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GLOSSARY

ATR: Auto-transformer

AVR: Automatic Voltage Regulator

AC: Alternating current

DC: Direct current

CCGT: Combined Cycle Gas Turbines

CCT: Critical Clearing Time

CSP: Concentrating Solar Power

DFIG: Double Fed Induction Generator

ENTSO-E/SCR: European Network of Transmission Sgsteperators of Electricity/Synchronous
Continental Region

HV: High Voltage

HVDC: High Voltage Direct Current

MAI: Morocco-Algeria interconnection

TAL Tunisia-Algeria interconnection

NTC: Net Transfer Capacity (at the border)
PSS: Power System Stabiliser

PV: Photovoltaic

RES: Renewable Energy Source
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1 FOREWORD

The purpose of this report is to describe the ndsl{ohapter 3) for attaining the targets statechapter

2, and to present hypotheses concerning the waexkviead (chapter 4). In Chapter 5 of this report, we
shall then discuss the data used for the numesicalilations and the planned configuration of the
production-transmission system in Tunisia connettethe network in Sicily via the new underwater
High Voltage Direct Current (HVDC) transmissionKinLastly, we shall sum up the features of the
HVDC transmission model and wind power units.

2 THE OBJECTIVES OF THE STUDY

The objectives of this study are:

a) To determine the network reinforcements requiredyuarantee static and dynamic security
following the commissioning of the ELMED Productibmits and the new 1000 MW Tunisia-
Italy High Voltage Direct Current (HVDC) transmissilink (Working Process 1, WP1);

b) To determine the maximum power produced by nonfarogable renewable sources
acceptable by the Tunisian production — transmissigstem in its configuration defined in
objective a). The analysis shall take into accamnty the network reinforcements identified in
the first working process (Working Process 2, WP2).

2.1 Tasks

To attain the above targets, we shall have to égdboee main tasks:

+ Task A: work out the study scenarios, agree ormyipetheses, describe the methods and collect
the data

+ Task B: static and dynamic analyses for objectivenatwork reinforcements required for the
ELMED Production Units and the HVDC Tunisia-Italatnsmission link

+ Task C: static and dynamic analyses for objectiye niaximum production capacity with
unpredictable RES.

3 METHODOLOGY

3.1 Methodology for objective a): network reinforcemens for setting up the ELMED
station and Tunisia-Italy transmission link

In this case we assess the impact on the netwotkeohew ELMED generators and, in particular,
determine the reinforcements needed to operatsygtem in conformity with the security standards se
down by the Network Operator, STEG (para. 4.1).

First of all, we need to determine where to indtadl new ELMED thermal power plant (Fig. 3-1). Tder
are four alternatives, namely:
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El Hawaria with 3x400 MW CCGTSs;

Bizerte with 2x660 MW coal-fired power stations;
Skhira with 2x660 MW coal-fired power stations;
Enfidha with 2x660 MW coal-fired power stations.
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Fig. 3-1 — Possible alternatives for the instaktatiof the new ELMED thermal power station

We shall execute static analysis to determine #te/ark reinforcements (new lines, new transformers)
required to guarantee sufficient power capacityhwhe idea of exporting 800 MW to Europe over the
new HVDC transmission link with Sicily (Fig. 3-Zfhe network reinforcements shall be chosen from
among those proposed by the ELMED study, togetlir tve network operator (para. 4.3). CESI may
propose other possibilities for reinforcements Hame its own experience. Once ELMED Etudes gives
its approval, these additional possibilities shallexamined during the “screening” process.

800 MW vers I'Europe

Pt

Fig. 3-2 — Underwater HVDC link between Tunisia &idily, and anticipated power transmission
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After this initial “screening” phase we shall cheatie most restrictive location for the new ELMED
power plant to be considered for dynamic analysis.

The criteria for this choice are based on mininmgaof the distance, in km, of the new lines, ilatien

to the reinforcement options proposed by the ndtveperator. In other words, the location of the new
plant that requires the most onerous reinforcemg@hts Skhira site) shall be chosen for the dynamic
simulations, to test the stability of the systemnthie event of disturbance. This network configorati
shall also be the one of reference for subsequaalyses concerning unpredictable renewable energy
production (RES production). Should we choose e alher than the one mentioned above we will of
course have to examine its respective impact ontthesmission network and determine which
reinforcements shall be needed.

3.1.1 Thestagesof Task B

Stage 1
The first stage is to devise a model of the Tunigeoduction-transmission system for the year 2016

based on the data provided by the STEG (networkavpg via ELMED Etudes (network configuration,
power needs, generation dispatching) (Fig. 3-3).
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Fig. 3-3 — Planning the model

Two load options shall be considered for the yeaicerned (2016):

- Annual peak load,;

- Annual minimum load.
In each case we shall check conformity with therd &l-1 criteria for safe exploitation. The results
obtained with the SPIRA package shall be compardddse provided by STEG via ELMED Etudes, in
PSS/E vers. 29.
During this stage, we shall inform ELMED Etudetiétdata is insufficient or inconsistent.
In addition to the database there shall be an Yedemt” model for the rest of Maghreb sufficiently
precise in terms of both static and dynamic analySESI shall introduce this model if it is not yided
by the STEG via ELMED Etudes. The model shall e dhe CESI used for previous studies in 2009

([4], [5], [6]).
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Stage 2
We shall create the underwater HVDC line betweenstiation at El Hawaria and Partanna, in Sicily,

using the model agreed upon in Stage 1. The subjeahalysis is the connected Tunisian system to
Sicily shall have an equivalent model. The new KdQalternating current (AC) lines connecting the El
Hawaria station to the rest of Tunisia’s transnoissystem shall also be implemented. In principie,
anticipate the need for two 400 kV lines. The twd®of these lines shall depend on the locatichef
new ELMED power plant.

Furthermore, we shall install the new units for BEIeMED power plant taking into account the four
possible locations (El Hawaria, Bizerte, Enfidhal é8khira) and the redispatching of production, as
follows:

- 800 MW for the link with Sicily;
- 400 MW for domestic demand. The redispatching ef ather units shall be according to the
“merit order” of the units used, in their two loadnditions.

Stage 3
We shall execute static analysis (load sharing oreagents) in conformity with the N and N-1 security

criteria at each of the four possible locationstted ELMED plant and in the two load conditions,
implementing the network reinforcements chosen famnong those proposed by the STEG via ELMED
Etudes (para. 4.3).

At the end of this stage we will have identifiedifgreliminary sets of network reinforcements for:

+ the connection of the new units, and
+ the transmission of 800 MW to the AC/DC convertidssgation at El Hawaria.

The four sets of reinforcements shall be classifiad the solution requiring the construction of the
fewest new lines shall be chosen for subsequetysasaThe factor considered for classificatiorihie
length of new lines. We reckon it would be far mdifficult to create new lines than to install new
interconnecting transformers at the stations.

Stage 4
The purpose of dynamic analysis is to determinectiritions of the Tunisian electrical system that

meet the constraints of dynamic security (see @aPa.

The dynamic model, like the static model, shalldased on data provided by STEG via ELMED
Etudes. The dynamic models shall be introducetienSICRE simulator developed by CESI for Terna.
Any changes CESI makes to the dynamic models inSi@RE simulator, especially for the AVRSs,
PSSs and speed regulators, shall be based on niexperience and previous studies of the Tunisian
and Maghreb network.

Dynamic analysis is executed to check the confgrmoit the Tunisian network with the minimum
requirements for dynamic security and with the suwda exploitation, in relation to the intended HVDC
Italy-Tunisia link and to the new ELMED Productidmits. More specifically, the performance of the
system shall be checked by simulating feasibleudisince such as three-phase short-circuits on a
sample of the network and the sudden tripping tdrge production unit. The following defects, in
particular, shall be examined within the context tbfs study: tripping of one of the lines (or
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interconnecting transform@rieading out of the new ELMED station, due to éiphase short-circuit;
tripping of the largest unit; loss of a pole at &@&/DC converter; lastly, and if necessary, a defeca
400 kV line.

Specific inspections may be executed at the AC/2@sformer stations to resolve any limitation te th
dispatching of production units due to dynamic ¢ists. E.g.: reduced transmission to Sicily due t
tripping of a unit at the ELMED station. We woulkid to point out that the intended coal-fired urite
larger (at 660 MW) than the existing units in Tumiand the rest of the Maghreb (about 400 MW, in
case all the Combined Cycle Gas units, 2 x TG am OV, should trip). This would require a larger
“tertiary” reserve and involve additional runningsts which could however be reduced with an
appropriate control system at the AC/DC convernéstations.

A fault with the Tunisia-Sicily DC link would alsbave a considerable impact on the interconnected
systems. However, as the link shall be bipolar (83W+500 MW), the N-1 security criteria requires us
to make provisions for the potential loss of a Ermqple (500 MW). This disturbance is smaller initgn
with regard to the coal units intended for the EUMPpower plant, and represents the incident of
reference for the system.

The factors below shall be valuated with simulatierecuted over time:

» The CCT (Critical Clearing Time) for the protectidavices in the event of a short circuit (the
protection devices will not be described in delait their operation shall be simulated with
equivalent ones). The CCT must be compatible vghttipping time of the protection devices
(in the second “stage”);

* The range and damping of oscillations after comtimuies;

* Any instances of instability, such as unsynchrahigperation of the generators, due to feasible
defects.

The analyses should also help us obtain informationthe compatibility of large units with the
performance of the interconnected Tunisian systarparticular, we shall test power oscillationdra
Algerian border (Fig. 3-4) and the frequency valuwdsch should not fall below the set thresholds:
specifically, in the case of the interconnectedvoek, the minimum instantaneous frequency must be
above 49.5 Hz (the dynamic change in frequency moisexceed the band of 500 MHz) (para. 4.1).

As regards the transient support of the systemsammiad to Tunisia, an equivalent model of the

production-transmission systems for the neighbgudauntries (Algeria, Morocco) and the ENTSO-

E/SCR systems could be considered taking into accounhtipotheses and models adopted at the time
of these studies (e.g. equivalent generator inemia size) [4], [5], [6]. Such a model shall not be

implemented at the eastern border where a moreepmts/e approach is deemed appropriate as
interconnection with Libya shall be considered @fgervice.

! Refer to the case of 400/225 kV transformers B &1 the 225 kV Sidi Mansour-Bouchemma double fimethe
Skhira option.

2 ENTSO-E/SCR: European Network of Transmission Sys@perators of Electricity/Synchronous Continental
Region
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a) declenchement

b) flux de puissance
de la frontiere
algérienne

Fig. 3-4 — Example of a defect to be analysed

The purpose of the dynamic simulations shall be:
+ To determine the maximum acceptable size of theesys
or
+ To determine any limitations to production in cert@ad or exchange conditions at the border.
3.1.2 Expected results of task B
+ Network reinforcementdue to the “ELMED Production Cluster”. Maximum petted size of
the units for the systewr restricted production in certain conditions.

3.2 Methodology for objective b): determining the maxinum power produced using
non programmable renewable sources

The analyses are executed with the transmissiomonletin the same configuration as for the previous
task, with reference to a chosen location of thiJED power plant.

The purpose of this task is to valuate the maxinpower produced with unpredictable renewable
sources by the Tunisian system for the link witbil$si One such unpredictable renewable sourceeto b
discussed further on, is wind power, which can Xteeenely intermittent and therefore very diffictdt
predict. Moreover, the production of wind energy ¢and to be during minimum load times, which
makes it more difficult to exploit. In contrast,lgiions already exist for mitigating the unpredid&a
nature of solar energy production (a source thatdcbe developed in Tunisia) such as heat storage
systems (e.g. CSP with heat stof@e connection to batteries (e.g. PV and battgridsreover, solar
energy production is strongly concentrated duriregtime of day when load is highest.

The analyses therefore consider the impact of wiretgy farms on the Tunisian system. In any case th
determined production limit applies in general tb umpredictable renewable energy sources, and
production over the limit must be combined with wufeenergy storage devices for starting up and
redispatching conventional units. Modifying theesitfor the production of unpredictable renewable
energy such as those examined in this study corddept additional restrictions associated with the
transit capacity of the lines and transformers.

% A form of heat storage for CSP plants is basetheruse of “molten salts” at extreme hez&(0 °C).
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This task, like task B, shall be divided into stags follows.

3.2.1 Stagesof Task C

Stage 1

The purpose of this stage is to determine the maxirwind energy capacity in Tunisia regardless ef th
constraints of the transmission system, taking iattount however the characteristics of the
conventional generation park, the load and thedonteection link with Sicily.

Our approach with regard to interconnection witleotMaghreb countries is as follows:

- The lines with Libya shall be put out of service;

- The lines with Algeria shall be in service but ed only for temporary support. In
other words, we shall respect the principle of aatoy for each country (no shared
secondary and tertiary cross-border reserve).

It is a “single bus-bar” model with all the gen@vatin service, the load and the HVDC interconratcti
link connected to the same intended hub.

Above all, the use of new wind energy should n&cfthe generation units in service, overall (tuni
commitment”); all analyses shall therefore take imtcount the same “unit commitment” determined by
the peak and minimum conditions for task B. Thisidition is justified by the fact that one has to
guarantee sufficient levels of inertia, short cireund reactive power margins to support the vetag

The preliminary maximum limit (the “single bus-bariodel in Fig. 3-5) for wind energy penetration
capacity is valuated during this stage as follows:

Lood! Loadi Loadn

Fig. 3-5 — The “Single bus-bar” model of the system

- calculating the secondary reserve:

The secondary reserve must be sized to permittiregeif the frequency error and power exchange at
the border (ACE: area control error). The secondaserve is activated by the secondary control
systems (see the definitions of the primary, seapndnd tertiary control in Annex 1).

The secondary resernig,, is sized as follows:

a) Calculation oRs.; using the empirical formula adopted by ENTSO-Edadl previously by UCTE:

R..; =100, +15CG —-150
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Where:
Rse-1: the recommended value for the secondary resarvVBn
Lmax the maximum load (in MW) according to area (d.gnisia) and period of time (e.g.: day)

b) Comparison between tig..; andPn for the largest generating unit in service:

RSeC-Z = ma){ Rsec—l; Pmax}

c¢) If necessary, multiplication dR, by a coefficient (e.g. 1.05) to take into accoany additional
factors:

Rsec = Rsee—Z * Coeff

Point b) may be overlooked with regard to the largmit in the system, so as not to overly increébse
need for a secondary reserve.

In fact the system current reserve value (60 MW)xdcordance with the Maghrebian agreement, is in
the order oRs.; Obtained by applying the empirical formula statedtep a).

- calculating the tertiary reserve:
The tertiary reserve should be sufficient to magefar the largest foreseeable amount of power loss
(incident of reference) in the control area undher tesponsibility of the system operator. Thereadre
least two types of tertiary reserve:

- Tertiary increase reserve,

- Tertiary decrease resefve
The need for a tertiary reseri®, also takes into account the secondary resReso: Rer > Rye. TO
determine the size of the tertiary reserve, itasgible to use either deterministic criteria (disevents
involving unavailability of the production units @&or load rejection) or probabilistic criteria (tgplly,
the uncertainty of predicting demand or the prolitgbdf the production unit tripping). Moreover,eh
tertiary reserve should permit complete re-estabient of the secondary reserve and making up for
delayed or anticipated increase/decrease in load.
In our experience, for the lower threshold of #iary reserve to ensure a greater than 99.7%cehain
the load not tripping, the tertiary reserve shdaddabout 7-8% the daily peak load [7].
In conclusion, the two values of the tertiary rgsaare valuated as:

“tertiary increase reserve”:

a) I:\>ter—augm—1 = Lmax * 008
b) Comparison betwedRe .augm1 With R @and choice of the maximum value:
|:\)(ert—augm = ma){R(er—augm-l ; Rse

In particular, the value dRer.augmShould take into account the tripping of the |atgenit.

“tertiary decrease reserve”:
a) Rer—gim-1 = Lmin ¥008; the units running in minimum conditions shouldvéaaa decrease margin

about 8% of the minimum lodd,..

* In the case of some systems, we also considgrl@cement tertiary increase reserve
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b) Comparison betweeR gm1 and the largest pump unit. One has to choose betwee two
maximum values:

I:\)tert—dim—z = ma){Rer—dim—l; I:)pompagi
c) Comparison betwedRe,.qim-1 and the secondary reserve in minimum load conditg. i One has
to choose between the two maximum values:

I:\)tert—dim = ma){ I:\)ter—dim—z ; Rsec—min} .

The two diagrams below illustrate the layout of theerves in peak and minimum load conditions.

Zi Prrlafi

Réserve secondgire
a augmenter

Réserve tertiaire
a augmenter

)

> Puissance
générée (*)

Zi I:)min—i

SN I A --./

(*) quota au-dessus du
minimum technique Pmin

Fig. 3-6 — Layout of the “increase reserve” in peadndition

Zi I:)max—i

Puissance
générée (*)

Zi Pmin—i

Réserve | o
secondaire  Réserve tertiaire (*) quota au-dessus du

adiminuer  a diminuer . N
minimum technique P,

Fig. 3-7 — Layout of the “decrease reserve” in minim condition
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The use of wind energy could pose an additionasttamt to the reserve due to the unpredictableraat
of production. A preliminary level of the maximuning energy capacity could however be envisaged
for the additional maximum reserve, which could tmade available after redispatching of the
conventional units, but without changing the “wommitment” Fig. 3-8).

Z!- Pmax—z'

: R é&serve seconddire
4 augmenter

Résenve tertiaire
& augmenter

] } Résenve additionnalle
requise par la production
eolienne 3 augmenter

Fuisz ance produite
par les fermes
aoliennes

... FREsene addiionnelle
1 } requize par la production
-+ enlienne 3 diminuer

Puksance générée
conventionnelle aprés

E 2 sz'n—z redis patching (™)
W S *) gunds au-dessus du
gecondaire B ésenre tertiaire AT T L P e P
a diminuer a diminuer

Fig. 3-8 — Wind energy production, the additionaserve and redispatching of the conventional unjpgak load
situatior?

- Calculation of the additional reserve with windeegy production and estimated maximum wind
energy production

To evaluate the maximum wind energy production eedito estimate the additional reserve to make up
for the unpredictability of wind. This uncertaintgpends on the wind forecasts: the more accurate th
predictions, the less need we have for an additi@sarve.

As wind energy production is only just being deypeld in Tunisia and we do not therefore have any
historical data on errors forecasting strong winvds,have had to refer to international sources and,
particular, the studies of IEA-Wind [8]. The incsed wind energy reserve in different countries is
illustrated in Fig. 3-9. The additional reserveues were obtained with probabilistic analyses and/o
simulations; each study involved different methadd acceptable statistical confidence levels. Tie o
factor in common is the fact that the additionakree increases in line with wind penetration.

® Diagram not to scale.
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Increase in reserve requirement :
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Fig. 3-9 — Increase in reserve in relation to thenptration of wind energy production

In this case the data has already been used irSa SEidy of the Italian system based on a deteatiini

approach that

considers the additional reservelation to the percentage of wind energy effecyivel

available (average available power). The datavsrgin Table 3-1. The figures are slightly highteart
the average ones in Fig. 3-9, as:

They are based on a deterministic approach whésebist to use broader margins than
for probabilistic approaches;

In our valuation of the additional reserve, we hane considered other forms of
production involving unpredictable RES (e.g. pholtaic) which could however be
available.

Linear interpolation is required to obtain penétradata similar to that in the table.

Tab. 3-1 — Additional reserve for wind energy peatéin

. Additional reserve
Wind energy .
. (% of wind energy
penetration % .
capacity)
5 6.5
10 9
15 11.5
20 14

Note:

- Penetration: wind energy production in relationltad. It is clear that, for parity of wind energy

production, penetration has to be higher in mininoad conditions;
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- Additional reserve: expressed as a percentageefrstalled wind energy capacity multiplied by a
contemporaneous coefficiént

The additional reserve and maximum acceptable wimetgy capacity penetration is calculated in two
different situations:
- without the DC cable link with Sicily
- with the DC cable link with SicilyIn this case we presume the control systemseof th
converters can change the exchanged power aut@thatod contribute to the reserve.

The procedure for the initial determination of wiggergy production compatible with the reservehef t
conventional production system is shown in Fig03-1

® The contemporaneous coefficient depends on theeaf the wind in the region where the wind farams to be
installed. The more uniform the level of wind (e&s in a flat country like Denmark), the higher the
contemporaneous coefficient is. This coefficienn@mally determined using wind-related data caldoover a
long period of time.
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Fixed initial dispatching in peak and off-peak ciioths, obtained by the STEG
and modified by CESI after implementation of theMED power plant

Valuation of the increase and decrease reserveak and off-peak
conditions (without wind energy)

v
Fixed initial max value of wind energy capacity dhd contemporaneous factor

I

Calculate wind energy penetration in peak and effkoconditions

Calculate additional reserve in peak and off-peaiddions

Calculate total reserve in peak and off-peak cort

Reduce the wind energy capacity
value

NO

Check compatibility with the exploitation limits tie
< units in service >
_
YES

Value of the wind energy capacity that can be Ilestacompatible with
conventional generation

Fig. 3-10 —Procedure for valuating the max wind rggyecapacity compatible with the reserve of conioerat
units
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- Acceptable gradients of max variation in increggdecreasing wind energy power

Another constraint we have considered concernadheptable degree of variation (gradients or ramps)
in wind energy production. In fact, even if the teys has a sufficient tertiary reserve, the maximum
power variations (MW/min) of conventional units garove insufficient in transitional conditions, tha

is to say during variations in load and wind engogyduction. As the daily fluctuation in demand sloe
not tally with wind energy production, transitiomstimes of increased or decreased demand can be
restrictive, as shown in Fig. 3-11.
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Fig. 3-11 — Example of variation in load and winteegy production in Spain (source: REE)

The future situation in Tunisia could be similathe one in Fig. 3-12.
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Fig. 3-12 — Possible “unfavourable” curve of windergy production

We would need to execute simulations over a pedbdme for detailed analysis, though we can
initially determine the compatibility of the poweariation capacity of conventional generation dgrin
particularly restrictive transitional phases (Rgl3). Support for the link with Sicily shall besdussed,
without however forgetting that the response timiethe converters’ control systems are extremedy. fa
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\‘éolien
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Fig. 3-13 — Gradient of conventional generatiorctpe with fluctuation in demand and wind energydpiciion

By the end of this stage we will have a generahidethe maximum amount of wind energy capacity
that can be accepted by the Tunisian system wittgrintended load conditions (with valuation of the
peak and minimum load), with the conventional gatieg units and with the future link with Sicily.

We have not yet considered the wind energy feegtpaind the possible network constraints.

Stage 2
We will now assess the impact of wind energy préidacon the transmission network with static

calculations (load flow) in conformity with the Nh@ N-1 security criteria and the rules on explaitat
set down by the network operator (STEG) (para..4.1)

The analyses are based on the model of the prodeirinsmission system devised during task B.
Calculations shall again be made during peak amhmim load conditions.

For the choice of transformer stations we will refiethe wind sites proposed by the STEG (6.1). The
priority for the transmission of wind energy cappshall be as follows:

- existing power plants;
- power plants currently being installed,;

- new power plants shall be set up starting with ¢hatssites with the highéststimated
degree of capacily
We shall choose the connection solutions that best the security criteria and involve the lowest
connection costs (estimated in terms of the lenfthe lines for connection to the station).

The transmission of wind energy will require “rgmhisching” of the conventional units in service.
“Redispatching” shall be executed according to‘therit order” of the units (para. 5.1).

Note:

- new wind energy production shall replace the prdituncof the ELMED Production Cluster up to a
level of 200MW;

- above this threshold, wind energy production sheglilace the production of the other units in the
Tunisian generation park according to the “merider” arranged with the STEG.

" This capacity factor is not known for some of iies. We will estimate this capacity factor ast lasspossible
(albeit in a very approximate manner) accordingh® proximity of these sites to those the capafa@ttor of

which we already know.

8 The capacity factor relates to the wind speedatwiind farm site and can be calculated as equivalenual
hours of the wind energy plant at full power, olegsercentage of the installed power.
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The load sharing measurements will allow us to khdée transmission network for bottlenecks
(congestion). The results of the measurementsalgth allow us to assess the impact of wind energy
production on the system’s capacity to control tioliage profile. In fact, the effect on the voltage
profile differs according to the type of wind engrgnit (e.g. asynchronous generators, double fed
asynchronous generators, synchronous generatorec®d via converters, etc.). Depending on the
technology used, an appropriate degree of absafptisduction V, Q shall be simulated to determine
the need for means of reactive compensation amestahe conformity of the voltage profiles to the
and N-1 security criteria. Unless ELMED Etude pdas more detailed information, we shall refer to
the model described in para. 6.2.

By the end of this stage we will have determinegl plotential wind energy production capacity and
possible solutions for connection to the netwolknaconformity with the criteria on static secyri

Stage 3
This stage of dynamic analysis involves severahfgsoiThe most important point is to examine the

fluctuations in power flux caused by intermittendguction of wind energy. Simulations shall therefo
be executed over a period of time to determinevér®us production curves at the wind farms. As the
purpose of the analysis is to valuate the impath®nature of wind production on the transmissiod
production system in Tunisia, the wind farms shal represented in a simplified manner by an
equivalent generator (power feed concentratedeasites determined during the previous stage).
Moreover, it should not be forgotten that transitphenomena caused by fluctuating wind energy
production can last up to a minute, or several peiun certain cases. As a result, we need to use
dynamic models suited to simulations executed avieng period of time. It should also be noted that
the control equipment of the wind energy unitseatifrom those of traditional thermal power plarnlss
aspect affects the behaviour of the network inaaiitsituations, for instance in the case of fa(dtsort-
circuiting and tripping of the production planttegnsmission lines).

In conclusion, dynamic simulations shall be exedwtéh all the components in working order and also
in instances of a fault with one of the componaitthe production-transmission system, with the aim
of examining:

v" Frequency fluctuations due to increase or decr@asgind energy production, taking into
account the most restricting conditions of fluciobgtdemand (the combined production of
several wind farms could be considered);

v Frequency fluctuations due to major faults with Tumisian system (tripping of the most loaded
lines or largest generators). These frequencyuatirins can, in turn, cause tripping of the wind
energy units with a possible “domino effect”;

v' Power fluctuations on the cross-border lines causedntermittent production of the wind
energy plants. Examination of these fluctuations lcelp determine the margins for the cross-
border transmission of power (NT@lso taking into account the production of unpctsdile
renewable energy) or gain information on the needindit the production of unpredictable
renewable energy;

v" The behaviour of the network in the event of fautss type of analysis is essential to determine
response of the network in terms of voltage andueacy, oscillation ranges, and stability
margins in the event of major contingencies.

® NTC = Net Transfer Capacity
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Dynamic analysis shall be executed in the same dwomditions (peak and minimum load) as the

previous stage. As well as the stability of thetenys we shall check the dynamic responses are
compatible with the “setting” of the protection d=ms and with the dynamic operating criteria (e.g.

frequency variation range) (para. 4.1 and 4.2).

The point of the above analysis is to determine aastrictions to wind energy production due to

dynamic constraints.

3.2.2 Expected results of task C
+ Range of the maximum capacity of wind energy prtidadglobal values for the system)
+ Information on_maximum transmission at the conmecttationsand network components that
are restrictive.
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4 HYPOTHESES OF THE STUDY

The study is based on the following general hypsehe

+ Intended year2016, the year when the Tunisia-Sicily intercastima link shall be put
into service;

+ Working conditionstwo conditions shall be examined:
0 Annual peak load,
0 Annual minimum load,
These are the extreme conditions in which the systaised;
+ interconnections
o five AC interconnection lines with Algeria:
+ Tajerouine-El Aouinet (225 kV)
+ Tajerouine-El Aouinet (90 kV)
+ Metlaoui-Djebel Onk (150 kV)
+ El Kala-Fernana (90 kV)
+ Jendouba-Chefia (400 kV)
0 The interconnection lines with Libya shall be put of service
0 Underwater DC interconnection line with Sicily:

+ El Hadjar — Partanna: bipolar configuration, 500 MW500 MW, 400
kVcc. Characteristics illustrated in the feasikibtudy [2].

4.1 Rules for exploitation

The rules for exploiting the Tunisian system hagerbset down by the STEG and are as follows:

1-Static criteria for operation:

* Normal situation (sound network):

Voltage limits the voltage of the hubs overall should be withinadmissible range &i7% of the
nominal voltage.

Transmission limitsduring normal operation power flows should not extéhe nominal capacity
of the various components (lines, ATRs and highagd transformers).

Limits of active and reactive productiotihe active power produced by each unit shouldoeotess
than its technical minimum or exceed its nominak@o Similarly, the production units should not
exceed the limits of reactive production (Qmin <Q@max).

» Situation N-1 (with disturbance):

When there is disturbance, a voltage ligfi0% of the nominal voltageand an overload dt0%
on the links (lines or cables) and at the transformrs/auto-transformers in relation to the
nominal capacity of the structure is considerecptable.
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2-Dynamic criteria for operation (frequency range):

* Normal Situation (interconnected network):
The Tunisian network is connected to the Europema wia Algeria and Morocco. Normal
exploitation of the network is based on the recommagions of theUCTE™ concerning
interconnected networks.
Rated frequency this frequency is 060Hz
Frequency deviation
» The primary control is set to react at a frequeteyiation 0f+20 MHz
* In normal working conditions, frequency should deviate by more tha#50 MHz
* The quasi-stationary equilibrium frequency aftetalibance should not deviate by more
thanz180 MHz
¢ The minimum instantaneous frequency must be mame48.5Hz (which corresponds
to a dynamic frequency variation 890 mH2).

« Situation with disturbance (isolated network):

Safety measures should be implemented for the eveatity of disturbance, to control the
frequency:

v Important primary and secondary reserves need twdmsed, particularly for starting up
additional units. Good partitioning between the egators is recommended, especially
among the fast dynamic ones: hydraulic units, gabiies and combined cycle gas
turbines.

v'We will try, as best as possible, to choose athe can ensure the best dynamics for the
poly-fuel thermal units

v'The use of temperature limited gas turbines shbeldvoided (operation with limiter).

The equilibrium frequency should remain abd@7Hzto guarantee the flow of load. In the case of
an N-1 unit (for average production), the minimurstantaneous frequency must be abt8Hz

If two units, combined cycle or other is lost, legttedding is inevitable and the frequency must not,
in any case, fall below8Hz

4.2 Protection system and load-shedding plan

The salient features of the protection system aad-shedding system were provided by the STEG on
the request of CESI, via ELMED Etudes. The infoiorats categorised as follows

- Wattmeter relay system;

- Description of the HV protection system;

- Automatic load-shedding plan at lowest frequency.

10 Since 2009, ENTSO-E/SCR
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4.2.1 Wattmeter relay system

All loss of production on the Tunisian network ignast completely made up for by the European
network. The back-up offered by the European ndkvi®provided via the Morocco-Spain underwater
cables, and is sent over the Maghrebian networkghéo country concerned. The stress of the
Maghrebian interconnections is as strong as theeptost is great.

The protection systems (with wattmeter protectiond abreaking step) are installed on the
interconnection lines and act by opening the imenection lines and limiting accidents and preventi
these from crossing over to other networks.

The thresholds of the wattmeter protection systemthe TAF (in the direction of Tunisia> Algeria)
should not cause voltage constraints or overloatthe unisian system.

The thresholds of the wattmeter protection systemghe TAI (in the direction of Algeria> Tunisia)
should respect the coordination between the ¥lAind TAIl interconnections (in the event of
considerable loss of production in Tunisia, thetwater protection system on the TAI should be
activated rather than the one on the MAI). Theghotds of the wattmeter protection systems on the
TAI are determined according to any voltage andloae constraints on the Algerian network.

After activation of the wattmeter relay system, tleéwork on which the accident occurred is congider
defective and the automatic load shedding systetmogaest frequency) is activated if the fixed
thresholds are exceeded.

In addition to the wattmeter relay system is a nenhoad shedding system for active transmissiothen
interconnection lines, installed to minimise trarssion over the interconnection lines below the
thresholds of the wattmeter system and therebyrernsotection, to preserve the interconnectionsline
and connectivity of the networks. This remote I&edding system is determined according to the
wattmeter thresholds of the interconnection andstibe of the installed units (to ensure a N-1 lefel
security).

A relay based on wattmeter relay systems at thedvosnd devised during the study Tunisia-Libya
synchronisation is shown in Fig. 4-1.

™ TAl : Tunisia-Algeria Interconnection
12 MAI : Morocco-Algeria Interconnection
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[ES-MA)

~Out of step

(instantaneous & time delayed)

(MA-DZ)
Wattmeter relay

300MW 0.2s (11+12) »
250MW 15s (11+12) —
<330 MW 0.2 (1+2)
<300 MW 10s (11+12)

(DZ-TN)
Wattmeter relay

250MW 0.25 —
225 MW 10s —
« 360MW 0.2s
<« 330 MW 3s

(instantaneous & time delayed)

(TN-LY)
Wattmeter relay
250 MW , 0,2 53—

200 MW 55 5

—400 MW 0.2 s

«— 360 MW 3=
Time delayed minimum
frequency 49.5Hz 0.2s

—

Fig. 4-1 — Protection system for Tunisia-Libya dymomisation (source: REE)

4.2.2 TheHV protection system in brief
The STEG'’s current protection system for the HMnmek consists mainly of the following:
» Remote protection systems (electromechanical,cstatd numerical) with the following

thresholds:

protection.

1* stage (forward): instantaneous.
2" stage (forward): 400 ms on the 225/150 kV netvaorl 600 ms on the

90 kV network.

3 stage (forward): 1 second for the 225/150 kV nekwand 1.2 seconds

for the 90 kV network.

4" stage (non-directional): 2 seconds.
» Safety protection at maximum current for remotetgrtion (1.6 In — 1.5 seconds). This
protection on the 225 kV network is conditioned liayrning of the fuse of the remote

» Additional directional protection against extrenefatts (following inverse time curves and
a basic timing of 3 seconds).
* Minimum voltage protection (70% Vn — 3.2 seconds).
* Relay protection on certain lines connected toAlyerian network and several lines of the
STEG network (see fig. 4-1).
* Minimum frequency protection on the lines connedtethe Algerian network (see fig. 4-

1).

» For single-phase faults there shall be a 1st siphéese load shedding-reset system with a
dead-time of 1.5 seconds. Definitive load sheddiogurs if the fault persists. Other types
of faults cause definitive three-phase load shagdin
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4.2.3 Plan for automatic load shedding at minimum frequency

Due to the connection of the Maghrebian networth®oEuropean one (ENTSO-E/SCR), load shedding
with minimum frequency relays in the Maghrebian moes shall only be in the event of serious
production downtime or separation of the networkfd¢he European system.

To optimise operation of the Maghrebian intercotioes and ensure mutual assistance between the
Maghrebian countries, especially in the case dudiance, interdependent metric frequency shedding
thresholds shall be used to permit load sheddirgjlithe interconnected Maghrebian countries; ia th
way, energy production and consumption can be Isgatliand the Maghrebian interconnections and
thresholds for each network can be maintained tept the system in the event of production
downtime after opening of these interconnections.

The interdependent shedding thresholds and trepentive shedding power values are as follows:
Threshold 1at F1 = 49.3 Hz: Shedding of 6% of total consuompti
Threshold 2at F2 = 49 Hz: Shedding of 6% of total consumption.
Threshold 3at F3 = 48.7 Hz: Opening of the interconnections.
Below the F3 network separation frequency, othegdiholds are implemented to protect the defective
network subject to disturbance. These thresholdsdatermined according to the size of the installed

production equipment and the equivalent launch foneach network.

The table below details the plan for automatic giveglat minimum frequency of the Tunisian system:

Thresholds Shedded load in %
N° F(Hz) T(sec)
1 49.3 0.2 5.35
49.25 0.2 0.73
Threshold total 6.08
2 49 0.2 5.92
Threshold total 5.92
3 48.7 0.2 -
48.7 10 -
4 48.5 0.2 12.54
Threshold total 12.54
5 | 48.25 \ 0.2 10.42
Threshold total 10.42
6 | 48 \ 0.2 9.3
Threshold total 9.3
7 47.75 0.2 11.88
47.7 0.2 -
Threshold total 11.88
Pmax to be shed (in %) in relation to total load 56.14%
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4.3 Network reinforcements (task B)

The list of lines and transformers for the transiis of power at the ELMED power plant is given in
Table 4-1. It should be noted that, due to the idenable size of the ELMED power plant, at leash tw
corridors shall be required to transmit the poweadcordance with N-1 security critéfia

Tab. 4-1 — List of lines and transformers for trensmission of power at the ELMED power plant
ELMED | Lines Transformer stations
site
Hawaria Hawaria — Mornaguia 400 kV - 150 km line - 3rdATR 400/225 kV — 400 MVA at
Hawaria — Oueslatia 400 kV - 280 km line Mornaguia
- 2nd and 3rd ATR 400/225 kV - 400
MVA at Oueslatia
Bizerte Bizerte — Mornaguia 400 kV — 110 km line - 3rdATR 400/225 kV — 400 MVA at
Bizerte —Mateur 400 kV - 60 km line Mornaguia
Bizerte —Jendouba 400 kV - 120 km line - 2nd and 3rd ATR 400/225 kV - 400
Bizerte — Mnihla 400 KV — 110 km line MVA at Jendouba
Bizerte — Hawaria 400 kV — 250 km line - 2nd and 3rd ATR 400/225 kV - 400
MVA at Mateur
- 3rdATR 400/225 kV — 400 MVA at
Mnihla
Skhira Skhira — QOueslatia 400 kV — 230 km line - 2nd and 3rd ATR 400/225 kV - 400
Skhira — Bouchemma 400 kV - 70 km line MVA at Bouchemma
Skhira — Mornaguia 400 kV - 350 km line - 2nd and 3rd ATR 400/225 kV - 400
Oueslatia — Bouchemma 400 kV - 280 km line MVA at Oueslatia
Skhira — Hawaria 400 kV - 410 km line - 3rdATR 400/225 KV —400 MVA at
) o Mornaguia
%Sklrlgrlli(seBouchemma— Sidi Mansour 225 kV - SrdATR 995/150 KV — 100 MVA at
) _ Sidi Mansour
SKhite sttion - 25 ki anl e fiom ths station. 4001225 KV station at Oueslata (a
to the power plant at Skhira: Oueslatia-Shkira p45PrIoM, No bay or ATR constraints)
km and Bouchemma-Skhira 85 km
Skhira — Maknassy 400 kV - 70 km line
Oueslatia — Maknassy 400 kV - 180 km line
Maknassy — Bouchemma 400 kV - 120 km line
Enfidha Enfidha — Mornaguia 400 kV — 100 km line - 3rdATR 400/225 kV — 400 MVA at

Enfidha — Oueslatia 400 kV - 110 km line
Mornaguia —Oueslatia 400 kV - 130 km line
Enfidha — Hawaria 400 kV - 150 km line

Mornaguia

- 2nd and 3rd ATR 400/225 kV —
400 MVA at Oueslatia

13|n other words, we would avoid any solution involy two circuits on the same line
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4.4 Rules on the exploitation and connection of the wahenergy units (task C)

The rules on exploitation and connection of thedrvémergy units are given in the rep@tudy of the
integration of Wind Energy Plants in the Tunisiafedfrical System”[3], in particular chapter 6
“Technical conditions for the connection of windrrfes to the HV transmission networkThese
technical conditions consist of, among other thirgé the rules on operational control (registered
capacity, putting into service, shutdown, maximuower ramp), as well the quality aspects of supply,
the needs for compensation of reactive power amaddhditions for the protection relays.
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5 MODEL OF THE PRODUCTION-TRANSMISSION SYSTEM

5.1 The production system in Tunisia

As regards the production system in Tunisia, werrtd the list of power plants provided by the STEG
via ELMED Etude in the PSS/E files for the year @0This list includes existing units and new orees t
be set up as from now up to 2016 as per the STE&/slopment plans.

As regards the units currently in service, thethtécal characteristics are described in Tablevdi&re

the units are listed according to a « merit ordeased on the specific energy consumption (Tep) per
unit of electricity produced (GWh). We estimate #pecific consumption of the new power plants on
the basis of anticipated yield, evaluated with nefiee to the most advanced technologies for cordbine
cycle gas turbines (CCGTs) and coal-fired unitse Kmerit order » of the units shall determine the
redispatching of production after implementationtbé new ELMED power plant and renewable
production as explained in chapter 3.

The key data of the new power plants planned bystHeG for 2016 is given in Table 5-2.

Other data on the exploitation of the power plants:

Power developed by the production units

The maximum power that could be developed by thelytion park takes the following points into
account:

» Temperature factors (seasons: summer and winter);
* Permanent and temporary decline in performance.

NB: The power that can be developed by the combustidrines is 15% less than the net nominal
power that can be developed during the summer sgbastween June 15th and September 15th).

1) Classification of existing units according to merit order:

The active power of the production devices is bessified according to the criteria of minimisatiof
specific consumption. This optimisation of activewer influences all the network parameters,
guaranteeing the balancing of offer and demancelectricity on the network, at minimal cost and at

optimal conditions in terms of the quality of seei security and continuity.
As a resultthe location of the production facilities is esserdlly based on the criteria of specific

consumption in ascending order.

2) Production units used

The STEG owns two types of production unit whicé: ar
» Basic production unit§combined cycle, thermal units) that run 24/24rso
» Semi-basic production unit¢large-scale combustion turbines) that run, oerage, 10 to 16
hours at a time according to the utilities of thectrical system.

3) Exploitation reserve

The hot reserve is of 60 MW, as per the Maghrebgreement.
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4) Gradients

Radés power plant the thermal units
the thermal units

Sousse power plant the thermal units
Combined cycle

TV1-2: 1.5 MW / min
TV3-4: 2 MW / min

TV1-2: 3 MW / min
TVcc: 1.5 MW / min
TG 1-2: 10 MW / min
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Table 5-1 — Technical specifications of the exgspower plants: the situation in 2009
i P MW
Type Power plants Manufacturer Unit Fuel S;S:Z:;S(tﬁl\lf\eod over (MW C S M Tep/GWh
Max | Min
MITSUBISHI IX; FUEL - GAS i;g 150 22 260
RADES TV3 185 = 65
ANSALDO FUEL - GAS 160 255
TV4 185 160 | 65
_|
L SIEMENS Vi FUEL - GAS 160 135 | 60 265
% TV2 160 135 | 60
SOUSSE
% TGl Icas-casol 118 118
= ALSTOM TG2 118 118 | 220 195
TV cc - 128 128
30 12
GHANNOUCH | ALSTOM Y= 1 Fuec-Gas 28 340
TV2 30 28 | 12
TOTAL 1454 1310
BIR MCHERGUA GE TGl GAS - GAS OIL 118 118] 40 300
TG2 118 118( 40
TG1 22 20| 10
TUNIS SUD ALSTOM TG2 GAS 22 20| 10 400
TG3 22 20| 10
MENZEL TG1 22 20| 10
BOURGUIBA ALSTOM TG2 GAS Ol 22 20| 10
ALSTOM TG1 GAS 22 20| 10
KORBA
FIAT TG2 |GAS-GAsoOLL 34 30| 15
22 20| 10
SFAX ALSTOM TGl GAS
TG2 22 20 | 10| 400
KASSERINE NORD FIAT TGl lsas-casol 34 30| 15
TG2 34 30| 15
22
GHANNOUCH ALSTOM G2 GAS 20 | 10
TG3 22 20| 10
FIAT TG1 GAS 30 28 | 15
BOUCHEMMA TG2 30 28| 15
GE TG3 118 118( 40
TG1 118 118( 40
THYNA GE TG2 GAS - GAS 122 122 40
TG3 olL 126 126 40 300
GE 118
FERIANA TG1 118( 40
GE TG2 126 126( 40
GOULETTE GE TG 118 118( 40
ROBBANA FIAT TG GAS OIL 34 30| 15 400
ZARZIS FIAT TG GAS OIL 34 30| 15
TOTAL 1532 1488
= SIDI SALEM CHARMILLE GH 33 33
=<
2 FERNANA NEYRPIC |GH1(amont) 8.2 8.2
’é FERNANA NEYRPIC | GH2(aval) 1.3 1.3
S NEYRPIC . .
NEBER GH1 6.6 6.6
ALSTOM GH2 6.6 6.6
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FRANCO

AROUSSIA (MT) TOSI GH 4.8 4.8

KASSEB (MT) RUSSE GH 0.66 0.66
BOUHERTMA(MT) GH 1.6 1.6
HAOUARIA (SIDI DAOUD) 53 53

TG1A GAS - GAS 115.5 105

RADES Il (CPC) ALSTOM TG1B OIL 115.5 105
TVcec - 240 230

TOTAL 471 440

ZARZIS CATERPIL- TG1* GAS 135 12

(ELBIBENE) -SEEB LAR

TG2* 135 12

Table 5-2 — New power plants planned by the STEG#b6

Power plant | Type** | Rated | Apparent Active power* Reactive power
voltage| power : -
(kV) (MVA) max min max min
Aousdja G1 CC 15.5 500 400 0 300 -150
Aousdja G2 CC 15.5 500 400 0 300 -150
Ghannouch CC 15.5 500 400 240 300 -150
Sousse CC 15.5 500 400 0 300 -150

* Net active power put into the network

** | egend:
- CC: Combined Cycle

5.2 Peak and minimum load conditions

STEG provided to CESI through ELMED Etudes two BESf8és concerning the two loading conditions
for the year 2016:

e peak load conditions (RT16-Pointe.sav)

¢ minimum load conditions (RT16-Creux.sav)

The amount of generation, load and losses aretegpor the following tables. Moreover, the listaif
Tunisian generators present in the network, theaommitment and the power dispatch is also degicte
for the two loading conditions. For each of them iadicated:
» the active and reactive production;
» the operational status (if they are in or out o®e)
» the active power limits: in particular, for the gelad condition the upper limits and for
minimum load condition the lower ones are consideféhese values are used to calculate the
reserve available in the two scenarios.
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521 Peakload

The following tables sum up the main charactessticthe system in peak loading conditions.

Tab. 5-3 — Generation and load in peak load condgi

Actual Nominal
[MW] | [Mvar] | [MW] Mvar]
From generation 4005(8 830.1f 4005.8 830.1
To constant power logd 3961.5] 1981.00 3961.5 1981.0
To constant current 0 0 0 0
To constant admittange 0 0 0 0
To bus shunt D -304.5 0 -281.8
To facts device shunt 0 0 0 0
To line shunt ( 0 0 0
From line charging D 1597.5 0| 1477.4

Tab. 5-4 — Active and reactive losses in peak madlitions

LOSSES

Voltage Losses Line shunts| chargin

Level [kV] | Branches| [MW] [[Mvar] [[MW] [[Mvar] | [Mvar]
400 9 3.2 36.90 0 0 485.30
220 113 19.28 226.79 0 0 695.80
150 55 15.97 63.24 0 0| 168.70
90 63 5.8 22.13 0 0 143.80
15.5 18 0 355.63 0 0 0
14 0| 38.89 0 0 0
11 0f 7.38 0 0 0
0 0 0 0 0 3.90
TOTAL 266 44.32| 750.96] O 0 1597.50
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Tab. 5-5 — Generation dispatching in peak load ¢toats
\ Sched Pgen|P min|P maxlncrease Qgen
Bus Number Bus Name | Group  Note Code] [oul [M%N] [MW] [MW] rﬁ\j\?\;}/e [M\Q/Jar]
83081 |[|AOUSDJA CC 2 1.03| 380 240 40D 20| 130.59
83082 [|AOUSDJA CC 2 1.03 | 380 240 40p 20| 130.59
83022 |B.MCHERG | TG 2 1.05| 107 40 120 13 25(20
83023 |B.MCHERG | TG 2 1.05| 107, 40 12¢ 13 25(20
83001 |[BOUCHEMA| TG 2 1.06 | 107 40| 120 13 3[27
83057 |EL BIBAN TG 2 1.02 24 12| 275 35 1/62
83027 | FERIANA TG 2 1.04 97| 40| 11( 13 19{62
83076 |FERIANAL | TG 2 1.04 97| 40| 11( 13 19{62
83050 |[GHANOUCH CC 2 1.06 | 380 240 400 20 11.59
83008 |RADES TV 2 1.04 150 6p 160 10 214.99
83009 |RADES TV 2 1.04 150 6p 160 10 214.99
83010 |RADES TV 2 1.04 16p 6p 170 10 25.78
83011 |RADES TV 2 1.04 16p 6p 170 10 25.78
83030 |RADES2 TG 2 1.04 | 108 50[ 115(5 7.5 17.8%
83031 |RADES2 TG 2 1.04 | 108 50[ 115(5 7.5 17.8%
83032 |RADES2 TV 2 1.04 | 224| 120 24( 16 37}49
83013 | SOUSSE ™ 2 1.0 140 60 150 10 32.96
83014 | SOUSSE ™ 2 1.0 140 60 150 10 32.96
83015 |SOUSSE TG 2 1.06 107 710 118H%El.5 25.2D
83016 | SOUSSE TG 2 1.06 107 710 118H%El.5 25.2D
83017 | SOUSSE T™ 2 1.05 107 60 128 21 45.20
83074 |[SOUSSECC| CC slack 3 1.01 | 346.8 240 | 400| 53.2 90.65
83034 |THYNA TG 2 1.04 | 105| 40| 1194 14.4 17.94
83072 | THYNA TG 2 1.04 | 107| 40| 1194 12.4 17.94
83073 | THYNA TG 2 1.04 | 107| 40| 1194 12.4 17.99
83002 |BOUCHEMA| TG |out of service 4 1.06 15| 27.5
83025 |GOULETTE| TG |out of service 4 1.04 - | 40| 120
83003 |KAS.NORD | TG |out of service 4 1.06 15| 32
83004 |KAS.NORD | TG |out of service 4 1.06 15| 32
83005 |KORBA TG |out of service 4 1.06 10 20
83006 |KORBA TG |out of service 4 1.06 151 32
83042 |M BOURGU| TG |out of service 4 1.025| --- 10 20
83043 |M BOURGU| TG |out of service 4 1.025| --- 10 20
83007 |O.ZERGA | n.d. |out of service 4 1.00 0 28
83019 |ROBBANA | TG |out of service 4 1.02 15| 32
83040 [SFAX TG|out of servick 4 1.04 10 20
83041 [SFAX TG|out of servick 4 1.04 10 20
83018 |[ZARZIS TG |out of service 4 1.03 15 32 - -
TOTAL 4005.4 4361.7 355.9| 830.(6
* Legend:
- code 2: PV node
- code 3: slack node

code 4: disconnected node
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The following table reports a different dispatchifay the generators in service (unit commitment)
where the total reserve is equal only to 60 MW adiog to the actual Maghrebian convention.

Tab. 5-6 — Generation dispatching in peak load c¢toas

. Increase

Bus Number, Bus Name | Group  Note Code*V [sz?ec [EA%?/? E\/Invq\;? FM”\;\ZX r[el\j\e/z\;]ve [332:]]
83081 [AOUSDJA CcC 2 1.03| 380 240 38D 0 129.51
83082 [AOUSDJA CcC 2 1.03 | 380 240 38p 0 129.51
83022 |B.MCHERG | TG 2 1.05 90 40( 10( 10 25}42
83023 |B.MCHERG| TG 2 1.05 90 40( 10( 10 25}42
83001 |[BOUCHEMA| TG 2 1.06 90 40( 10( 10 3144
83057 |EL BIBAN TG 2 1.02 20 12 20 0 141
83027 | FERIANA TG 2 1.04 90 40( 10( 10 19|24
83076 |FERIANAL | TG 2 1.04 | 107| 40 107 0 19|24
83050 |[GHANOUCH CC 2 1.06 | 380 240 38D 0 12121
83025 |GOULETTE| TG 2 1.04 90| 40| 10dg 10 1325
83008 |RADES TV 2 1.04 148 6p 143 0 2p.61
83009 |RADES TV 2 1.04 148 6p 143 0 2p.61
83010 |RADES TV 2 1.04 15 6p 152 0 2p.08
83011 |RADES TV 2 1.04 15 6p 152 0 2p.08
83030 |RADES2 TG 2 1.04 | 100/ 50 100 0 14{72
83031 |RADES2 TG 2 1.04 | 1000 50| 100 0 14{72
83032 | RADES2 TV 2 1.04 | 228| 120 224 0 30{92
83013 | SOUSSE ™ 2 1.05 130 60 130 ( 33.25
83014 | SOUSSE ™ 2 1.05 130 60 130 ( 33.25
83015 | SOUSSE TG 2 1.06 100 ‘0 100 D 25.42
83016 | SOUSSE TG 2 1.06 100 ‘0 100 D 25.42
83017 | SOUSSE ™ 2 1.05 122 60 122 ( 45.42
83074 |[SOUSSECC| CC slack 3 1.01 | 380 24Qq 38( 0 95445
83034 | THYNA TG 2 1.04 90 | 40| 10dg 10 1767
83072 | THYNA TG 2 1.04 | 104 40| 104 0 1767
83073 | THYNA TG 2 1.04 | 107 40| 107 0 1762
83002 |[BOUCHEMA| TG |out of service 4 1.06 15 24
83003 |[KAS.NORD | TG |out of service 4 1.06 15 26 -
83004 |[KAS.NORD | TG |out of service 4 1.06 15 26 -
83005 |[KORBA TG |out of service 4 1.06 10 17 -
83006 |KORBA TG |out of service 4 1.06 15 26 -
83042 |[M BOURGU| TG |out of service 4 1.025| --- 10 17
83043 |M BOURGU| TG |out of service 4 1.025| --- 10 17
83007 |[O.ZERGA | n.d |out of service 4 1.00 0 0 -
83019 [ROBBANA | TG |out of service 4 1.02 15 26 -
83040 [SFAX TGlout of service 4 1.04 10 17 -
83041 [SFAX TGlout of service 4 1.04 10 17 -
83018 |ZARZIS TG |out of service 4 1.03 15 26

TOTAL 3998.( 4297.0 60.0 | 815.36
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5.2.2 Minimum load
The following tables sum up the main charactessbicthe system in minimum loading conditions.

Tab. 5-7 — Generation and load in minimum load ¢ctos

Actual Nominal
[MW] | [Mvar] [[MW] [Mvar]
From generation 1412|0 -421.6] 1412.0f -421.6
To constant power logd 1402.4 701.3| 1402.4 701.3
To constant current 0 0 0 0
To constant admittande 0 0 0 0
To bus shunt D 3249 0 298.0
To facts device shunt 0 0 0 0
To line shunt d 0 0 0
From line charging D 1627.6 0| 1476.6

Tab. 5-8 — Active and reactive losses in minimuaal lconditions

LOSSES

Voltage Losses Line shunts| chargin

Level [kV] | Branches| [MW] [[Mvar] [[MW] [[Mvar] | [Mvar]
400 9 0.49 5.60 0 0| 493.20
220 113 5.2% 55.70 0 0| 713.80
150 55 3.10 11.66 0 0| 173.40
90 62 0.73 2.86 0 0| 243.10
15.5 13 g 103.50 0 0 0
11 1 0 044 0 0 0
0 1 0 0 0 0 4.10
TOTAL 254 9.59 | 179.77 O 0 1627.60
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Tab. 5-9 — Generation dispatching in minimum loadditions

Decreas

\V Sched Pgen|P min|P max Qgen
Bus Number Bus Name | Group  Note Code o] [M%N] IMW] [MW] r[el\j\(j\;}/e [Mvar]

83081 |[|AOUSDJA CC 2 | 1.045( 240 240 40p 0.00 -104.87
83057 |EL BIBAN TG 2 1.00 12| 12| 27.5 0.00 -2.05
83050 |[GHANOUCH CC slack 3 1.00 | 240| 244 40( 0.00 -87.0¢
83008 |RADES TV 4 | 1.065| 65| 65| 16( 0.00| -13.994
83009 |RADES TV 2 | 1.065| 65| 65| 16( 0.00| -13.994
83010 |RADES TV 2 | 1.065| 65| 65| 17( 0.00] -13.994
83011 |RADES TV 2 | 1.065| 65| 65| 17( 0.00] -13.994
83030 |RADES2 TG 2 | 1.065| 50| 50| 115/5 0.00 -9.99
83031 |RADES2 TG 2 | 1.065| 50| 50| 1155 0.00 -9.99
83032 | RADES2 TV 2 | 1.065| 120[ 120 240 0.00 -24.94
83015 |SOUSSE TQ 2 1.03 70 70| 118/5 0.00 | -20.27
83016 | SOUSSE TQ 2 1.03 70| 70| 118/5 0.00 | -20.27
83017 | SOUSSE ™ 2 1.03 60| 60| 128 0.00| -20.27
83074 |[SOUSSECC| CC 2 1.03 | 240| 244 40( 0.00 -65.87
83082 [AOUSDJA CC |outof servick 2 | 1.045| ---| 240 | 400
83022 |B.MCHERG | TG |out of servicg 4 1.03 --—- | 40 | 120
83023 [B.MCHERG | TG |out of servicg 4 1.03 ---| 40 | 120 --- ---
83001 |BOUCHEMA| TG |out of servicg 4 1.07 ---| 40 | 120
83002 |BOUCHEMA| TG |out of servicg 4 1.07 --| 15 | 275
83027 [ FERIANA TG |out of servicg 4 1.03 ---| 40 | 110 --- ---
83076 |FERIANALl | TG |out of servicg 4 1.03 ---| 40 | 110
83025 |GOULETTE| TG |out of service 4 | 1.065| ---| 40 | 120
83003 |[KAS.NORD | TG |out of service 4 1.06 - |15 | 32 --- ---
83004 |[KAS.NORD | TG |out of servicg 4 1.06 - |15 | 32 --- ---
83005 |[KORBA TG |out of service 4 1.06 ---110 | 20 --- ---
83006 |KORBA TG |out of service 4 1.06 - |15 | 32 --- ---
83042 [M BOURGU| TG |out of service 4 1.025( -] 10 | 20 --- ---
83043 |M BOURGU| TG |outof service 4 | 1.025( --| 10 | 20
83007 |O.ZERGA | n.d. |out of service 4 1.00 -1 0 28
83019 |ROBBANA | TG |out of servicg 4 1.02 - | 15 | 32
83040 [SFAX TG|out of service 4 1.02 - 10 | 20
83041 [SFAX TG|out of service 4 1.02 - 10 | 20
83013 | SOUSSE TMout of servicg 4 1.03 --- | 60 | 150
83014 | SOUSSE TMout of servicg 4 1.03 --- | 60 | 150
83034 | THYNA TG |out of servicg 4 1.02 --- | 40 |119.4| ---
83072 | THYNA TG |out of servicg 4 1.02 --—- | 40 |119.4| ---
83073 | THYNA TG |out of servicg 4 1.02 --—- | 40 |119.4| ---
83018 |[ZARZIS TG |out of servicg 4 1.03 - |15 | 32 --- ---

TOTAL 1412 0.00 |-421.58

It is worth noting that in the minimum loading cdaiwh the units is service are at their technical
minimum; hence, we have a very constrained sitoatibere the system hasn’'t any margin to cope with
unforeseen decrease of the load with respect toefinated pattern or sudden increase in wind
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generation in case of presence of wind farms. Aeresequence, to cope with these events, which can
normally occur, one shall rely on the interconrmctcapability with Algeria or, in the future, oneth
HVDC link with Sicily. Alternatively, a less consined unit dispatching shall be decided where the
overall generation set has a downward reserve mésge Fig. 3-7).

5.3 Dynamic data of generating units
STEG provided CESI through ELMED Etudes a PSS/& dibncerning dynamic data of generating

units. It includes:
Generator parameters (time constants, reactartces, e
Type and data of AVR;

Type and data of GOVERNOR,;

Type and data of PSS.

The types of generators are:

GENROU:
GENSAL:

Round Rotor Generator Model (Quadratic Baitens)
Salient Pole Generator Model (Quadraticu&dion on d-Axis)

The types of Automatic Voltage Regulators are:

» SEXS: Simplified Excitation System Model

« EXACLIL: 1981 IEEE type AC1 Excitation System Model

« EXAC2: 1981 IEEE type AC2 Excitation System Model

* |EEEX1: 1979 IEEE type 1 Excitation System Modell 4981 IEEE type DC1 Model
 |IEEETL: 1968 IEEE type 1 Excitation System Model

* IEEX2A: 1979 IEEE type 2A Excitation System Model

« EXBAS: Basler Static Voltage Regulator feeding DGA€ Rotating Exciter Model.

The types of Governors are:

 |EEEGL1: 1981 IEEE type 1 Turbine-Governor Model

e GAST2A: Gas-Turbine Governor Model

« GAST: Gas-Turbine Governor Model

e GASTWD: Gas-Turbine Governor Model

 |EESGO: 1973 IEEE Standard Turbine Governor Model

The type of Power System Stabilizer is:

IEEEST:

IEEE Stabilizing Model

Tab. 5-10 summarises the situation of dynamic efesnpresents in the Tunisian network: the types of
AVR, Governor and PSS are reported with the infaiomaf they are in service or not.

Tab. 5-10 — Map of dynamic components associatéltetgenerating units.

Bus Number| Bus Name | Generatonl Exciter |In Service| Governor | In Service| Stabilizer | In Service
83081 AOUSDJA | GENROU [SEXS 1 IEEEG1 1 None 0
83082 AOUSDJA | GENROU [SEXS 1 IEEEG1 1 None 0
83022 B.MCHERG | GENROU | EXAC2 1 GAST2A 1 None 0
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Bus Number| Bus Name | Generatol Exciter |In Service| Governor | In Service| Stabilizer | In Service
83023 B.MCHERG | GENROU | EXAC2 1 GAST2A 1 None 0
83001 BOUCHEMA | GENROU | EXAC2 1 GAST2A 1 None 0
83002 BOUCHEMA | GENROU | IEEEX1 1 GAST 1 None 0
83057 EL BIBAN |GENSAL [EXAC1 1 GASTWD 1 None 0
83027 FERIANA |[GENROU |IEEEX1 1 GAST2A 1 None 0
83076 FERIANA1 |GENROU |IEEEX1 1 GAST2A 1 None 0
83050 GHANOUCH | GENROU | SEXS 1 IEEEG1 1 None 0
83025 GOULETTE | GENROU | IEEEX1 1 GAST2A 1 None 0
83003 KAS.NORD |GENROU | IEEEX1 1 GAST 1 None 0
83004 KAS.NORD |GENROU |IEEEX1 1 GAST 1 None 0
83005 KORBA GENROU [ SEXS 1 GAST 1 None 0
83006 KORBA GENROU | IEEEX1 1 GAST 1 None 0
83042 M BOURGU [ None None 0 None 0 None 0
83043 M BOURGU [ None None 0 None 0 None 0
83007 O.ZERGA |None None 0 None 0 None 0
83008 RADES GENROUIEEEX1 1 IEEEG1 1 None 0
83009 RADES GENROU | IEEEX1 1 IEEEG1 1 None 0
83010 RADES GENROU [ IEEET1 1 IEEEG1 1 None 0
83011 RADES GENROU [ IEEET1 1 IEEEG1 1 None 0
83030 RADES2 GENROU [ IEEX2A 1 GAST2A 1 IEEEST 1
83031 RADES2 GENROU [ IEEX2A 1 GAST2A 1 IEEEST 1
83032 RADES2 GEROU | IEEX2A 1 IEEEG1 1 IEEEST 1
83019 ROBBANA | None None 0 None 0 None 0
83040 SFAX GENROU [ SEXS 1 GAST 1 None 0
83041 SFAX GENROU [ SEXS 1 GAST 1 None 0
83013 SOUSSE GENROU | IEEEX1 1 IEEEG1 1 None 0
83014 SOUSSE GENROU | IEEEX1 1 IEEEG1 1 None 0
83015 SOUSSE GENROU | EXBAS 1 GAST2A 1 None 0
83016 SOUSSE GENROU | EXBAS 1 GAST2A 1 None 0
83017 SOUSSE GENROU | EXBAS 1 IEESGO 1 None 0
83074 SOUSSECC | GENROU | SEXS 1 IEEEG1 1 None 0
83034 THYNA GENROU | IEEEX1 1 GAST2A 1 None 0
83072 THYNA GENROU | IEEEX1 1 GAST2A 1 None 0
83073 THYNA GENROU | IEEEX1 1 GAST2A 1 None 0
83018 ZARZIS GENROU | IEEEX1 1 GAST 1 None 0

Legend:

- In service: 1 yes; 0: no.

5.4 Transmission network

In the PSS/E files provided to CESI, a detailedesentation of the Tunisian transmission network is
present. In particular, the following voltage levake detailed:

e 400 kv
« 220 kV
« 150 kV

90 kV.
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Moreover, for all transmission lines the (thermhihits of the current are available: this is key
information particularly for task B where the netlwaeinforcements will be identified, depending on
the location of the new ELMED power plant, to coyngith the security criteria.
In addition to the generating units already merg@rabove, the following networks elements are
present in the model:

* busses

* power withdraw points (loads)

e shunt Var compensation devices

» branches (lines or cables)

* 2-winding transformers.

Focusing on 400 kV transmission components, tHevfihg lines are present in the basic configuration
* Mornaguia — Mateur;
* Mornaguia — Aousdja;
* Mornaguia — Oueslatia;
* Mornaguia — Mnihla;
« Jendouba — Mateur;
» Aousdja—T. Telecom City;
» Oueslatia — Bouchemma,;
* P. Financier — T. Telecom City;
* P. Financier — Mnihla.

A preliminary representation of 400kV Tunisian samssion lines is reported in Fig. 5-1.
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Fig. 5-1 — 400kV Tunisian transmission lines
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5.5 Equivalent model for the rest of the Maghreb

Fig. 5-2 shows the interconnections between Tursid the neighbouring countries. The map shows
that Tunisia, Algeria and Morocco are connected@with Spain and are part of the ENTSO-E/SCR
area; instead, the lines between Tunisia and Lélpgaconsidered always opened in our analysis.

CONNECTION
M OROCCG SPAIN

\'

4%

DC TUNISIA -
ITALY

U HV
U

HEEE N N ACAOO kV
snnn s AC 225 kV
snnns s AC 90-150 kV
----- s DC link

Planned Existing
(*) Potential Projects

Fig. 5-2 — Interconnections among Tunisia and ottasntries

Hence, an equivalent dynamic model of Algeria, Mo and ENTSO-E/SCR is necessary for the
execution of the dynamic analyses.
Upon agreement with ELMED Etudes, STEG and Térriihe equivalent models of the other Maghreb
countries and ENTSO-E/SCR are provided by CESIs&heguivalent models have already been used
by CESI and validated in the framework of the stad@], [5], [6] carried out in the year 2009. Two
models are provided: the first one for the pealdloanditions and the other one for the low load
conditions. The equivalent models include the dyicasharacteristics of the systems external to Tianis
with an appropriate representation of Algeria andrddco including the dynamic contribution of
ENTSO-E/SCR (inertia and short circuit power).
After having joined the equivalent model with thenisian system in both loading conditions, we
verified the coherency of the overall interconndctystem model with the results obtained when
running load flows considering the Tunisian systdame. Specifically, we checked, among others:

- the net power flow at the border Tunisia-Algeriaishhshall be negligibfe;

- the voltage profile inside Tunisia;

- the power flows and losses inside Tunisia.

14 See the “conference call” on 8th June 2010 aratedIMinutes of Conference
!> The net flow turned out to be less than 4 MW, ttusome loop flows across the border.
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5.6 Tunisia-Sicily interconnection model

The HVDC link from El Hawaria 400 kV to Partanna0B&0 kV will have a size of 1000 MW. This
connection will be modelled as a “special load'SICRE with the active and reactive power exchanges
managed by adequate control systems, represehgngehaviour of the control systems in the converte
stations. This model allows us to simulate the dyinaeffects on the Tunisian network due to the
HVDC link, without a complete representation of eerters and DC transmission line parameters.

The converters are modelled as time-variable aeihreactive injections with associated the cdstro
and regulations in order to simulate the electrdraacal behaviour in the usual operating conditiois
the DC link.
The most important control associated to this mesléhe Primary Frequency Regulation, whose block
diagram is represented below. The symbols havéotlosving meaning:

* Pitpu) active power reference (in per unit)

o f real frequency at HVDC station

o fy nominal frequency (equal to 50Hz)

e by HVDC droop for frequency regulation

e T, T, zero and pole time constants

e T delay in dynamic response

» APe change in the set point of active power

Pty + 1+pTy -pT APepun
—

T— 1+pT2

1

L 2
i

o
=

The associated transfer function is the following:

_ 1 1+sh -
AF>e(p.u.)‘ bpgll-l-TTz@ > Dmc(p.u.) - F(S)@ > mf(p.u.)

This relation shows that the HVDC control systendifies the active power reference according to its
regulating energy and according to frequency dmnatif frequency increases, the active power
reference will be decreased and vice-versa.
This type of regulation takes into account alsoftilewing limits:

* minimum value of active power in export;

e minimum value of active power in import;

* maximum value of active power in export;
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maximum value of active power in import;
maximum active power gradient during the transitory

Moreover, the model owns the following functions:

at the occurrence of external faults, if the vadtag HVDC station becomes too low, the system
is switched off until the voltage comes back to arect level: in this way a temporary
interruption of DC link is considered,;

the losses can be modelled as a percentage of abpaiwer;

the power flow can be inverted, if necessary, tpdrhin Tunisia;

the reactive power absorbed by the converters eamdelled according to the active power
flow and to the controls adopted,;

the effects of reactive power compensation (typicasociated to filters) can be considered.

The accuracy of this HVDC model has been testedcdoyparing its dynamic response with that
obtained from a detailed modelling of all the maomponents of the link. Tests have been applied to
the SACOI and SAPEI HVDC links.
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6 WIND ENERGY PRODUCTION

6.1 Wind farm sites proposed by the STEG

The impact of wind energy production on the netwisrikaluated starting with the sites proposed lgy th
STEG and the maximum wind energy power that cagelmerated at each site. CESI shall execute static
and dynamic simulations to determine the most Bld@taonnection substations as well as the maximum
acceptable capacity, taking into account the pdsgibf exporting power to Sicily, and the regutat
characteristics of the AC/DC converters.

The table below presents the data of the wind faorse analysed. The priority for introducing wind
energy production is described in stage 2 of Task C
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Table 6-1 — Wind farm sites proposed by the STEG
. Estimated
Coordinates of Wind speed at 30 m (m/s) capacity factor . .
Name of the . . Proposed Potential wind
. Region the measuring . _ for a 1500 kW
site ) converter station Maximum : power (MW)
equipment Annual average turbine
annual average (%)
Sidi Daoued N 37°01’ 48.5”
(1) Cap Bon E 10°55' 43 1" 8 13 30 54
. . N 37°14’ 33.9”
Metline (2) Bizerte E 10°02’ 10.8" 9.5 15 38 97
. N 37°06’ 27.0”
Kechabta (2) Bizerte E 09°56' 35.5” 8.8 15 35 93
. N 37°18’ 51.9”
Ben Aouf Bizerte E 09°46' 36.4” 9.2 15 37 25
Jebel N 36°50' 29.7”
Abderrahmen | ©2P B E 10°46' 34.4' 98 13 39 200
. N 34°48’ 22.5”
Ferkik Kerkennah E 11°15 45 2" 6.5 8 - 40
: < N 34°08' 14.9”
Akarit Gabés E 09°55 38 3" 6.8 - - 50
- . N 37°10° 02.7”
Sidi Mechreg Bizerte E 09°08’ 04.6” 6.5 - - 40
- N 33°44’ 49.0”
Jbel Thaga Kébili E 09°09' 07.0” 6.8 7.8 - 150
. N 35°33' 20.1”
Thala (3) Kasserine E 08°39’ 46.1" 7 - 22 60
Zonkar (4) Bizerte - 8 - 32 200

(1): Existing power plant
(2): Power plant currently being installed (to be put in service by the end of 2012).

(3): Data collected by ANME.

(4): Incomplete data.




CESI
Report Page 47/53

6.2 Model of wind energy production
There are two main ways of connecting the wind gnegenerators to the network:
- Synchronous connection;
- Asynchronous connection.
As the type of generator shall be chosen by thesitor, our best approach at this stage of the sty
consider a Double Fed Induction Generator (DFI®Er€ are two reasons for this:
- This is the most commonly used type of generat@ct¢ounts for more than 70% of all generators
in ltaly and the same applies in Spain;

- Itis “hybrid” in nature, in that it is an asynclmaus alternator with excitation. Consequently, the
unit can control reactive power in a manner sintibathat of synchronous units.

En ltalie

12 BOeAG

BATYR
o=
OASY

Fig. 6-1 — The type of wind energy units usedatylt

Legend: DFIG: Double Fed Induction Generator;
ASYR: asynchronous unit with variable resistarnfcde rotor;
SIN: synchronous unit (connected to the netw@la converter)
Asy: asynchronous unit

The DFIG units consist of an asynchronous geneweitbra stator connected directly to the networ# an
a rotor powered by an AC/AC converter.

The configuration of the DFIG is shown in the figurelow (Fig. 6-2).
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Converter
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Fig. 6-2 — Model of a DFIG unit
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The benefits of this generator are:

- The capacity to work at different wind speeds,raes(AC/AC) converter is able to change the
current frequency of the rotor, so the frequencyhef stator variables is always equal to its
nominal value (50 Hz);

- Lower costs (compared to configuration with a synobus generator connected, via a stator,
to the AC/AC frequency converter), as the convedenerally the most expensive component,
is sized for only 30% of the nominal power.

This model clearly produces active power which deljgeon wind speed at all times, as shown in the
graph in Fig. 6-3. In the example, the nominal gpsel2 m/s.
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Fig. 6-3 — Active power produced according to wipeed

In the simulator, the model is divided into fourbsmodels (Wind Model, Aerodynamic Model,
Mechanical Model, Electrical Modé) as shown in the diagram below (Fig. 6-4). A cohsystem
controls and regulates all the units.

Control system

Vhub tetapicr | 7 PQ
L wird . . .
Wind Aerodynamic <« Mechanical«™Electrical Grid
Model [Y3/Model _yModel Model U, Model
Tae gen

tetawr

Fig. 6-4 — Model of the wind energy unit

The models have the following functions:
“Wind Model”: simulates wind fluctuations; its outpis instantaneous wind speed;
- “Aerodynamic Model”: calculates the wind power witte classic formula:

_1 2 3
P, =5 C, P OT[R* v

'8 wind model, aerodynamic model, mechanical modettecal model
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where:

v:  wind speed;

Cp: aerodynamic efficiency;

p.  air density;

R: radius of the propeller blades.

- “Mechanical Model”: simulates operation of the dma¢, but is not generally used and the
aerodynamic power and mechanical power are effdgtihe same at all times;

- “Electrical Model”: the only model connected to thetwork; it represents the action of the
asynchronous generator and calculates the actidereactive power produced by the wind
energy unit.
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ANNEX 1. PRIMARY, SECONDARY AND TERTIARY REGULATION

Al.1 Primary regulation

It is well known that the sudden loss of a genegatinit (or tripping) causes a drop (or increase) i
network frequency. Frequency deviation is dynamioature and associated with the regulation loops.
Fig. A-0-1 shows the typical curve of frequencytive case of primary regulation; the deviation is
caused by unbalancing of power in the system (tigopf a unit).

fd-,-n. M, f

s = LDYNamic frequency deviation
= Quasi-steady-state deviation

Fig. A-0-1 — Typical course of frequency after mémtion of primary regulation (source [1])

The network operators (ENTSO-E in Europe [1]) bet tules for the maximum decrease (increase) in

frequency during deviation and idle time after wiibince. ENTSO-E/SCR refers to the tripping of the
largest units (loads).

The maximum dynamic variation in frequency is eiaéiy due to:

- The value and dynamics of the disturbance thatethumbalanced between production and
demand;

- The kinetic energy of the rotating units (or, ihetwords, their inertia)

- The number of generators subject to primary reguiatthe primary regulation band and
location among the regulation units;

- The dynamic properties of the production units;
- The dynamic properties of the loads (in particulagjr reactions to frequency errors).

The maximum static variation in frequency is essdiptdue to:
- The droop values of the generators during primegylation;
- The sensitivity of the power absorbed by the lagaisn variations in frequency.
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In Europe, the ENTSO-E rules [1] state that thertinnected system must always be exploited to
make up for a sudden loss in production of 3000 M8Mg only primary regulation with the constraint
that the frequency should not fall below 49.2 Hm.#®e other hand, a sudden loss in load of 3000 MW
should be managed with primary regulation in suglag as not to increase frequency to above 50.8 Hz.
Moreover, the corresponding static error duringrapen should not exceetfl80 MHz, with a load
auto-regulation effect of 1%/Hz.

The regulating energy of a control area (e.g. Tiaros Italy) is calculated using this formula:

AR

A= e (1)
where:
Ai : the regulating energy of the control area (WMz);
Af : frequency variation during operation (in Hzedo disturbance that causes unbalakiee
AP, : power variation in a control area (in MW) deedisturbancé&P, measured at the border of the

area concerned.

To respect the limits of primary regulation, it Haeen established that in Europe the regulatingggne
of the interconnected system should remain undethiteshold of 15000 MW/Hz at an average value of
19500 MW/Hz. Each area of the interconnected sydtamto agree upon a minimum contribution
coefficient (e.g. in 2006, this coefficient stodddl 106 for Italy).

Al.2 Secondary regulation

Primary frequency regulation restores the balamterden production and demand at a frequency value
other than the nominal value. As all the contrelaarinvolved in an interconnected system contritute
primary regulation with consequent variation inguotion and demand in each area, unbalancing in a
single area eventually affects the exchange of pdwerelation to the set value. The purpose of
secondary regulation is therefore to reset theugaqy error and restore the exchanges of powdrein t
control areas to the set values.

The secondary regulator in each area has to reeeexchange frequency-power error (ACE: Area
control error)G; as follows:

G =AP + K, Af (2)

where:

G : frequency-power error (in MW) of thearea (ACE = Area Control Error);

AP, : power exchange error (in MW) of tharea in relation to the set value;

Af : frequency error calculated as the differenasveen the instantaneous value and the nominal
frequency value (in Hz);

Kii : parameter of participation (in MW/Hz) of theceadary regulator.

The secondary regulator has to have a proportiotedgral transfer function to ensure an adequate
degree of static and dynamic precision:
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AP, =—/3iGi—ijGidt 3)
Tri
where:
APy level signal of the secondary regulator (in MW)
5 : proportional gain of the secondary regulato\iw/MW);
Tii : time constraint of the secondary regulatoisfin

To ensure secondary regulation is executed onllgerarea that caused the disturbance (criteriaof n
interaction between the areas, on both a staticdgndmic level), the valuk;; has to be the same in
each area as the «regulating energy » value the same area. This constraint theoreticalplives
constant variation of th&, parameter to take into account the generators imiceeat the time.
Moreover, independent correction of tg values could cause difficulties due to lack of clioation
among the secondary regulators of the various ar€asavoid this problem in the case of the
interconnected systems, tkgvalues are set the centralised level to guararded goordination among
all the areas of the system. ENTSO-E sets thedé@aieets in Europe.

Al1l.3 Tertiary regulation

Tertiary regulation consists of automatic or maraciions that cause a variation in the producticth®
units, in order to:
* Guarantee an adequate secondary reserve at al time
» Distribute the power of secondary regulation ast laess possible among the generators (to
minimise costs).

Changes to the units’ production profile due tdidey regulation can be made by doing the following
» Starting or stopping the generators (gas turbipes)p stations), or increasing or decreasing the
power produced by the generators already in service
» Redistribution of the power of the generators imedlin secondary regulation;
* Changes to the plans for exchanging power withhimigring areas;
* Load shedding.

In general, tertiary regulation can have the sanpact on the electrical system as secondary regujat
even if the operations involved in tertiary regidatare temporally associated with the actions of
programming the exploitation.



