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EXECUTIVE SUMMARY

Largescale integration of renewable energy sourse(RES) changes the landscape of power systems.
Intermittency and reverse power flows from RES lead to new regulation issues both in transmission and
distribution levels. The potential benefitsf energy storage systesn(ESS) are widely recognisddr
integrating dispatchable RE®&d also enhancing power networkasility. Different types of ES®uld offer
their power/energy capacity in the balancing/energy market and provide various ancillary senvareler

to support flexible operation of the power system also with high RES penetration lé¥etkiced price and
increasel flexibility bring profits via market participatiprwhich attracts further investments for the
deployment of storage technology. A diversity ofosage technologies is foreseen for the network
applications in the near future, but how to effectively coordinate a largaloer and different types of ESS

is still an open challengerhe concept of virtual storage plant (VSP) is proposed in this con&R.
aggegates and coordinates multiple E&&ting as a single storage unit frothe perspective of the
transmission system operat@i SO).

This deliverablaims atintrodudng the VSP architecture, functionalities, and demonstratsatup within
the work package (WP) The main contributions of this report are summarized as follows:

1) Regional NetworModelling andPerformanceEvaluations

A simplified inteconnected networkmodel covering four TSO systeitHOPS, NOSBIH, EMEESIn
SouthEast Europe is introduced, based on which tioenain simulations are performetb analyzethe
services provided by VSPheoperationof distributed storage systems and tiperformanceevaluationof
the Greektransmission systenare presentedacording to the current practice forstorage and RES,
reported by VARTA and PPC respectiv@bnerally storage units and controlled either in a centralised or
in a decentralised mannawith respectto storage dispatch and automatic frequency/voltage regjala
This informationwill be used as baselin® define performance indicesvhich probabilistic studies and
demonstration activitiesvithin WP7will be based on

2) VSP Architecture and Functionalities

This report refineshe architectureof the VSPrramework outlined in thedeliverable D7.Zonsidering the
recent advancemenof WP7 Soecial attention is paid taddressthe VSP functionalities defined in High
Level Use Case (HLB)n a formal way.VSP mainly accounts fatorage technologies located in the
distribution level. Byaggregatingsmallscale storagedevicesas a single storage unit froitihe system
2 LISNI (2 NDa LIS Nbragsudiis dadi Toordidated taldlidferSystemlevel servicegncluding
frequercy/voltage regulations and congestions religf. unified frameworkis developed toregulate
network frequency and stabilize intarea tieline flows, which preventsongestion on the crossorder
lines after contingenciesThe voltage regulatioissue is solvetbcallyin the distribution networkthrough
the optimal coordination oktorage systemsBusiness models are develapdased on which the owners
of the storage assets can effectively access various electrical mank@tsharethe profits. Furthermore
the optimization results are presentddr VSP offering its capacities in the balancing market.

3) VSHramework Implementation

According to thepresentedVSP concept and architectyrihe initiallaboratorysetupfor the experimental
assessment of the VSRamework s illustrated Hardwarein-the-loop and reaitime simulations will be
established which incorporate thephysicallaboratory power network in the simulation loopt a later
stage of WP7 e VSPframework will be deployed in the laboratorywhere the storage devices
communicate in a distributed fashiommplemented the devised algorithms. The communication
infrastructure interfacing the VSRameworkto the externalCROSSBO®¢osystem will beliscussed.

The final version ofthe VSP architecture and its functionalitiesll be reported inthe secondversionof
D7.3 VSPFramework together with the relevantefinitions, improved functionalities, andemonstration
plansfor HLU 5Specifically, the following aspects are included in the second versionSEction 3.3a co
simulation platformis developedto test the control concepts for VSP in frequency regulation and
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congestion management; this platform also bridgles current smulation and thefuture demonstrations,

in which the storage model will be replaced by real storage assets in the laboratémyS&gtion 3.2.4he
optimization algorithms for VSP market participation are improved considering more accurate modelling in
energy limits and efficiency of storage, and the refined energy and balancing price data from all 8
CROSSBOW TSOs are used to obtain new re8ylts section 4.2, detailed information on the ICT
infrastructure connecting the laboratory SCADA and the M@Jeue is introduced
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1 INTRODUCTION

1.1  Purpose of The Document

Largescale integrationof renewable energy sourse(RES) changes the landscape of power systems.
Intermittency and reverse power flows from RES lead to new regulation issues both in transmission and
distribution levels. The potential benefitsf energy storage systesn(ESS) arevidely recognisedfor
integrating dispatchable RE®&d also enhancing power networkasility. Different types of ES®uld offer

their power/energy capacity in the balancing/energy market and provide various ancillary seénvareler

to support flexille operation of the power system also with high RES penetration leRelduced price and
increasel flexibility bring profits via market participatioprwhich attracts further investments for the
deployment of storage technology. A diversity of storage teologies is foreseen for the network
applications in the near future, but how to effectively coordinate a largaimer and different types of ESS

is still an open challenge

The concept of virtual storage plant (VSP) is proposed in this contextad{fffgates and coordinates
multiple ES&cting as a single storage unit frdaire perspective of the transmission system opergfb&0).
VSP camprovide diversified frequency support, spanning over different time scdleth manually and
automatically,and maintain regional voltage profiledarket participationof VSHs enabled througlSG
DSO cooperation.

This deliverableeportsthe first versionof the VSRramework including its main functionalities defined in
the HighLevelUse Case (H)B. Thearchitecture of the VSBrameworkis definedbased on the previous
deliverables in work package 7 (WRaf)d according tadhe new progress and effortef the consortium
partners The VSP framework delivers five main functionalities, whiehrefined and treatd in a formal
manner in this deliverable, and will b&urther validatedusing the network data and models from the
consortium countriesThe peliminary setup for the laboratonsbased demonstration imtroduced based
on whichthe initial demonstration results will be presented in the next deliveraiflthe WP7 task7.3.

1.2 Structure of The Document

The struture of this deliverable comprisdbree sections addressing the development of the firstsion
of the VSP framework

Sectian 2: Power Network Modelling and Performance Indices

This section introduces theurrent practice of operatingdistributed energy storage, which is used as a
baseline to evaluate the improved performance provided by the W&Rework The typical uncertatnes

in the power networks related to the RES patterns @entified, which willsteer the case studies in the
later demonstration tasksThe performance indiceassessinghe voltage/frequency regulationesults are
defined according tothe practiceof Hellenic Electricity Transmissid®ystem At the end,the regional
power network models representing the four interconnected sys{géf®@PS, NOSBIH, EMS, CGBER)uth
East Europe is illustratedhe demonstration cluster at UNIZ€I consider thignulti-are network

Section 3: VSP Architecture and Functionalities

This section covers the refined VSP architecture and functionalities based on recent advaraeniered
by relevant partnersThe VSPaggregatesa large number of diverse distributestorage devicedocated
mainly, but not onlyjn the distribution levelwhich can becoordinatedto provide systerdevel services,
i.e. frequency regulation and congestion managememhe bugsiess models addressing the VSP
opportunity and scheme$or market participation araliscussedThe optimization algorithms enabling3?

to participate intobalancing marketthrough TSE@SO coordination is presented as well.

Section 4VSPFrameworkimplementation

D7.3 VSP framework development
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The demonstration setupn the SGLab of UNIZG is illustrated.h&dwarein-the-loop and reaitime
simulation scheme incorporating both the laboratory physical network addTSO networ& will be
establishedCase studiesowering Use Case (UC) 2 to UC4dascribed The communication infrastructure
connectingthe storage assets in the@d abis introduced which facilitats the control of the storage units in
a distributed manneras envisaged by the devised distributed conaigiorithms Lastly the role andthe
interfaceof the VSRramework within the CROSSBOW ecosystem in discussed.

D7.3 VSP framework development 12
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2 Power Network Modelling and Performance Indices

2.1 Practice ofOperating Dstributed Sorage

VARTA is usingentralizedstorage control to enable installations of multiple battery system units at one
grid connection point. In such a scenario, it is not felasio operate these battery systems independently

of each other, becauseif operated independently, each battery system unit actively controls the power
flow at the grid connection point. In an independent operatimode, there would therefore be mulgle
controllers acting on the same physical property, which is a highly instable situation that can lead to
multiple sorts of unintended systematic behaviour. In an extreme case one battery system could be
charging while another one could be dischargindpiolv would lead to energetic losses and ageing of
batteries, but would not have any positive effect on the electric grid.

To prevent such scenarios, VARTA makes use of one centralized controihenihaster control unit;, per

such installation. This mis control unit can either be one of the battery system units or a separate
control system. All battery systems except the master control unit act as worker units without an active
control system controlling the power flow at the grid connection pointe Blverall behaviour of such an
installation is as if there was only one large battery system installed. An installation consisting of multiple,
comparatively small battery system units, can however be more efficient (due to higher efficiency at partial
loads), less expensive (due to economies of scale) and more reliable (because there is no single point of
failure) than one large system.

The following subchapters will describe the overall architecture of this system, the realizatiencoitrol
strategyand resulting grid support capabilities.

2.1.1 VARTA VSP System Architecture

Figure 2.1 shows the architecture of installation consisting of multiple VARTA battery systems. One
systemactas master control unit and determines the power required by the total battery installation at the
grid connection point. The power measurement at the grishnection point can be realized in different
ways, e.g. Modbus TCP, which all have in common that measured data must be received by the master
control unit. Worker unit do not have and need any knowledge about the total power flow at the grid
connection int.

The communication between master control unit and worker units is realized using the proprietary VARTA
Secure Remote Control Protocol (VSRCP), which has the following properties:

1 based on TCP/IP, so existing Ethernet installations can be reusedvandtagh number of worker
units can be addressed

1 protected by the Advanced Encryption Standard (AES) and astangped, salted signature to
prevent fraudulent control of worker units, data manipulation, and data leakage

9 automatic detection of conneaiin loss and reconnection capabilities

Depending on local legislation, all types of VARTA battery systems can be freely combined to form such
compound installations. Depending on the master control unit being used, an arbitrarily high number of
worker units can be managed, although typical installations do not exceed 5 worker units.
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battery system battery system battery system battery system
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" ’/_/‘-'4 r-—,/ “:

rest of house installation

Figure 22.1: Architecture of VARTA multiple battery system installation scheme

2.1.2 VARTA Contradf Distributed Storage

The maste control unit needs to determine at every point in time which total power shall be delivered to
the house installation. Typically, this is a fully automated process serving the various overarching use cases
that the battery systems are intended for:

1 Selfsufficiencyoptimization: The battery system will charge surplus energy generated at the house
installation and discharge whenever there is a lack of local energy. As a result, the power exchange
at the grid connection point is minimized.

1 Peakshaving: The battery system will charge based on certain rules, i.e. whenever there is surplus
energy, and discharge to prevent peaks of power draw from the grid. As a result, peaks of power
draw from the grid are prevented while also decreasirigut not minimizingg the power exchange
at the grid connection point.

1 Frequency control: The battery system is charged and discharged based on the frequency of the
electric grid measured at the local installation. In such scenarios, the battery systemcallyypi
connected to an aggregator aggregating multiple sources of frequency control, and remote
configured to participate in frequency control campaigns organized by this aggregator.

In any case, this overarching control scheme yi€ldg:, the total pover to be delivered by the complete
battery system installationin the next stepPuarget is to be distributed to the worker units in a way which
optimizes several parameters:

1 Maximization of overall efficiency

1 Minimization of spreading of battery state ofiarge
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1 Minimization of switches betweestandbyandoperationalstates.
1 Minimization of spreading of battery state of health

This optimization is performed by assigning a cost function to each of these properties. This cost function is
calculated evenn second(typicallynf mMn o | yR | NBadzZ GAy3a aoO2NB Aa |
higher scores are associated with that worker unit being more favourable to be used. The list of worker
units is then ordered by decreasing score.

After each step of theverarching control scheme, the master control unit selects that number of top
scored worker units which are capable to provide the required load in the most eeéfigyent way. This
efficiencyoptimization is based on heuristic rules, which are thewselbased on field and laboratory
experience and efficiency measurements.

In case of failure of individual worker units, the master control unit automatically selects additional, next
bestscored worker units.

Figure 2.2 shows the response of two battery systems controlled this way on one common grid
connection point. Both master control unit and one worker unit are realized by the storage system labelled
Gt dzf &St dgfftSREed Ma 2LISNI GAYy3I & | Lz2NB g2NJ] SNJ dzy Al o
At around 2.5 s into the measurement, the power flow at the grid connection point is changed because a
consumption of around 3 kW is activated. As a response, both worker units are activated from their
respectivestandby states (this takes around 5 s) and then balance the load to realize a power flow at the
grid connection point which is as close as possible #fi@r around 32 s, the consumption is deactivated

and both worker units are controlled to stajischarging within around 2 s.
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Figure 22.3 shows dataacquiredin a similar way but with multiple changes of the power flow at the
common grid connection point. As can be seen, inadks the master control unit controls both worker
units such that a power flow at the grid connection point as close as possible is achieved.
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2.1.3 VARTA Distributed Storage Grid Support Capabilities

For grid support, functionalities such as voltage support, frequency stigpd Fault Ride Through-R)y
capability, developed in conformity with the relevant standards (such as German and European standards)
will be presented in this section.

The Responsibility of the storage system is to continuously monitor thelgpédly. The storage system
controls the active power output in order to maintain the frequency and voltage at the connection point
stable. Grid support capabilities of the storage system are mostly the responsibility of inverter and it is
considered commuo practice to implement these functions at a lower control level. One of the reasons, and
probably the most important one, is the fast response rate to any variation in source or demand.
Furthermore, this structure ensures that higher controlling unitshefse complex systems are free of the
excess burden of mandatory grid support processes. In literature, this control is usually referred to as the
primary control level of the storage system and is considered to be the first step in the regulation. inverte
must therefore be capable to collect local data and also transmission of information to the upper control
level, such as voltage and frequency measurements and active and reactive power produced by the
inverter. This exchange of data helps the highertiadrunit to perform selfoptimisation, frequency control

and other user cases for the energy storage systems.

There have been quite a few changes in the last year regarding theagas in EU. It is noticeable that

they are taking a direction more faveed by the VSP and other intelligent power system solutions in
general. One of the recent changes is that the interface points of the storage systems to the outside system
are now better defined and in some grid codes also mandatory for both low and meditage level. One
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example would be the new lItalian grid code -OE1:201904 where an active power set point control is
required for all storage systems installed into power plants with aggregated installed power over 11,08 kW
and therefore already enaiolg the storage systems to be controlled not only as a single unit but also as a
part of a bigger system such as VSP. This functionality is handled by the system master control unit where
the information is transmitted between systems via atandard communication protocol such as
Modbud TCP. Function influences the master control regulation algorithm dired®ggulatory
requirements for this function ara bit more generous in comparison to the grid support functions located

on the inverterlevel. Required active power spbint control response time is in this case under 1 minute
where for example the require P(f) droop control response time is at around 1 second.

Methods, required by the gridodes in EU, of controlling energy storage itees for grid support are:
1. Active power injection for supporting the grid frequency (P(f) droop control method)

2. Reactive power injection for supporting the grid voltage (Q(U) droop control method, fixed power
factor control and fixed reactive power).

3. FRT apabilities of the system for bypassing shtimie grid disturbances in order to, once again,
improve the grid stability.

In the following text the above capabilities of the system will be introduced as defined by the actual grid
codes. The inverter mustcaurately determine the reference value for the voltage and frequency to
provide optimum grid support. Also, if required by let’s say primary or secondary frequency control (which
are not to be mistaken with the P(f) droop control described underneatkiertar must take into account

GKS OFfOdzZ  6SR RSOAIFGAZ2Y Ay FNBIldSSyOe okFu 2N @2f
to set power sefpoint correctly. Furthermore, it must be noted that the grid support functions, defined by

the gridcodes, have a higher priority over other user defined functions.

P(f) droop function will be active outside of the normal operating mode in which the frequency deviates
from the nominal value. The usual frequency threshold is defined at around 50+0rRi®e brimary
control, the frequency of the system is monitored. If the frequency of the system exceeds the 50+0.2Hz
limit, the storage system must begin to take from or inject power into the system to support stable
operation of power. Once the frequengerturbation ends and the frequency derivative are terminated,

the inverter has to limit the change of active power-peint received by the master control for certain
amount of time, usually for 10 minutes but can wary between the-godes. P(f) droopontrol is shown in

the Figure 2.2.

Critical overfrequency
f>50,2Hz

510 51,5 520 525 f

Critical underfrequency
f<49,8 Hz 2

Normal frequency range
49,8Hz < f<50,2Hz

Figure2.2 Active power injection by frequency deviation defined by the German-gade VDE AR N
4105:201811
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The voltage at grid connection point can be controlled, among other strategies, by setting the storage
sysem to inject a certain amount of reactive power (inductive or capacitive) in the grid. This can be
achieved either by setting a fixed reactive power level, a fixed power factor or by varying the reactive
power injection depending on a measured voltage eal&or the sections of the grid, where voltage
deviations up to circa +10% are frequent, it is recommended to inject the reactive power in dependence to
the voltage. The voltage measurement may be done locally at the inverter connection point or the remote
grid connection point. Using remote sensing implies additional measurement equipment in the grid
connection point and eventually communication devices which may be costly. A cheaper alternative is the
open loop Q(U) control algorithm in where each invemeeasures its own terminal voltage and calculates
the corresponding reactive power contribution. In the Figure 2.3 Q(U) droop characteristics is presented.
Usual values fory and™Y arertw 6Y andpht XY respectively, but mayary depending on thegrid-code.

These parameters can be adjusted manually over the system interface.

A Q/P,

u/u,

Figure 2.3. Reactive power regulation characteristic Q(U): activation thresholds and maximum reactive
contribution required (Q/Pn > 0 means a reactive behaviour of the staaystem equivalent to a
capacitive absorption)

2.2  PowerNetwork Uncertaintiesand Frequency/VoltageSensitivity Indices

2.2.1 Uncertainties in the Power System Operation

Powerdemand is subject to fluctuations on a seasonal basis, across the week, and duritay tfemand
can also be influenced by irregular events, such as particidathgme weather conditions. They can also
be swayed byexternal effects such as striketglevised eventsetc In spite of these variability,hese
demand peaks and troughsan be met with the combination ofdifferent types of RESgeneration,
according to their different characteristiesid availability.

Within this sectionCOBRA, as RES plant operdiasanalyzel the seasonal and daily demand variation, as
well as the tempaal and spatial variation in pduction and availability of RES, in the country where is
located the test laboratoryGreecs.

2.2.1.1 Seasonal demand variation analysis

Thissectionoutlines how demand for electricity iGreecediffers between a suM SNQR& RF & |y R |
day. Hourly generation data foGGreeces available from thaational gridvia ADMIE (TSO)

Typically,demandis higherin the summerthan in the winter. TheRA T F SNBy O peakt 0 § ¥y RS $1y2 T4
LJS I demands i the summer are usually lower when compared to demands of the witspecially in

winter, demand for electricity tends to flucate over the course of the day (mairdgtermined by human

activity).
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Figure2.4, whichcomparesdemandprofilesona g A y sidayMiizla & dzY Y $iaNgRkows a similar trend,
with local maximums at 10 a.rand at 9 p.m but with the & dzY YsSiak3howing a higher demand for all
of the 24-hour period.

Typical Day
Winter: 06/02/2016 Summer 07/08/2016
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1 2 3 4 5 6 7 ] 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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Figure 2.4 Winter and summer daily demand in Greece. Source: ADMIE

Daily demand variation

As expected, lectricity demandis usuallylower during the night hours, with little domesticor commercial
consumption.n both seasonsthere is a visiblesurgein demandin the morning,when peoplewake-up and
beginusingelectricaldevices but this surge increases more rapidly over a shorter space of time during the
winter.

Demand continues to rise but then starts to stabilize at aroddda.m. as offices and shops open and
electrical equipment such as computers are increasingly utilized.

In the winter a second surge then occurs later in the @dday5:30 p.m, as school childrebeginto return
home and the working day starts to come to an end. As people return home, they will be turning on
electrical equipment¢ lighting, televisions,and kettles and beginto start cooking dinner. Demand then
begins to fall and drops off a®ople begin to retire to bed.

Thiseveningsurgeis lessevidentin summer,aspeoplereturn home whenit is still light. As well as evening
domesticelectricity use being lower in the summany use at home in the evening will be counteracted by
the switching off of air conditioning units in shops and offices.

2.2.1.2 Availability of RES

To satisfy this demand according to the trends exposed above, a cotiobiref RES technologies and
storage systems is required.

PV andWind generatiorare utilized whenever it is available; however, its intermittency due to its reliance
on weather couditions (wind speed and irradiation) means its output varies semmer months are
typically less windybut sunnier).Figure2.5 shows how PV and Wind can balance their daily generation.
Regardless of this complementarity, a Hybrid Plant with only PV and Wdimdot provide a firm and
dispatchable output, so storage afod dispatchable units must be added.
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Figure 2.5. Example of PV + Wind generation (PV 175MW and Wind 175MW)

Hgure below illustrates the monthly variability of the wind speed (m/s) and the global hoakioradiation

in a region at the south of Greece. These values have been graphed (making use of a box and whisker plot).
As reminder, in a box and whisker pjai:

1 The ends of the box are the upper and lower quartiles (£82and 75%Q3of the data), so the box
spans the interquartile range (dark grey)

1 The median is marked by a vertical line inside the box (in @R)g

1 The whiskers are the two lines outside thextibat extend to the highest and lowest observations
(light grey).

Global Horizontal Irradiation (W/m#)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month
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Wind Speed (mi/s)

Figure 2.6. Monthly GHI (up) and Wind Resource in Greece: Q1, Q2, Q3, maximum and minimum

According to the previous graphs, certain complementarity betweerGlobal Horizontal IrradiatiorGH)
and the wind speed can be seen. However, as indicated above, this complementarity is not sufficient to
ensure a fully firm electricity production wilRES.

In order to solve these intermittencies, storage units must be used. For instBoogped Hydro Storage
(PH$ and/or Redox or Libn batterieshave ageneration extremely responsive, aedn beused to meet
demand peakslIn addition, dispatchabldRESunits (biomassand biogas generatio)y which are more
flexible, canbe adjusied according to thedvel of demand and price.

COBRA haanalyzel several hybrid plants combining these technologies. Within this document, it is
analyzel how firmness, dispata@bility, curtailment andevelizedcost of electricity vary depending on the
combination of these RES and storage ufiijs

2.2.1.3 Predictablepatterns

Finally, in the pictures below it is graphed (making use of a box and whisker plot) the season and monthly
variation of the electricity consumption in Greece, the depemck between demand and ambient
temperature and the analysis between weekdays and weekends.
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Electricity Demand (MWh}
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Figure 2.7. Monthly electricity demand in Greece: Q1, Q2, Q3, maximum and minimum

Figure above showtbat highe demandoccursduringthe summer months (June, July and August},also
during the winter months (December, January and February). On the conttaring spring and autumn
the electricity consumption decreases considerably.

The light gay areas (mirfQl) and (Q3max) representthe abundant uncertainty that exists around the
electricity demand. Conversely, the dark grashichcomposeghe quantiles Q4Q3, is much narrower and
therefore muchmore predictable.

Figure2.8 highlighs the factthat ambient air temperature ia highly influential factor that determines the
total and peak demand ia country as the months withextreme temperatures (on average) aaspond
with the months with maximum electricity demand.

30 T T T T T T T

Ambient Temperature (°C)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Figure 2.8. Monthly ambient temperature in Greece: Q1, Q2, Q3, maximum and minimum
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In addition, withinFigure2.9 it is plotted the probability density of the electricity demand, depending on
the season of the year. It can be seen the median value (in blue), as well has the two main quartiles Q1 and
Q3, which reprsent the 25% of the total data and the 75%, respectively.

Electricity Demand (MWh)

| | |
Winter Spring Summer Auturnn

Figure 2.9 Seasonal electricity demand in Greece: Q1, Q2, Q3, maximum and minimum

Finally, it can be seen Figure2.10 how the electricity demand changes deping on the day of the week.
Taking into account the 8760 data of the timeries provided by ADMIE, it can be established that the
electricity demand definitively drops at the weekend, especially on Sundays.

250 -

I I I I I

200 ]

Electricity Demand (MWh)

.
100 |- —

50 | | | 1 | | |
Mon Tue Wed Thu Fri SAT SUN

Day of the week

Figure 2.10. Weekly electricity demand in Greece: Q1, Q2, Q3, maximum and minimum

In conclusion, after the analysis performed, it can be determined that changes in electricity demand levels
are generally predictable and hadaily, weekly, and seasonal patterns.
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91 Daily patterns: Demand levels rise throughout the day and have local miaesirati10a.m. and at
9p.m. on weekdays.

1 Weekly patterns: Demand levels are generally lowest on weekends.

1 Seasonal patterns: Demand levels during the summer and winter months tend to be higher than
demand levels during the fall and spring seasons.

2.2.2 Performance Indicegor Network Operations

The purpose of thissection is to describe the main performance indices of the Hellenic Electricity
Transmission System and to present some data and statistical results from its systematic monitoring for
2018. The wholgrocess is based dhe data ofHellenic Regulatory Authority of Energy (RAE) [5].

The backbone of the Hellenic Electricity Transmission System consists of three -daubte100 kV lines,
which transmit electricity mainly from Western Macedonia whe@8470of the country's generation capacity

is located, to the major electricity demand centers of Central and Southern Greece where 65% of the
country's electricity demand resides.

The Hellenic Electricity Transmission System consists of additional 400 BR8@&kV lines, as well as of 150
kV submarine cables, which interconnect Andros and the Western Greece islands, Corfu, Lefkada,
Cephaloniia and Zakynthos and a 66kV submarine cable connecting Corfu to Igoumenitsa.

By 30th June 2012, the Hellenic Electricity Transmission System was comprised of 11.303 km of
Transmission lines as shown on the table 1 bel[tsy.

Figure 2.11. Transmission Lines (km)
400kV D.C. 400kv 150 kV 66 kV TOTAL

OVERHEAD 2.628 107 8.127 39 10.901
SUBMARINE 160 140 15 315
UNDERGROUN 4 - 82 1 87
TOTAL 2.632 267 8.349 55 11.303

By30th June 2012, at the 291 Substations of the Hellenic Electricity Transmission System, 619 Transformers
with a total installed capacity of 50.749 MVA were installed.

Monitoring the performance of the Transmission System Operation in terms of safetyalditgi and
quality of service to users is one of the major issues of Transmission System Ofé&ji{its].

The Independent Power Transmission Operator (IPTO or ADMIE) S.A. undertakes the role of Transmission
System Operator for the Hellenic Electricity Transmission System and as such perfoduisethef System
2LISNF GA2Y YIAY(USYylyOS IyR RS@St2LISyd a2 Fra G2 Sy
reliable mannef18].

General Charactertgs

Transmission system availability is the proportion of time a transmission circuit was available during the
calendar year. A circuit is defined as the overhead line, cable, transformer or any combination of these that
connects two bus bars together or corute the transmission system to another systgi]-[22].

Transmission sysm availability is reduced when a circuit is taken out of service, either for planned or
unplanned purposes. Planned outages are necessary to facilitate new user connections, network
development and maintenance of network assets necessary to deliver tatdepevels of system security
YR NBtAlIOAfAGRD® ¢KS&aS FINB 2dzill 3Sa LXFYyySR gAGK
result of equipment failure or a fault caused by adverse weather etc. These are outages required
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immediately or planneds A G K £ Saa G KI y -3.F@tBeyinfdirhaiioa 2latiyic?tdl theCaBovew m
issues are provided by ADMIE $18] and [22]-[25].
Performance Indices Network Definitior{23]
(a) Circuit Availability IndeCAl
TheCircuit Availability Inde€Al CA) canbe defined by the following formula:

#1)p B - 2 (2.1)

where) is the total number of circuits (at that voltage level) for which outages occurredviaiscthe total
number of circuits at that voltage levéiccording to the ADMIES S.A. the CAl wad)(i8 [23)):

Availability of Interconnections, CAl = 99;9%oltage Level of 150kV (except interconnections), CAIl =
99.6% Voltage Level of 400kV (excepterconnections), CAl = 99.6%.

(b) Transformer Availability Index
TheTransformer Availability IndeXA) can be defined by the following formula:

41)p 2 2

B

(2.2)

where is the total number of transformers (at that voltage level) for which outages occurre{landhe
total number of transformers at that voltage level.

According to the ADMIES S.A. the TAI was (in ZBIB TAI=99.8%.

System availability is reduced whenever a circuit is taken out of operation for either planned purposes or as
a result of a fault. Planned outages are required for eystonstruction and new user connections in
addition to the maintenance necessary to retain a high level of system reliability to ensure that license
standards of security are met. TR€As calculated by the formula:

431 8 3 Pprmb 2.3)

According to the ADMIE S.A. it was observed in 2018[#3t the number ofcircuits in 2018 was 618nd
the TSA=99.7% (in 2017 was 99.07% respectively).

(c) Energy Not Supplied

The Energy Not Supplied denotes the energy cut from the electricity system due to service interruptions
due to incidents in the electricity system transmission. It is measured in MWh.

In 2018, it was estimated toe 1852 MWhof which1701 MWh was due to faults.
(d) Reliability Supply Index
TheReliability Supply IndgRS)is calculated by the formula:
23) p P rnn R4

The overall Reliability of Supply for the Heliefransmission System during 2a1& was: 99.99%.

(e) System Minutes IndexSMI

The System Minute is a measure of the energy not supplied for a disturbance. The metric takes account of
the load lost (MW), duration of disconnection (Minutes) and peak systemade (MW), to allow for
historical comparison.

The SMI is calculated by the following formula:
% ADCEODDI EART OOAO
01 xAGUOOAIAE
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For 2018, the Power Peak of the System was 8540 MW, the unserved Energy was 350 MWh, the Duration
of it was 6 hours and 30 minutes and finally the SMI was R3b

(f) Frequency Deviation IndexFDI
According to the ADMIE S.A. the absolute maximum mean value of freqdeun@tion was measured at
03:00 p.m., and was (in 7/4/201R3]): FDI=57mHz.
2.3 The 4 TS®letwork Modelsin South East Europe

The power networks of the four countries (e.g. Montenegro, Croatia, Serbia and Bosnia and Herzegovina) in
the South East Europe is considered in this repofthe equivalent transmission network model of this
region is presented ifrigure2.12, which consists of 152 buses, 30 generators, 12 renewable generation
integration points, 12 DSM assets and 17 ctoagler tie lineqg26].

Figure 2.12 CROSSBOW Equivalent Transmission Network [26]

The parameters of the 17 crobsrder tielines is shown imable2.1. Table2.2 gives the nominal power
and inerta constants of the synchronoggnerators in each TSO network.

Table 2.1 Parameters of the Cross-Border Tie Lines [26]
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