy. "A review of
computer tools for analysing the integration of renewable energy into various energy
systems."Applied Energy 82010: 1059 1082.

Makarov, Y.V., et alVide-Area Energy Storagend Management System to Balance
Intermittent Resources in the Bonneville Power Administration and California ISO Control
Areas.report, Pacific Northwest National Laboratory, 2008.

Marin, Cipriano, Manuel Luis Alves, and Arthouros Zet@3% RES, A clage for Island
Sustainable Developmerttisbon: Instituto Superior Tecnico, 2005.

89



Martin, JamesSolar Choic&010. http://www.solarchoice.net.au/blog/batteriefor-stand
alonesolarpower-systems/ (accessed February 15, 2012).

Naish, Chris, lan McCubb©Oliver Edberg, and Michael HarfoBGtlook of Energy Storage
Technologiesstudy, Brussels: European Parliament, Commitee on Indusrty, Research and
Energy, 2008.

National Renewable Energy Laboratory (NREL). "HOMER energy." 2012.
http://homerenergy.com/(accessed March 25, 2012).

Papathanasiou, Stavros, and Eleni Karamalmuestigation of Photovoltaic Penetration
Capability at Non Interconnected Islands and Effects over the Operation of Installed Wind
FarmsTechnical Report, Athens: National Technidmilversity of Athens, 2007.

Papathanassiou, Stavros, and Michael Papadopoulos. "Harmonic Analysis in a Power System
with Wind Generation.TEEE Transaction on Power Delivery vglQZTober 2006: 2006
2016.

PPCPublic Power CorporatioBecember 2011.Un i L)Y K K 6 6 4 PRSA ®INk o~ ~ ' i h°
2012).

Rodrigues, Luis, and Ana Estanqueiro. "Integration of Renewable Sources in the Electric
{@a0SY dzaAy3 ANldz2rtf wSySglroftS t26SNItflyidadh
Geologia LNEG.

Roussakis, G., AlRarageorgis, N. Conispoliatis, and V. Lykousis. "Last gfttalimtene
sediment sequences in N. Aegean basins: structure, accumulation rates and clay mineral
distribution." GeeMarine LettersMarch 10, 2004: 9111.

Saadat, HadPower System AnalysicGrawHill, 2002.

Schoenung, SusaBnergy Storage Systems Cost Update, A Study for the DOE Energy Storage
Systems ProgrankReport, SANDIA National Laboratories, 2011.

Singh, Bhim, and Zakir Hussain. "Applications of Battery Energy Storage System (BESS) in
Voltage Control and Damping of Power Oscillatio&#h"International Conference on
Industrial and Information Systems, ICIIS 2@0Q0.

Souissi, Ahmed, Othman Hasnaoui, and Anis Salami. "Optimal Sizing of a Hybrid System of
Renewable Energy for a Relabh.oad Supply without InterruptionEuropean Journal of
Scientific Research Vol. 45 Np2@10: 626529.

Steward, D., Saur. G., M. Penev, and T. Ram&denycle Cost Analysis of Hydrogen Versus
Other Technologies for Electrical Energy Stordgehnical Report NREL/ABO-46719,
Golden, Colorado: NREL, 2009.

Sudworth, J.L. "The sodium/nickel chloride (ZEBRA) battiyyrhal of Power Sourcexd01.:
149163.

90



Swierczynski, Maciej, Remus Teodorescu, Claus Nygaard Rasmussen, Pedro Rodriguez, and
Henrik Vikelgaard. "Overview of the Energy Storage System for Wind Power Integration
Enhancement.2010 IEEE International Symposium on Industrial Electronics Z(8I&).
37493756.

Tsikalakis, Antonios, et &llarket applications in specific island povegistemsReport,
Intelligent Energy Europe, 2009.

Turconi, AlbertoDevelopments and Improvements in Zebra Nickel Sodium Chloride
Batteries.report, MESDEA S/A.

Vassillakos, Nikolaos, Nikolaos Karapanagiotis, Dimitrios Fertis, and KostadvViethkads
of financing renewable energy investments in GreBeport, Athens: Center for Renewable
Energy Sources and Savings, 2003.

Wright, D. Sally, L. Anthony Rogers, F. James Manwell, and Anthony Ellis. "Transmission
options for offshore wind farms irhe united states.” University of Massachuccets,

Department of Mechanical and Industrial Engineering, Renewable Energy Research Lab, June
2002.

Yang, Zhenguo, et &lectrochemical Energy Storage for Green @ridew, Pacific
Northwest National Laboratgr USA, 2010.

Zafirakis, Dimitrios, and loannis Kaldellis. "Present situation and future prospects of
electricity generation in Aegean Archipelago islan&sérgy Policy 33ay 23, 2007: 4623
4639.

Zoulias, Emmanuel, and Nikos Lymperopouthalrogenbased Autonomous Power Systems,
TechneEconomic Analysis of the Integration of Hydrogen in Autonoum Power Systems .
Springer, 2008.

91



