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ABBREVIATIONSAND SYMBOLS

Abbreviations

aFRR automatic Frequency Restoration Reserves
BRP Balance Responsible Party

CB Circuit Breaker

CBA Cost Benefit Analysis

CET Central European Time

CGM Common Grid Model

CHP Combined Heat and P@w~

COl Centre of Inertia

D1, Dx 508 YAydzA 2ySs 51 & YAyd#A WEQ
DI Dimensioning Incident

EMPS EFI's Multiarea PoweiMarket Simulator
EMS Energy Management System

EPC Emergency Power Contr@lVDQonnections)
EUETS European Union Ens®n Trading Scheme
FBF Frequency Biasa€tor

FCP Frequency Containment Process

FCR Frequency Containment Reserve

FCRD FrequencyContainmentReserve for Disturbances
FCRN FrequencyContainmentReserve for Normal operation
FFR FastFreqlency Reserves

FIR Finite Impulse Response

FQ Frequency Quality

FRR Frequency Restoration Reserves

GL Guideline

ID Intraday

HVDC High Voltage Direct Current

LFCR Load Frequency Control and Reserves
mFRR manual Frequency Restoratioe$trves
MCA Multi Criteria Assessment

NAG Nordic Analysis Group

NC Network Code

NTC Net Transfer Capacity

NOIS Nordic Operator Iformation System

NRA National Regulatory Authority

PMU Phasor Measurement Unit

PSS®E Power System Simatior for Engineering
RGN Regional Group Nordic

RES Renewable Energy Sources

RoCoF Rateof-Changeof-Frequency

SCADA Supervisory Control And Data Acquisition
SISO Singlelnput-SingleQutput

SPS System ProtectioncBeme

TSO Transmissiorsystem Operator

UFLS Under Frequency Load Shedding

Symbols

(0] Kinetic energy

Q Frequency

Q Center of inertia frequency

Q The minimum or maximum instantaneous frequency
Q Nominalfrequency

Q Frequency at the start of the disturbance
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Steag/-state frequency
Frequency Bias Factor
Moment of inertia

Inertia constant

System inertia

Moment of inertia

Active power

Electrical power

Mechanical power
Regulating Strength
Ratedapparent power
Laplace operator

Time

The time the frequency reaché&Q
Start time of the disturbance
Angular velocity

Rated angular velocity

o

@)

CroooTiliaasc 555485

Page6 of 153

ENTSO-E Al S B lAvenueACortenbergh 100A 0001BrusselsA Belgium A Tel +32 2 741 09 50A Fax +32 2 741 09 51A info@entsoe.eu A www.entsoe.eu



entso®

1.98 %#54356-% ! 29

1.1 INTRODUCTION AND SC@P

The behaviour ofrequency in the Nordic power system is highly dependent on the amount of
kinetic energy in the system. All rotating machines connected directly to the Nordic power system
contribute to this kinetic energy. As renewable generation, connected to the lgradigh power
electronic converters, begins to replace conventional generatitogether with the increased
HVDC import capacity in the systerthe amount of kinetic energy in the system decreases. This
has an impact on the ability of the system to redis¢ frequency changes due to imbalance
between production and consumption.

The objectives of the Future System Inertia 2 project are to anticipate and to avoid the effects of
low-inertia situations, by means of proper forecasting tools and mitigation oregsThe project
scope includes four main tasks:

1. Experiences in other synchronous areas

2. Future kinetic energy estimation

3. Measures to handle future low kinetic energy situations
4. Improvement of inertia estimation and operational tools

The findings of tlesedifferent elements aresummarizedelow.

1.2 RESULTSAND CONCLUSIONS

Experiences in other synchronous areas

The structural changes identified in the Nordic power system are not unique, and similar changes
are occurring in other systems. Small and medgiredsynchronous systems are likely to already
have experience and knowledge how to handle the challenges. To benefit of the experience
gained, a survey was sent out by the Nordic transmission system operators (U80Qg}he

summerof 2016, witha result ofl1 answersMore than half of thesynchronous systems under
survey (eight out of 1Rindicated that the decreasing inertia is a challenge. Three systems indicate
that they have no solution in place for dealing with lovertia situations at the moment. Tav

systems have miet-based solutions, while ssystems have nemarketbased solutionsi-or

dealing with future lowinertia situations, more reserves, synthetic inertia (as an ancillary service
for example), more flexible thermal units, adding connecsiém other synchronous systems, and
services from battery storage, are mentioned as foreseen mitigation measures.

Future kinetic energy estimation

The impact of the changes ongoing and foreseen on the kinetic energy Mdfdicsystem have

been assessely means ofuture market scenariothat have been defined by the Nordic TSOs for
the years 2020 and 2025. In the year 2025, the total variation in kinetic energy values appears to
be smaller than in 2020: the minimum values are higher than in 2020,henchaximum values

are lower than in the year 2020. The difference between the forecasts of the two years can be
seen from the probabilities of having a lekinetic energy situation. Ifiablel-1, the column with

the 99 percentilefor example, indicates that in one percent of the time, the kinetic energy falls
below the 120 GWs in 2020, and below 134 GWs in 2025.
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TABLEL-1: PROBABILITY OF HAVINGOWKINETIC ENERESWS) SITUATION
THECOLUMN WITH THIO PERCENTILEOR EXAMPLENDICATES THAT INEDPRERCENT OF THEEJTHE KINETIC ENERGY
FALLS BELOW THEOGWS IN2020,AND BELOVE34GWS IN2025.

Year Kinetic energy in GWSs below a
percentile of the forecasted kinetic
energy distributon

90 % 95 % 99 %
2020 150 136 120
2025 159 147 134

Those results can be explained from the fact that the scenario 2025 has approximagoyNaw

more system load compared to 2020. The increased load requires more production and not all is
covered bywind and import. That also results in more synchronous production and thereby higher
inertia. Another explanation to the increased inertia in 2025, is the kinetic energy from nuclear.

The simulation results indicate that lewvertia situations (below 12GWSs) will occur in the 2020
and 2025 Nordic power system; the number of hours where this occurs, seems to be limited
though. This limited number of lowmertia hours does not provide a sound basis for introducing a
market for mitigation measures.

Shortterm forecasting: improvement of inertia estimation and operational tools

In order to have a reaime grip on the inertia in the system, all Nordic TSOs have implemented a
kinetic energy estimation in their SCADA/EM8hereas an online dimensioning incident
determinationhas been implemented in the SCADA systems as well, within the framework of this
project With these online data availablalinear regression model has been implemented in the
Finnish SCADA system (and shared with the other Nordic SCABASyd$br anonline extreme
frequency estimation, in case of a dimensioning incident in the syst&me linear regression
model is tuned on the basis disturbance data in a roughly ofnear period (from 201®7-20 to
201609-28), onsisting of 19 undefrequencyand 26 oveifrequency cases. The interaction of the
model and the SCADA system has been implemented in such,dhabynore advanced models
may be implemented in the future, such as the emachine equivalent of the power system, that
has been deeloped for offline studies within this project.

Mitigation: measures to handle future low kinetic energy situations

Various mitigation measures of lewertia situatiors are proposed and; by means of theone-
machine equivalensimulation modelg tested m their efficiency. An overview is provided in
Figurel-1.
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hronous condensers

denser service operation of Pelton turbines
ia from the gas turbines

ia from the pumps of pump-storage hydro
er plants

Rotatingmass

A provide extra frequency
containment reserves for ‘
disturbances (FCR-D) Keepthe / A decrease the output power of the

. . . f i i
provide synthetic inertia el largest unit

between51Hz .
provide fast-frequency and 49Hzfter A decrease the (planned) import /

A

A .

reserves (FFR) N-1 export on an HVDC I.|nk

A provide emergency power A decrea_se power behind system
control (EPC) protection

A reduce load Dimensioning

A disconnect pumps of pump- Incident

storage hydro power plants

HGUREL-1 LOW-INERTIA MITIGATIONEMSURES

The different mitigation measures have been evaluated on the basis of &@tikria Assessment
(MCA). In an MCA, the different mitigation measures are scored on the basis of criteria, such in
order to get a grip on the most promising ones. In this case the focus is on the most promising
mitigation measures to be applied in 2020

The reduction of the dimensioning incident, a measure already existing tadayes low in terms

2T O02ald lyR OFy 685 asSs®&itgatiborameasurdbiingngost prondisingnK S 6
terms of potential, effectiveness, being sufficieahd st that can beavailable in 202@ consist

of active powelinjections The active power injection can be realized by:

- EPC a redesign of the EPC settingss been proposed to make it anore efficient
mitigation measure,

- Load disconnectigrand

- Disconnectin of pumps for hydro storagieing a special case of the load disconnegtion

1.3 NEXT STEPS

Followup work of the Future System Inertia 2 project is suggested to consists of two pillars: an
implementation project and a research project.

Implementation projet:

- Implement the quick wins in terms ohertia mitigation measures (being the EPC, and load
disconnection), in order to have measures at hand in 2020

- SCADA implementation continuation, includingangst others theuse of the realtime
situation of the EE available in the extreme frequencgmputation

- Inertia forecast implementation: assess the expected kinetic energy in the system based on
Common Grid Modsl

Research project:
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- Towards a more dynamic assessmenFofquency Containment Resesfer Disturkances
(FCRD) andinertia needs

- Link to the Frequency Qualig(FQ2)project inertia required to meet the quality criteria

- Link to theRevision of the Frequency Containment Proc@SSE project coordination
betweenfast-frequency reservedHFRand FCHD (not separate them): be able to relax one
at the expense of the other

- Practicalities: what is feasible, and what is the most promising technology for delivering
FFR services

- Product definition and FFR requirements: e.g. proportional (closed loop) aetgiezmined
(power boost) power injection

- 5SSt 21L)F @GASH o0Se2yR (KS 1jdzA Ol 6Aya owil

- hytAyS aaddz dAz2ylrt gl NBySaa 2F GKS FTNBIJd

- Investigate / assess how mugfertia is coming from the loads

- Continue the coopration with other synchronous areas
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The power system is going through big structural changes which will challenge the way we
traditionally think and operate the Nordic power systdft]. The changes will lead to éhnext
generation power system, which will secure our future welfare, value creation and help us reach
carbonneutrality. The main changes are:

1 The share of Renewable Energy Sources (RES) in the energy mix is increasing, and mo
energy will to a largerx@end be produced by smadkcale, renewable and distributed
power plants. Largscale wind farms are also foreseen. Most of those units are connected
by means of poweelectronic converters.

1 Nuclear power plants are deommissioned earlier than initialljgnned in Sweden, while
Finland is constructing new

1 Denmark and Finland have shut down many fefsslled power plants

1 The Nordic power systems will be physically more closely connected with Europe due to
more interconnectors

1 More coupled markets, inclung balancing

1 More industrial loads are connected to the grid through powéctronic interfaces

The behaviourof frequency inthe Nordic power system is highly dependent on the amount of
kinetic energy in the system. All rotating machines connectedctlyréo the Nordic power system
contribute to this kinetic energy. As renewable generation, connected to the grid through power
electronic converters, begins to replace conventional generatitogether with the increased
HVDC import capacity in the syste the amount of kinetic energy in the system decreases. This
has an impact on the ability of the system to resist the frequency changes due to imbalance
between production and consumption.

TheNordic TSOs have studied inertiglated issues in their pr§jO i WEystHMHZNE NI A | Q
1. This project was an initial attempt to get a better understanding of the variation of kinetic
energy in the Nordic power system and how it will change in the futdilgo a tool to follow the
reaktime value of kinetieenergy inthe Nordic power system was created during the project. A
project report presents the findingR2]. The work started in phase Has beencontinued since

there are still many questions related to the inertia ofthe @®@MJ a8 adiSY FyR AGQ&
system security.

There is a need to improve the predictability of the future with more renewable production and
more HVDC connections to other synchronous systé&ughermore, there is aeed to study how
critical sitwations with very low kinetic energy can be avoided and/or taken care of so that the
system security is not endangered.

The objectives of the Future System Inertia 2 project are to anticipate and to avoid the effects of
low-inertia situations, by means ofrgper forecasting tools and mitigation measures ($egure
2-1).
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Futurekineticenergy

estimation
Mitigation: fShort-te_rm
Measureso orecasting
handlefuture _Improvementof
low kinetic Inertia estimation
energysituations and Og)%rgtlonal

HGURE2-1 OBJECTIVES OF THE REBYSTEM INER2IRROJECT

2.1 SCOPE FOR THE PROJECT

The project sape includes four maintasks:

1. Experiences in other synchronous ar¢@bapters)

2. Future kinetic energy estimatiofChapters)

3. Measures to handle future low kinetic energy situatig@hapters, 7, and8)
4. Improvement of inertia estimation and operational togShapter9)

Those different elements are shortly introduced below

Experiencs in other synchronous areas

1 Gatherexperiences from other synchronous regions by means of questionnaires, in terms
of
o How they assess the future inertia in their system
How they assess the actual inertia in the system
o How they mitigate lownertia situatons (shoriterm, midterm, and longterm
solutions)
1 Interviews with the most interesting responses received, to allow for a more detailed and
in-depth insight

o
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Future kinetic energy estimation

1 Development of future scenarios, taking into account new HWiIXS being commissioned,
power plants being decommissioned, and a higher variable renewable power infeed
o Mid-term (2020)
0 Longterm (2025)
1 Market simulations to assess the production system and its kinetic energy
1 Lumpedmodel frequency studies based on theimmum inertia cases identified,
Frequency Bias Fact#BF, and the present and future F€Rrequirements

Shortterm forecasting: improvement of inertia estimation and operational tools

1 Make a plan to improve the SCADA inertia measurements (in termsvofe@quirements /
specifications and a timeline)

1 Forecasting of system kinetic energy, Dimensioning Incident, and potentially the FBF, this
being linked to the potential measures available at the time of forecasting. Different
timeframes may prove usefuhithis respect, e.g. 0 (after the production plan are
available), BB (when load and weather forecasts are available],0ID-20 (to reduce the
dimensioning incident). Or in other words: a means to trigger actions, with an indication of
the mitigation needed

{1 Forecasting of the minimum instantaneous frequency for a dimensioning fault in real time

1 Development of software tools; tools are developed to (at least) proof a principle. The
tools can potentially be applied in the operational planning and/or cdrdemtre

Mitigation: measures to handle future low kinetic energy situations

71 Investigation of options to control the Inertia, FODRand Dimensioning Incident, and their
interlinks

 Definitonof FCB = ¢ KSy { K SD isthbtsiNbdeient (€g. i€ lowmertia situations
where the FC® from hydro sources is not sufficient and other sources are required)

71 Investigation on a possible implementation of those options, by means of imposing
requirements, procurement of services, or creation of a market

1 An oveview of the options, and the possible implementations on the shenn, mid
term, and longterm timeframes

1 An evaluation of the options and/or mix of options by means of an MCA (@titeria
Assessment), to be performed by the technical and marketgthesxperts. This is a
Wijdzk t AGFGAGBSQ NBFaz2yAy3a gKe | OSNIFAYy 2L
gualitative reasoning (advantages and disadvantages), quantitative analysis (Hz, MW), and
cost considerations( for example.

2.2 OUTLINE

This report addresses the tasks in the scope of the projesmid provides some additional
background fothe ease of reading.
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In Chapter3 a presentation otheoretical background (based on the NordihT5 Q WSystaEmdzNS
LYSNIAFQ LMKG=ASH S OBAMBE 002dz0KAYy I dzZll2y aeéai
model to assess the lokinetic energy mitigation measures, and the tuning of its parameters, is
given.

In (hapter 4 the responses received om questionnaire, and information from followp
interviews, have been summarized to present the experiences in the dtmall to medium
sized)synchronous areas

In Chaptel5 the findings of future kinetic energy estimations are presented for the years 2020 and
2025, whereas the year 2014 has been used to test the simulation chain from market scenario,
market simulation, to kinetic energy estimation

In Chapter6 we zoom in on fasfrequency reserves (FFR) and synthetic inedizd analysetheir
impact on frequency excursions. A similar analysis is performed in Chafmerthe emergency
power control (EPprovided by theHVDC links.

In Chapter8 the measures to handléuture low kinetic energy situations are presented and
evaluated

In Chapte© the shortterm forecasting is touched upomhat tools need to be developed in order
to assess which measures need to be activated, when, in order to handle lowinetic energy
situations

In ChapterlOthe conclusins of this study are presentedith references in Chaptdrl.

In the Appendices, the questionnair@f which the respnses are presented in Chaptd),
information on the disconnection of electrical boilers and heat pumps in Sweden, and a discussion
on the ®sts of ancillary services are provided.
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3."1#+' 2/ 5. %

This chapter provides a background for the report, thereby introducing various fatedad grip
on the topicsinertiaand frequency

The theoretical backgroundSection3.) A& o0l &aSR 2y (KS SyseMRY ONICA |
phase 1reporf2]. ¢ KS LAWMOQAHEIzNE ¢ > (2 dzOKAY 3 dzZLlR2y & &SkdiddyYy &
3.2 The simulation model to assess thevi&inetic energy mitigation measures, and the tuning of

its parameters, is described 8ection3.3.

An IEEE/Cigréask forcedefinesfrequency stability as followsfFrequency stability refers to the
ability of a power systerto maintain steady frequency following a severe system upset resulting in
a significant imbalace between generation and lo&fB]. Frequency stabilityests on three main
pillars,namely,

1 Kinetic energy in the system
1 Reserves
1 Dimensioning incident

All these three have a great impact on the ability of the system to maintain frequency stability.
Please note that history, policies, rulemnd regulation define the playground to a large extent
though, e.g. with regard to the frequey deviation where a generation unit is allowed to
disconnect.

3.1 THEORETICALBACKGROUND

Inertia of a power systers defined as the ability of a system to oppose changes in frequency due
to resistance provided biinetic energy ofrotating massesn individual turbine-generators.To

look at the inertia of a larger system withlarge numbenf generators, it is convenient to look at
kinetic energy of the system, which is the amount of energy stored in these rotating mésses.
this chapter we look at inertiand kinetic energy and how they affeitie behaviourof frequency

in a power system.

3.1.1 INERTIA OF A SINGLEACHINE
The nertia constantOdescribeghe inertia of an individual turbingenerator
0O —-—— O (3.1)
where
Jis the moment of inertia of a generator and turbifiey-nf],

S is the ratedmechanicalngular velocity of the rotojrad/s],
"Y is the rated apparent power of thgenerator [VA]
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The nertia constant is gen in seconds and it can be interpreted as the time ttre energy
stored inthe rotating parts of a turbinegenerator is able to supply a load equal to the rated
apparentpower of the turbinegenerator[4].

Sometimesthe momert of inertia of a turbinegenerator is given in gravimetric unit®O.
Gravimetric units can be converted to joulesing[5]:

‘00
T

0 3.2

where"00 is themoment of inertialkg-nf].

3.1.2 INERTIA OF A POWER SYEM

The inertia onstants and rated apparent powers of individual turbigenerators can be used to
calculatethe inertia of a power system

(O J—— (3.3)

where "Yj B Y,"Y is the rated apparent power of generat@VA]and O is the inertia
constant of turbinegenerator(js].

Motors connected synchronousty the power systemalso contribute to system inertia and can
be taken into account ia similar way as generators.

Instead of expressing inertia of a power system in seconds, it is often more convenient to calculate
the kinetic energy stored in rotating masses of the system in megaseibnds (MWSs). Then,
Equation(3.3) canbe written as

O; Yq O YO -70 (3.4)

3.1.3 THEBEHAVIOUROF FREQUENCY

Power changes in consumption and productitimat affect the frequency occur continuously

Small power chares are however only visible as noise in the frequency due to the mass of the
synchronous generators in the power system. For large power imbalances, the system frequency
can deviate furthefrom the nominal. At the instant a large power imbalance occuthénsystem

the frequency stad to change. If there is a sudden power deficit after for example a trip of a
production unit, the deficit will be elivered from all synchronouslsonnected rotating masses. As

the kinetic energy is dissipatethe speed ofthe rotors is decreased and thereby the frequency.
How fast the frequency changesepends on the change in active power and the system inertia.
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The dynamidoehaviourof an individual synchronous turbirgenerator (zan be described using
the motion equdion of a rotating mass (the swing equation)

aQ Q. -
— —— ’ 35
0o cvyal U (3.5)
where"Qis the frequency of generatd'Qis thenominalfrequengy, 0 is the mechanical power
of turbine-generatorQanduv is the electrical power of generat&®4].

Equation(3.5) shows that an imbalance between the mechanical and electrical povarturbine
generator results in a frequency derivative. The rate of change of frequency is defined by the
imbalance and inertia of the turbingenerator.

Expressed in the Laplace domainjreear onemass modeincludingload-frequency dependency
interlinksa power change vighe followingtransfer function tothe frequency change
o Q

YyQ ) Yo "Oi Yu (3.6)

where Y0 is the power imbalance between production and consumpti¥iQis the frequency
changekis the frequencydependency of loads amglithe Laplace operatoiThis transfer function
is a singlenput-singleoutput (SISO) model of the power system.

Real power systems consist of a large number of generators and the neivinick connectghe
generatorsto the loads Hence, when an imbalance the system arisesthe frequency is not
uniform throughout the systenfseeFigure3-4).

The following example illustrates hoavsystem behaves whebeingsubjeded to a large power
imbalance, why inertial response is importareand how the amount of inertiaaffects the
behaviour of the system

Example: Frequency control during large disturbances

For simplicity, let us assume that the power systemsists of two generators and oread, all
connected to a common buas shown inFigure3-1. Furthermore, zero losses and constant
voltages are assumeenerator Gprovides Frequency Containment Reserves (FCR) and the load
has a frequency dependence of 0.75 %itéz the load decreaseby 270 MW when frequency
decreasesby 1Hz The knetic energy stored irthe rotating masse of turbinegenerator 1 is
200GW5, andthe kinetic energy of turbingenerator 2 is &Ws.
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T T
P, =35GW Fo=1GW
0 ou 7 Opc P' 7
\V \V
Floac = 36 GW

4

FHGURE3-1 STATE OF THE POWERSTEM BEFORE THE TR

Attime 0 v sgeneratorG; trips. Before the trip, the system is perfectly balanc€&be fequency
is at 50.0Hzandthe mechanical power from turbine; ind the electrical power of generaton G

35 GW. The nmechanical power from turbine;Bnd the electrical paver of generator Gis 1GW. In

other words, the mechanical power from the turbines equalke electrical power from the
generatorsand balanceshe power comsumed by the load

v V] U] v v (3.7)

After the loss of generator £zgenerator Ghas to supply the 3&WIload, so electrical power from
generator G has to increase by GW to 36GW. Immediately after the disturbance, mechanical
power from the turbine Tis still35 GW, as it will take some time for the turbine governor to react
to the disturbance. In other wordd¢he mechanical power from turbine;Tis smaller thanthe
electrical power from generator Gand the turbine-generator begins to slow down according to
Equation(3.5). When the turbine-generator slows downthe frequency reduces the kinetic
energy stored in rotating masses of the turbigenerator is transformed into electrical power
used to supply the loadn a process referretb as inertial response.

As Figure3-2 shows,the 1 GW produdion lost, is replaced by the inertial respons@mmediately
after the disturbance As soon as thECRoegins to activateor the load begingo diminishwith
decreasindgrequency, the inertial responseduces
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Frequency

T T T
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HGURE3-2 FREQUENGWNERTIAL RESPONSEPONSE FROM THE RREQCYDEPENENT LOAD
AND FREQUENCY CONMENT RESERVES

Once the maximum instantaneous frequencyvidion has been reachedsynchronously
connected rotating machineBegin to accelerate and inertial response changes from positive to
negative. Oncehe mechanical power from the turbinegs equal to theelectrical power from the
generator, the frequencytabilisssagain At that point,the inertial response is zero.

Figure3-3illustrates how frequency behaves after a lospafdudion when the amount of kineti
energy in the system variehe solid lines represent a situatiomere FCRoegirs to respond to
the decreasing frequency and the dotted lines represent a situation witRQR

50

49.8 +

100 GWs| 1

49}
200 GWs
488 300 GWs|
0 10 20 30 40 50 60

time (s)
HGURE3-3 THE EFFECT OF THE AIMO OF KINETIC ENERIN THBEHAVIOURF FREQUENCY AFTERS OFPRODUTION
WITH(SQ.ID) AND WITHOUDOTTEPFCR

Figure3-3 shows thata higher kinetic energyn the systemresults ina slower frequency decay
andahigher minimum instantaneous frequency.
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3.1.4 SYNTHETIC INERTIA

Since norsynctronouslyconnectedprodudion units, like modrn wind turbine generators, are
connected via power converters, their rotational speed is isolated froe sisstem frequency.
They therefore do not deliver a natural inertial response and do not contribute he system
inertia.

A controller which emulates the ineal response of a synchronousignnected generator can be
included in a norsynchronousiconnected production unit. Inertial response produced by sach
controller is often referred to as a synthetiemulated, artificialor virtual inertial response. Using
this kind of controllerit may bepossible to(for example)extract kinetic energy from the blades
and the rotor of a nomsynchronoushconnected wind turbine[6]. This can be achieved by
measuring the rate of changd eystem frequencyand applying an appropriatelectrical torque
on the rotor of the wind turbine. This slovd®wn the rotor, which in turn releases kinetic energy
from the blades and the rotor in a silar fashionasa synchronous generator.

HVD@inks could alsobe controlled insucha way, that inertial responseis transferredfrom one
synchronous system to anoth§f].

3.1.5 FREQUENCY RESPONSPBIGATORS

In this report, frequency measurements from frequency disturbanckave been collected and
assessedn order to investigate relations to the inertia. A set of frequency response indicators is
calculated for each frequency disturbance.

It is however important tanote that the frequency is nothe same throughouthe whole system
During a disturbance thmeasurementocationin the system plays a role due to tipeopagation
of the frequency waveln Figure3-4 the measuredfrequency during afrequencydisturbancein
the Nordic power systerat two locationsis shown.

4995
E 499+
4985
49.8 - EépDD | |
i Herslev
4975+ J ' l : -
12:51:00 12:51:10 12:51:20 12:51:30

FHGURE3-4 FREQUENCY IN ESPAGOUTHERN FINLANEND HERSLEBENMARKAFTER LOSS 0580MW
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Inter-area oscillationswhere generator groupscillate against each othercan be seen in the
figure.

When examining the frequency after a disturbance, there are features of interest which can affect
a power systemFeatures such athe minimum instantaneous frequeng¢gnd the time to reach

this minimum instantaneous frequencgycan be used to describe the consequences of frequency
disturbances, and are used in dimensioning various system parameters.

The frequency in the Nordipower systemis measured by several Phasor Measurement Units
(PMUWs) or simlar devices with a sample frequency of §000Hz Depending on the accuracy of
the measurementa filter has beerused to reduce the level of measurement nojag

There are several indicators in relation to a frequency disince thatshould be defined.The
start time of a disturbance,the frequency before the disturbancghe minimum or maximum
instantaneous frequengyhe maximum frejuency deviationandthe time to reachthe maximum
instantaneous frequency deviationare $own in Figure3-5, which provides a graphical
representation of the different frequency response indicators for a disturbance

50

I

<—df/dt > 0.035 Hz/s

49.9 start

49.8 |-

49.7 -

Frequency [Hz]

49.6 -

extreme
49.5 -

49.4 - Pt

start extreme
r r r r r r

0 10 20 30 40 50 60
Time [s]

HGURE3-5 GRAPHICAL REPRESENIROF FREQUENCYRRES$SE INDICATORS

In thisfigure™Qs frequency anais time.

Start ofthe disturbance

The start of the frequency disturbance , is defined as the time whethe absolute value of
the Rate of Change of Frequen@RoCoF) calculated from the fiered frequency, exceeds
0.035Hz/s.
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The value 0.036lZs was choseras athreshold after performing an empirical analysis. By using
this threshold, the start time was found for all studied disturbances, and was not sensitive to the
filtered measurement nise.

Minimum (maximum) instantaneous frequency

The minimum or maximum instantaneous frequen&y, , Is defined as the highest or lowest
frequency during a disturbance, depending on if there was a loss of production or load. The time
when the frequency reaché® is defined a® . For the disturbance iRigure3-5 there

Is a loss of production and the minimum instantaneous frequéticy T & Wz occurs at

0 o @s.
Maximum frequency deviationand time to reach the maximum frequency deviation

The change in frequency,Q is defned as the difference between the minimum or maximum
instantaneous frequency deviation and the frequency at the start of the disturbance.

yQ €Q Qs (3.8)
In the same way the time teeach the maximum frequency deviatiov®, is calculated.
Yo 0 o (3.9)

For the disturbance in Figu5, the change in frequency ¥Q m® dHz and the time to reach
the maximum freaqiency deviation i¥0  x&s.

Steadystate frequency
TheNordic projeti ¢ CNBlj dzSy Oe defiedfahproxy fomthesteanyBstate trequency
Q , asthe average frequency between 8@nd 150s after the disturbance.

Steadystate frequency deviation

The steadystate frequency deviationy"Q , Is defined as:he absolute value of frequency
deviation after occurrence of an imbalance, once the system frequency has been stabilised.

Dampingof frequency after disturbance

Insteadof the traditional damping, the FQ2 project defined tdamping as the amplitude ratio
calculated with the step from the first to the secgndnd the second to the third peakn
formulas:

s sQ "0 T'°Q Q s (3.10)

In which(see alsd-igure3-6),
Q : frequency othe second peak;
Q : frequency othe third peak.
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HGURE3-6 ILLUSTRATION OF THRWUS FREQUENCYKEBOR DETERMININGEETDAMPING

Frequency Bias Fact¢FBF)
The frequency bias factgregulating strength’O6 "O'Y ) can be calculated by:

08 "0 el 3.11
6 "Ogs (3.11)

where Y0 is the activated power change in steady statmd Y'Q is the steadystate
frequency deviation.
Background information of the disturbance
The following background information may be useful wiaedhiving /studying a disturbance:
! date and timetimed in Central European Tim€ET,)
i causereason of the disturbancge
§ ¥Y0:instantaneous imbalance caused by the disturbamesstestimate of the change in
generation, loador HVDC flow, takingnto account the load of auxiliaries;
1 O:inertia just before the incident, as estimated by the Nordic TSOs.
Frequency report of a disturbance

Figure3-7 and Table3-1 below providean example of a &guency report of a disturbance that
includes all the parameters described this secton t A4 o0l &SR 2y GKS NB
Frequency quality analy$is].
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FHGURE3-7 FREQUENCY DISTURBAREGISTRATIGR6-3-2015)

TABLE3-1 FREQUENCY DISTURBANTCECATORE6-3-2015)

Date (ddmm-yyyy) 26-03-2015 Time (hh:mm:ss) 16:36:38

Q 50.016 Hz Q 49.694 Hz
yQ -0.322 Hz Yo 14.0's

Q 49.862Hz y'Q 0.154 Hz

Q 50.008 Hz

0 49.849 Hz s 51 %

i 990 MW

(0) GWs FBF 6417 MW/Hz
Cause Loss of Forsmark nuclear plant

3.2 STABILITY WITH RESPEQ TO REGULATING STREGTH

In control theory, he term feedback is used to refer to a situation in which two (or more)
dynamical systems are connected together such that each system influences the other and their
dynamts are thus strongly coupled. The reason for using feedback systeimat the behaviour

! Inertia values are available as of April 1, 2015
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over time of the system to be controlled is not known exactly. The feedback is then used to
improve the behaviour of the systerbased on measuring one or severalnsily on which the
control actions are based. Feealtk has potential disadvantagei;applied incorrectly it can
introduce instability. Frequency control in power systems is a feedback system whepe\les

plant (power system) is affected by disturbasdeet power variation)and the controller (primary
control etc.) acts on measured frequency deviation with negative feedback. The purpose of
negative feedback i reduce the disturbanceby producing a control signal fed in to the system
with anopposte sign to reduce the effect of the disturbance. Ideally it should cancel out the effect
in the measured outputheing thefrequency deviation in the case of balancing power systems).

One important parametein this respectjs the regulating strength whicmay havea significant
impact on the stability in the systernithe term regulating strength is equivalent to frequency bias
factor (FBF)and is the activated steaestate power change divided by the frequency charge.
terms of frequency stabilityan increased regulating strength reduces the frequency deviation in
the first frequency swinglt also decreases the steadyate frequency deviationHowever, in
terms of stability viewed as closetbop stability anincreased regulating strength may redube
stability margin and the system may potentially become unstabketab high regulating strength.

The driving force towards instability can be unwanted dynamics that may be part of the response
of the primary reserves. Dynamics cawsphase shift, sen as a delay in the response, between
the input and output signal. In combination witnhigh amplification of the signal it is then a
driving force towards instability. The inertia in the system resists frequency to changa turn
cause a phase sit; meaning it takes some time before a frequency deviation is seen by the
controller. The deviation has to become large enough so that the controller can counteract by
adjusting its control signallf the controller reacts without delgyand in proporton to the
frequency deviation (ideal proportional primary frequency contralwill in principle not cause
closedloop instability due to increased regulating strengtHowever, vihen the controller
possesss dynamics atoo high regulating strength makehle controller respond too much. The
delay in the response, seen in the controlled power output as well as in the frequency (output),
canmake the controller to react sudhat its responseinsteadof beingin phase with the output
amplifies it. Thus, e frequency deviation may oscillate with growing amplitude and thereby
become unstable. By looking at stabilityalénear closed loopone may usea Nyquist diagram to
explain the reasons behindnd elaborate onthe impact from increased regulatingrehgth. The
maximum regulating strengtls ia function othe kinetic energy in the system.

3.2.1 THE CONTROL PERSPERE]I

Figure3-8 shows asingleinput singleoutput (SISO) system wheFgs)represents the dynamics of
the control procas,G(s)the power plant, d is a disturbance signal entering the systgms the
output of the closed loop systenmand s is the Laplace operatorThus the blocks describe the
dynamic behaviour of the control response and systemrmieans ottransfer functons.
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FHGURE3-8 OVERVIEW OF A FEEDRSYSTEM

Using a lumped model of the system allows us to analyse stability in a SISO system. The aim is 1
determine whether or not the closetbop system is stable. The mathematical framework of
transfer functions provides an elegant method, which is cdleg analysisThe basic idea of loop
analysis is to trace how a sinusoidal signal propagates in the feedback loop, this by invesfigating i
the propagated signal grows or decays.

To cause instabilityhe output signal has to be in phase with the loop signal and the gain has to be
greater than one. With a lumped modé¢he system has a phase shift starting &which is going
towards 90 asthe complex angular frequency increases. As negative feedback istoeeghin at

18C° phase shift of the loop signal asconcern when considering stability. If the phase shift of the
control unit never exceeds 9@hase shift, e.g. proportional contr@egligible dynamics), the loop
signal will not turn out to be in phase with the outpwind daes not cause instability dug¢o
feedback. With nomegligible dynamigghe phase shift may become 18and thereby analysis of
stability is of importance. One/ay to analyse stability is by using the Nyquist criterion which in
turn uses the loop gain. The loop gain is defined as

O i "Oi "Oi (3.12
The loop transfer function, also named sensitivisygdefined as

"Yi (3.13)

_P
p O i
and describes the propagation of a signal through the loop i.e. how the output amplifies through
the loop.

The amplification of a signal is determined by thedeinaor. Whether the signal grows, when
is phase shifted by 18@the signal hasn opposite sign)determines if the system is stable or not.
The point where a signal has18C phase shift and its amplitude rerains (gain equato one),
correspondgo where thedenominator is equal to zero i.e.

0is p (3.14)

In such conditionsthe signal grows to infinityAs suchthe point-m b jasitherefore of interest in
relation to the curve of the loop gain.

The Nyquist curve is the lpogain, that can be plotted in the complex plane, with the Laplace
operatorsreplaced by the complex valye, Y R . @ NE A Figure3-ATha Keinys A Y
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asymptotically stable if the Nyquist curve does not encircle tbiatp-1+Qj. Basically, at the point
where the Nyquist curve has a phase shift of °.80e loop transfer function should be smaller
than one. For a more detailed description readers are refetoetextbooks in the field of linear
control theory.In pracice it is not enough that a system is stable. There should also be some
margins of stability that would describe how stable the systemaisd its robustness to
perturbations. A stability margins depicted inFigure3-9, as adistancer between the Nyquist
curve and the point1+Qj. It can be specified in terms ahamplitude margif (also known as gain
margin, An), a phase margin6 m), andthe smallest Euclidian distancgbetween the curve and

the point-1 (referred to as the stability margin).

HGURE3-9 NYQUIST DIAGRAM
THE BLUE CURVE IS TEBP GAIN OF THE SED LOOP SYSTEM AME CIRCLE REPRESBNITABILITY MARGIN

The loop gain is given by

A& A A v e A Ay e A Y
0B 'OBOB Y OBOB Y 0B —5a—wms (3.15)

where"O B s the transfer function of the FERwith gain one at steady stat® is the total
inertia of the systemB is the complex angular frequenand’Qis the nominal frequencyY
is thecontinuouslycontrolledregulating strength

2 The number of times the loop gain can be amplified until the Nyquist curve intersects with thé point

% The angle between the negative real axis and the point where the curve craedescantred irthe origin with a
unity radius.
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Figure3-10 exemplifies the time respae of two systems, one that is stable and another that is
unstable. The difference between thesponses is the regulating strength which, in the unstable
case, is too highFigure 3-11 shows the corresponding Nyquist cusvef the two loop gains.
Clearly, the curve of the unstable system crosses the real axis to the Iéfie gboint -1+iO.
Thereby it encloses this point and stability cannot be ensured.
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HGURE3-11NYQUIST CURWBRA STABLE AND AN UMBTE SYSTEM
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If the FCRD is designed to keep certain stability marginsaahinimum inertialevelin the system
for a maximum regulating strengtl reduced inertia(below this minimum levelimpliesthat the
regulating strength sbuld be adjusted accordingly. Thushen the inertia goes below this
minimum level the regulating strength has to be reducad wellto ensure the stability main. In
the projectRevision of thé=requency Containmentrécess (FCPa stability margin isntroduced
for a minimum kinetic energy of 120 GWs in the system. FofNF@IR regulating strength is

@ TmIty
(U

as the current volume of 600 MW FGRis procured. For @RD a scaling factof9] can be
introduced, however, the equivalent regulating strength is equal to

Y enna7x U (3.16)

pt vt/

Y @ U

opcv7X U (3.17)

assuming the procured volunte be 1450 MW.
Two analyses are performed,

1 the first(Section3.2.2 assessebow the regulating strength of the FEZRor FCRN)
should be changed whehe kinetic energy decreases below 120 GWw-<nertia system)

71 the secand (Section3.2.3 determines the maximum regating strength for which closed
loop stahlity is maintained irthe low-inertia system. An example is given for FOR

3.2.2 REDUCED REGULATINGRENGTH-ORKINETIC ENERGY BELO¥W20 GWs

From(3.15), the loop gain, it is assumed that the Nyquist curve is exactly at the stability circle at
any point and further that it enters the circle if the regulating strength is incréasgten to

ensure stabilitythe ratiobetweenRandH has to stay the same or below the original value to
ensure robust stability. For example, if the inertia is reduced to 90 % from the value of the
minimum systema reduction of regulating strength to 90 % guarantees robust stability. Nhati t
to maintain the stability margin after the dimensioning incidght loss of kinetic energy in the
system due to the disconnections has to be subtracted from the total kinetic energy before the
incident.If the kinetic energy is reduced from 120 GWs value ofX, the regulating strength has
to be reduced accordinglp maintain the stability margin:

PCTM700 .

YRR (3.19)

Y
An quivalent analysis can be used for HCROne can argue that the stochastic net power

variations are likely to reduce as inertia is reduced sthedoading of the system is low. On the
other hand low-inertia situations are likely to occur when there is much wind (and solar) power

4 For the sake of clarity, the assumption implies not to have the Nyquist curve lying at the bottom of the stability circle
since increase in the regulating strength will lead to that point moves indodlee
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production in the systemwhich may in turn increase the net power variations. Therefore, one
may have to look at neweserves for the normal operation frequency band as well when the
kinetic energy goes below the critical value.

3.2.3 MAXIMUMCONTINUOUSLCONTROLLEREGULATING STRENGHORFCRD

TheRevision of thé-requencyContainmentProcess(FCPprojecthas developed stality
requirements for a maximum regulating strengtha 120 GW&inetic energy systerf9]. The
stability requirements allovior uncertainty in the model or control respongee. robust stability;
one such uncertaintpeingthe regulating strengthTo exemplify the robustness, thmtential
increase othe regulating strengttwill be assessed before the stability margin is compromised
Stability requires the pointv bjmat be encircled. Therefore, consider the loop point that has
180 phase shifti{e 1)i 2 1) =-1), pointing in the negative direction along the real axis. Assume
the point to lie just at the circlef the stability margini.e. the coordinate ig i+ (r-1). Then, the
loop gaincan bewritten as a function of the regulating strength

: PO Y Yy :

Os OB OB N p 1 Q (3.19

where'Y 0@ ¢ v 7 7( Uis the regulating strength used in the designd¥Yis the
additional regulating strength. Thus, the total regulating strength becotes Y'Y. Note
that this quantifies the margin and is not suggested as a mitigation measure.

The stability magin is specified to be=0.43[9]. The regulating strengthaccording t0(3.19), then
becomes

opcu7¥ U YY
cpcv7X U

o (3.20)

YY ¢ x o MW/Hz and it follows that the total regulating strength should be less than
Y YY ocpcuv 7T Ucxox7X U govw7i U (3.21)

In other words, additional FGR may e procured (up to 1094 MW additional, being
m ( DY mM( Wpouvw7f( U cuta7 pruva7 pnwi7)

Note thatthe stability marginfor the closed loop lineasystemis zero with this design, volume
and kinetic energy. In additiothe frequency will oscillate and thespon® quality may be poaqr

but stability is ensuredAlso note that any uncertainty magrive the closed loop systento
becomeunstable.Based on the work and experience in the FCP projet likelythat there is
additional distance from the point where ¢hNyquist curve crosses the real axis and the stability
circle (and therefore alsto the point-1+1jj. Thus, similar to what is illustrated Figure3-9, the
Nyquist curve tendto cross the real axis with some margin to the stability circle.

To conclude: iace robust stability is applied, there hieadoom for some additinal FCRD (up to
1094 MW, but results in zero stability margims the allowed uncertainty. Howevegrdditional
regulating strength may violate the margin to stabilityhich reduces the headroom for other

uncertainties. Therefore, procuring additional FBRnay not be preferred if stability margins are
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to be kept.In addition, if the kinetic energy reduces beld®0 GWswhat the robust stability is
dimensioned foy the continuouslycontrolled regulating strength should be reducedpiroportion
to that reduction.

3.3 SMULATION MODELTO ASSESS THEOW-KINETIC ENERGY MITIGTION
MEASURES

The simulation moddhat is used to assess the lekinetic energy mitigation measures, the tuning
of the modelparametersand the model validatiorare elaborated upon in theoflowing sections.

3.3.1 SMULATION MODELDESCRIPTION

The power system consists of generation and consumgtiterconnected bythe grid. Thughe
inertia and frequency controare distributed througlout the grid. The modelling of the power
system FCR providig units Emergency Power Contr(EP¢from HVDC linksaand Fast Frequency
Reserve (FFRR performed using one-machine equivalent; assumptions for this are given below.

Studies are performed usingone-machine equivalenftor the sake of simplicity. Fadhe same
reason and to enable efficient use of linear analysis, power system components like power lines,
transformers etc. are omitted. Furthermore, voltage dynamics are also omitted (automatic voltage
regulators on generators, load voltage charactécstetc.).Figure3-12 shows an overview block
diagram of the simulation model. FCRis modelled as a hydro power unit as it is the most
common sourceor FCRD in the Nordic power systenthough other sources of FCB do exist

FFR is further explained @hapter6, while EPC(that - in the remainder of this report is only
related to activatbn based on frequency deviatipris further explained inSection3.3.2 and
Chaper 7.

\ 4

Xs)

Power system

HGURE3-12 OVERVIEW BLOCK DIAGRBFTHESIMULATION MODEL
SMULATION MODEL HYDROPOWERUNIT MODEL

The hydropower unit model consists of a Pifgpe turbine governor with gate droop, gate servo
and the hydraulic system (penstock and turbine), as illustratdegare3-13.
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HGURE3-13BLOCK DIAGRAM REPR¥ERH ION OF THEYDRO UNIT MODEL

The PID governor has a parallel structure with proportional, integral and derivate control blocks.
The derivate control block is equipped with a filter, which is used to reduce measurement noise.
The gate servo model includes ramp rataits for the servo and servo saturation. Penstock is
represented using an inelastic water column model and the turbine is represented using a generic
turbine model [10, p. 55] Together these form a neimear representatin of the hydraulic
system. Fixed parameters used are listedable3-2. The parameters used are based on feedback
received from hydro producers and experts working in the fialtd can be considered as typical
values for a lage population of the existing units.
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TABLE3-2 HYDRO UNIT PARAMETERS

Parameter| Value Description
Y 0.15 (s) Filter time constant for derivate part
Y 0.2 (s) Gate servo time constant
Y 0.1 (pu/s) | Gate servo ramypate limit for opening
Y -0.1 (pu/s)| Gate servo ramypate limit for closing
O 1.0 (pu) | Gate saturation uper limit
O 0.0 (pu) | Gate saturation lower limit

The hydro unit model described is very general which means that it is not well suiteddeptim
simulations of specific hydro units. On the other hand, the model captures general dynamics of
different turbine types. The model does not include, for example, servo posity loops,

dynamics of doubleegulated turbines (Kaplan turbinggurbine selregulation etc.

3.3.2 SMULATION MODELTUNING OF THE PARAMERS

In order to make the simulation moded¢present the current power systenatuning of the model
parametersis necessaryThe simulated frequency from the model is compared to the measured
frequency in the real power systerRourdisturbancesin the period of 20187-01 until 201610
01, were dosen for tuning the modelsée Table3-3). All disturbanceseflect a disconnection of
generation, andwere selectedbased on their power imbalangcesuchto represent a severe
incident Disturbances indicating that the loss ofweEr was not instaraneous,but gradually
reduced over timewere excluded. The kinetic energythe system at the time of the disturbance
was collected from the estimation tool implemented in the Nordic SCADA sygq@mlt is
assumed that thisestimation does not represent the full kinetienergy in the system, and
therefore the kinetic energy useth the tuning process has been increased by 20Disturbance
specific parameters are presented in the table.

TABLE3-3 TUNING DISTURBANGESD PARAMETERS

Power imbalance Estimated System load
Disturbance Date & Time [MW] kinetic y (GW]
energy [GWs]
1 201508-27 10:15:01 -1100 229 39.4
2 201511-1009:30:32 -1100 265 46.8
3 201606-2016:10:13 -840 210 37.3
4 201607-0413:41:06 -1 000 230 37.6

5 The value includes a 26 addon
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In the simulation modelthe EPC of HVDC links isluded using the actual settingsEPC is
activated when the measurefitequency isoutside the trigger level during the delay time. When
the EPC is activatednd there is available capacity, the power flow on the HVDC link will change
to support the power systenif the HVDC link is using all capacity for import there is no room for
EPC activationMost HVDC links have several frequencyelewhere the settings changdll
existing EPE€aremodelled according to their actual settings of capacity, ramp rate, frequency
trigger, and delayaslistedin Table3-4.

TABLE3-4 BEMERGENCROWERCONTROL SETTINGS IFIMENTED IN THE SIMJLON MODE(UNDERFREQUENCY SETTINGEYD

. Frequency trigger Capacity Ramp rate Time delay
HVDC link Step [Hz] [MW] IMW/s] [s]
1 49.8 150 20 0.3
Kontiskan 2 2 49.6 150 50 0.1
3 49.5 150 200 0.05
_ 1 49.55 150 100 0.5
Baltic Cable
2 49.2 300 100 0.5
1 49.4 150 100 0.5
SwePol
2 49.1 300 100 0.5
Great Belt 1 495 18 10 0.5
Skagerrak 1 49.3 140 20 0.06
1+2
(combined
values) 2 49.0 120 60 0.06
Skagerrak 1 49.3 130 10 0.06
3+4
(combined
values) 2 49.0 120 50 0.06
Kontek 1 49.5 50 10 0.5
1 49.4 150 990 0.5
NordBalt
2 49.1 300 990 0.5

The activated EPCapacity of the HVDC linksat the time of the four disturbancess shown in
Table3-5.

TABLE3-5 ACTIVATEEPAPACITY AT THE TEETHE FOUR TUNINSTWRBANCES

Activated capacity | Activated capacity | Activated capacity Activated
HVDC link MW] (MW] [MW] capacity [MW]
Disturbance 1 Disturbance 2 Disturbance 3 Disturbance 4
Kontiskan 2 150 0 0 2.5
Baltic Cable 150 0 0 2
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A major part of thed=CRD hydro unitmodel parameters were varied for all disturbanc&able3-6
presens the parameter ranges used in the sweeps. In tosmbund 60000 parameter setdhave
been simulated. The ranges are based on initial test simulations for a-m@ehine model to

represent the system. Some of the parameters might differ from what is normally used for a single
generator.

TABLE3-6 SWVEEPING PARAMETERIRING THE TUNING

Parameters Range
Proportional gain
. 1¢10
0
Integral gain
gl g 0.1¢h
V]
Derivative gain
. 0c1
V]
Droop’ [%] 1c3
Water time constant
0.8¢1.2
Y [s]
Unit loading [%0] 40¢80
FCRD capacity [MW] 1500¢1 700

For each parameter sgthe simulated frequency was compared to the meiasl one for all four
disturbances. The set with the smallest deviatitabulated inTable3-7, represents the system
behaviourin the best wayThefrequencysimulated with the model busing these parameters is
compared tothe measured frequency iRigure3-14, Figure3-15, Figure3-16, andFigure3-17.

TABLE3-7 THE PARAMETERTSEEST REPRESENTING FOUR CHOSEN DRBANCES

Parameters Range
Proportional gain

o 4
Integral gain )

0

Derivative gain

5 1

Droop’ [%] 2

6 Referred to aBR_PERM_GAT®B in Figure3-13
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Water time constant
0.8
Y [s]
Unit loading [%] 80
FCRD capacity [MW] 1600

Disturbance = 1100 MW, Ek =229.2 GWs
502 T T T T T T T

T

50.1

50

499

S

©

oo
T

Frequency [Hz]

T

49.6

—— Measured
—— Simulation

495 1 | 1 1 1 | 1

0 5 10 15 20 25 30 35 40
Time [s]

HGURE3-14 TUNING DISTURBANLE
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Disturbance = 1100 MW, Ek =265.1 GWs
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Disturbance = 1000 MW, Ek =230.4 GWs
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Figure3-18 shows the Nyquisplot of the estimated model. Note that the margins have not been
validated due to the complexity. The figure also exemplifies the influence of additional regulating
strength. As can be seen there is quite some distance at the poimtse the Nyquist cun&cross

the real axis and the stability circle and that it allows additional regulating strength without
violating the stability margins.

3.3.3 SMULATION MODELVALIDATION

The best model parameter set, ahown in Table 3-7, is validéaed by using three other
disturbances. These disturbances are chosen during the same time period as the tuning
disturbances August2015 up to and includingAugust2016> ¢ KI G Qa { KB of B | & 2
power imbalances of the validation disturbances areaer compared to the tuning disturbances.
dUnfortunatelyé there are not any more disturbances available with a major power imbalance

during the selected time period. The system data for the validation disturbances are shown in
Table3-8.

TABLE3-8 VALIDATION DISTURBARNBND PARAMETERS

Disturbance Date & Time Powe[rl\;lr\rlw\zalance Eztri]rgzgt;e/céelh\}\e/:;i]c Sys[tcci\rrv]load
1 201509-16 13:35:56 5500 235 40.0
2 201602-2009:4535 L875 255 51.1
3 201608-2822:06:11 5590 223 34.0

The validation results are shown kigure3-19, Figure3-20, and Figure3-21. The most important
information of the simwtions is the minimum instantaneous frequency during the disturbance. A
comparison between the mimum instantaneous frequencygf the measured and simulated
frequencytracesis shown irlable3-9.
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Disturbance = 500 MW, Ek =235.4 GWs
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Disturbance = 590 MW, Ek =223.2 GWs
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HGURE3-21: VALIDATION DISTURBARE

TABLE3-9 COMPARISON OF MINIMUNSTANTANEOUS FRERUE BETWEHBMEMEASURED AND SIMUESFREQUENCORACES

Disturbance ngiZ?iléin[%yz]
1 0.03
2 0.04
3 0.03

The validation results shothat the model hasa similar accurag for all three disturbance§he
simulated frequency is in all cases just below the measwresl The results show that the
simulation model can be used to estimate the frequehehaviourin a good waybased on the
current frequency control.
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The structural changes that have been identified in the Nordic power system are not a unique
Gb2NRAO aeéy GkalNeBRgg. 2Similar dhahBek should have occurred in other small and
mediumssized synchronous areas. To bahef the experience gained in other small and medium
sized synchronous systems, a survey was sent out during the suafrd@i6 with a result of 1
answers A summary of the responses received is captured in the sections b@lsvall, the data

in this overview refers to 2015 if nothing else is mentiondde survey itself can be found in
Appendix A

4.1 SURVEY ANDRESPONSES

4.1.1 THESURVEY

The survey had questions about the system and its properties, such as the description of the
syrchronous system, countries involved, and the organisation of the dispatch (market daven
centralised dispatc}. It also asked some basic figures that are of interest when dealing with
inertia: load (minimum, maximum, average), kinetic energy (minimmaimum), dimensioning
incident in megawatts in the synchronous area, HVDC connections, the share of generation not
contributing to kinetic energy (convert@onnected generation), and the primary reserves
available.

The survey also had a section abm#rtia assessment; if today's inertia is assessed, and how it is
assessed, if future inertia is assessed, and if there is an expected change in the inertia in the future
compared with today, and which are the key factors behind such change.

Another sectio of the survey was about the mitigation of lamertia situations. The questions
focus on how to mitigate lovinertia situations, whether the solutions are markgtven or not,

and if the grid code has requirements for the inertia, or for the synthetertia, fastacting
reserves, or something else. Also a question about the techniques for applying synthetic inertia
was asked for.

A last section concentrated on the frequency, such as the normal frequency range. The under
frequency value or RoCoF valwben the load shedding starts, and the oderquency value (or
RoCof) when generation shedding starts were asked for. Also measurements of a frequency curve
after a disturbance were requested, as well as a graph of the kinetic energy over a year.

4.1.2 MAIN PROPERTIES OF THRYSTEMS IN THSURVEY
Table 4-1 shows an overview of the systems for which answers were received (and the
corresponding values for the Nordic synchronous system).

There were 11 organisations which answered, butdome analyses New Zealand is counted as
two separate answers since the North Island and the South Island are separate synchronous

" Market driven dispatch means a dispatch controlled and guided by commercial considerations
8 Centralised dispatch meaasnore centralised control and guidance.
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systems connected by an HVDC lilken thoughTasmania belongs to Austrdianational

electricity market (NEM) it is a sefate synchronous system. Therefore the answers of Tasmania

are separate from Australmanswers.

TABLE4-1 BASIC INFORMATION DFE SYNCHRONOUS SWETWHICH ARE IN THE SBR

(THE INFORMATION INEMATRX IS BASED (R015DATA

Synchronous Country Min. / Min. / Max. Specific
area or Max. load kinetic energy
company name in GW IGWs
The Nordic Norway, Eastern 25/70 125/ 240 One synchronous area with four
power system | Denmark, Sweden, transmissbn system operators
Finland (TSOs)
ERCOT USA 24170 152 /389 The Electric Reliability Council of
Texas (ERCOT) is the electricity gt
and market operator for the majority,
of the state of Texas.
National Grid Scotland, Wales, 17 /53 130°/ NA NGis the National Electricity
(NG) England Transmission System Operator
(NETSO), for Great Britain
Eirgrid Ireland 23/6.4 20/ 46 The synchronous power system of
the island of Ireland comprises of
both the EirGriecontrolled Irish
system and the SONbntrolled
Northern Irish system.
Transpower New Zealand 1.7/45 20/41 Two synchronous areas: North Islar
(North Island) and South Island. The islands are
Transpower New Zealand 13/2.2 11/25 connected with an HVDC link.
(South Island)
Faroe island Denmak 0.02/0.05 Not available
Australia Queensland, 14/ 30 72/ 50 Australia and Tasmanae two
Victoria,New South different synchronous areasf NEM
Wales and South connected by HVDQ@quipped witha
Australia fastacting frequency controller
Tasmania Tasmania 09/ 17 2710 attempting to hold both frequencies
together.
ESKOM South Africa 19/35 Not measured
Rhodes Anisland in Greecq  0.032/ 0.15/0.63
0.191
Hydro-Quebec Canada 15/39 60/ 160 Synchronous area is the Quebec

TransEnergie

interconnection. Almost all of the
interconnection is located on the
territory of Québec.

° National Grid, System Operability Framework 2016, www2.nationalgrid.com/WorkArea/DownloadAsset.aspx?id=8589937803
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Most systems have a marketiven dispatch, three systems (ESKOM, Faroe Islands, and-Hydro
Quebec TransEnergie) have a centralised dispatch, whereas Rhodes in Greeeetransition
towards a markedriven dispatch.

Figure4-1 presents the kinetic energy values for the systems under analysisrignde4-2 shows
the system load values. As the system sizes vgnyfieantly, two graphs exist for load values.

Q4 Kinetic energy
450 NG UK
400 ERCOT
350 == Nordic TSOs
300 #=— Alstralia
w 230 = Eirgrid
5 /
9 200 /., Hydro Tasmania
120 ."‘/r -//r —#—Rhodes
100 = Hydro-Quebhec TransEnergie
30 _______._._-§ == New Zealand North Island
0 k. F * New Zealand South Island
Min (GWs) Average (GWs) Max (GWs)
HGURHE-1 THEMINIMUM, AVERAGE AND MAXIMUMNETIC ENERGY VAR BER THE SYSTEMS
NATIONAIGRID INFORMED THE MWJM VALUE ONLY
Q5 Load ——Nordic T50s Q5 Load for small systems
——NG UK 7
80
=—i— ESKOM
70 6 2
) - e Australia /
60 “ —m—Eirgrid 5 —B—Eirgrid
50 A ——Hydro Tasmania 4 / == Hydro Tasmania
; = Faroe Islands g / —#—Faroe lslands
o 40 /. New Zealand North ldand o 3 New Zealand North Island
30 / - e ceslane o s / MNew Zealand South Island
4 - =t Newr Zealand South Island 2 Rhodes
20 -
= —@— Rhodes 1 /
10 ERCOT -
0 I ————— S 0

Hydro-Quebec .
Min (GW) Max [GW) TransEnergie Min (GW) Max [GW)

HGURH-2 THE MINIMUM AND MAXIMM LOAD VALUES FORETSYSTEMBGURELEF) SHOWS ALL THE SYSTEMDER ANALYSIS
WHILEHGURERIGH) SHOWS SYSTEMS WIDADS LESS THAQGW

Figure4-3 shows the dimensiaing incident for the systems under survey. Dimensioniogdents
are the highest expected instantaneouslgcurring active power imbalances in both positive and
negative direction.
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Q6 Dimensioning Incidents (MW)
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HGURE-3 THE LARGHS. OS$DIMENSIONING INCIDPNTHAT CAN HAPPEN INETSYSTENNI =NORTH ISLANISI=SOUTH ISLANBOR
RHODES THE VALUES 28MW FOR UNDERREQUENCY ASS MW FOR OVERREQUENCY

Tasmania reportshe penetration of nonsynchronous generation based ghe SNSP indéX
Tasmania experiences periods of SNSP arourtd @ to sbhours and maximunSNSRalues up

to 80 %. However, during these periods the system inertia is increased by contribution of
synchronous condensers which is not reflected in the SNSP.

Figure 4-4 presents the total installed generation capacities in the systems, and the installed
capacity of the generation natontributing to inertia plus HVDC capacifigure4-5 shows the
percentagevalues of generation that does not contribute to inertia and import HVDC capacities as
a share of the installed generation.

10 The SNSP index isthe SystemNon-Synchronou$enetratior(SNSP)ratio and is calculated in the limnving way:

"YO YO Op 0Ocj 0o Ot hwherePl is wind power generatio2 is HYDC import,P3 is load andP4 is HVDC export, all
in megawatts.
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Total installed capacity (GW) and the sum of the generation not
contributing to inertia and HVDC import (GW)
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The share of converter-connected generation and HVDC
import of the installed capacity (%)
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HGURH-5 THE SHARE OF T(®MBINEPINSTALLED CAPACIFYGENERATION NOT CENBUTING TO INERAMD THE TRANSMISSION
CAPACITY d#VDQMPORT IN PERCENTAGE THE SYSTEM INSED CAPACITY
(IN TASMANIA THE SHARE OF CON\EERTONECTED GENERATION GAN AS HIGH 88 %IN THE NIGHY
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Figure4-5 shows that the share of generation that does not contribute to the inertia and HVDC
import exceeds 30 % in two systems: the UK and IrelandthFee systems, theshare is about 20

¢25 %. This does not directly express the number of hours when the inertia is low, but it is an
indicator that there may be hours when the inertia is low. The TSOs that consider inertia to be an
issue are marked with a grey boxAigure4-5.

Figure4-5 also shows that Eirgrid and ERCOT have a quite high share of generation that is not
contributing to the inertia and HVDC import, but do not consider inertia to be an issue today.
ERCOT dtes that they have enough inertia at the moment, and that they are monitoring the
situation. In 2014, ERCOT performed dynamic simulations for dimensioning their reserves. Eirgric
does not consider low inertia to be an issue for the system today, but theeurends indicate

that inertia will decline as the penetration of neaynchronous renewable generation increases
further. The TSOs in Ireland have engaged in a number of activities to mitigate the impacts of
lower inertia on the system through their DB®grammeé™.

The numbers for ERCOTHigure4-5 represent the total installed generation capacity. ERCOT has

also measured the contribution of wind power generation as a share of the total load, which are
presented inTable4-2. The highest share was in 2016, when the wind power generated 48 % of
the total load.

TABLHE-2 THE DAYS IN RECENAREWITH THE HIGHEEND POWER PENETROWRATE IERCOT

2013 2014 2015 2016
Penetration record date March 9 at 3:15 | Nov 3 at 2:28:56 Dec 20 at 3:05 am March 23 at 1:10
am am am
Installed Wind Capacity alf
the time (Puing ), MW 10570 12527 16170 16547
wind! " load 35.8 % 39.93 % 4471 % 48.28 %
wind’ MW 8773 9882 13058 13154
wind wind_inst 83% 78% 81% 79%
NetLoadP LP ),
load  wind 15716 14868 16150 14091
MW
Kinetic energy, MWs 134196 154599 158970 148798

The dimensioning incident divided by the kinetic eneiggre4-6), shows that for small systems,

the largest loss compared to thsystem kinetic energy, can be remarkably higher than for
mediumsized systems. Especially when comparing the largest loss and minimum kinetic energy,
the ratios are significantly higher for smaller system, such as Rhodes.

1 In response to binding National and European targets, EirGrid Group began 3 eautir progr ammeecurd) De | i
Sustainabl e EIl ectri ci thip:/Bwwseirgadgroup.cob/Bdihegrid-Marks/és3progrdnune/a t :
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Figured-7 shows the ratio of disturbance reserves and dimensioninglémts.

Primary reserves for disturbances / dimensioning incident
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HGURHE-7 PERCENTAGE OF DIMENSNG INCIDENT BEINGIGATED BY PRIMARFSERVES
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12ERCOTO s requirement as sedalprin@any retetves aré prayided by geéneratarsahrough goeernor
response. However currentlyupto® of ERCOT6s primary reserve requirement ca
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The explanation for the high value for AustralidFigure4-7 isthat Australia (excluding Tasmania)
covers a huge area (Victoria, New South Walaseenslandand South Australia)yith reserves
present in the different regins.

Figure4-1 to Figure4-7 show that there are variations in the systems when it comes to the system
load, kinetic energy, dimensioning incident, and reserves. The reasons for the differences are
diverse. The acceptable frequency deviation tends to be larger in smaller systems, which explains
to some extent why smaller systems can accept relatively larger dimensioning incidents. The
normal frequency range in Rhodes is 504#4zHz, while the corresponaly frequency range for

other systems is smaller and the deviation from the nominal frequency varies between 0.017 Hz
(ERCOT) and 0.5 Hz (Faroe Island). The share -gfynohronous generation varies both between

the systems, and in the same system depegdin the generation and exchange situation and this
explains the variations to some extent.

Most synchronous systems (eightave a marketriven dispatch, three systems (ESKOM, Faroe
Islands, and HydrQuebec TransEnergie) have a centralised dispatdahoae system (Rhodes) is
in a transition towards a markedriven dispatch.

For eight synchronoussystems(NZ has been counted twice, being two synchronous ardas)

inertia is an issue at the moment, wheretimee answered that currently inertia is n@&n issue

(for the intact grid). When describing the inertia, six systems mentioned frequency stability or
maintaining frequency as a challenge, especially frequency after trips of importing HVDC links or
after the trip of generators. Two systems mentionealtage oscillations after a generator trip in

this respect. The systems face inertia problems with high HVDC import, when generation from
converterconnected power plants is high, with low amounts of generation from conventional
synchronous generators, veh the demand is low, or when hydro reservoirs have low storage
levels.

4.2 MAIN OBSERVATIONS

4.2.1 LOWINERTIA AS A HALLENGE

More than half of thesynchronoussystems under surveyeight out of 12) indicated that the
decreasing inertia is a challenge. Accordingthe answers, the key factor for the transition
towards less inertia in the system, is the change in the generation mix. This change reduces the
share of the thermal power, or replaces (large) thermal units with smaller units, and increases the
share ofnon-synchronous generation (such as wind, PV). The following reasons behind this change
were mentioned: fossifuel costs, C®emission prices, EUirective towards renewables, aims to
have a fossifree future in 2030. Other reasons mentioned, were insexhimports via HVDC lines

or via weak AC lines, and customestalled distributed photovoltaic generation systems.

In Tasmania, inertial problems became apparent about 10 years ago, mainly due to growing wind
farm generation and the presence of HVD(patde of importing up to more than 50 % of the

system inertia conditions, load resources are founcetapbto 2.3 times more efficient than generators when providing frequency
response, due to their deployment logic. Therefore, overall lower (than what is sh&igu#-7) amount of total primary reserve
can beprocured, due to load resources participation in this Ancillary Service.
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minimum demand. The problem has been managed by dispatch constraints linking maximum
Tasmanian HVDC import with the minimum system inertia, operating hydro units on low output,
and operating hydro units in sghronous condenser mode. In recent years, the problem became
much more spread, affecting other parts of AustralidlEM and specifically South Australia. The
recent system security review has recommended a number of Electricity Rule changes to addres:
the issue of minimum synchronous generation including defining minimum system inertia,
minimum fault level for specific locations, introduction of RoCoF limits, and the introduction of a
protected event which is a multiple contingency identified due to it limgpact on the system.

4.2.2 PLANNING THERESERVES FOBPERATION

Three systems describe the procedure how they dimension the amount of reserves the system
needs for a secure operation. ERCOT, National Grid (NG) in the United Kingdom, and New Zealar
Transpowerdimension the needed disturbance reserves according to the system state. ERCOT
determines the minimum requirement of RRS (Responsive Reserve Service) based on expecte
system inertia conditions. The reserves in NG vary and are based on system demand and th
largest loss being covered. In New Zealand the primary reserves are purchased depending on the
size of the risk on the system. They have a market tool, the Reserve Management Tool (RMT)
which carries out a dynamic study for each trading period to caeuhe amount of reserves
required.

4.2.3INERTIA ASSESSMENT

Among the 1 answershine stated that they asses$ié current system inertia, and seveave an
on-line inertia assessment in place. Eight systems assess the future inertia. Two systems assess tf
inertia today with dynamic simulations (NZ Transpower, ESKOM), six use generation connectior
data from the SCADA, and combine this with turbgemerator kinetic energy (Nordic, Eirgrid,
ERCOT, Faroe Island, NG UK, and Hydebec TransEnergie).

Five sysgms use inertia assessment for knowledge building (Nordic TSOs, ERCOT, NZ Transpowt
and Faroe Island) and/or archive them for studies (HyQtebec TransEnergie). ERCOT considers
the inertia to be adequate at the moment but they are monitoring the treafdthe decreasing
inertia in the system. N@ses the inertia estimation to check the maximum loss (in megawatts)
that the system can face without exceeding the RoCof Limit. Eirgrid uses the inertia estimation as a
part of the operational constraints; thdyave a requirement that the system inertia should not fall
below 20 000 MWs.

4.2.4 MITIGATION MEASURESOR LOWINERTIASTUATIONS

In today's power system, the systems deal with doertia situations in different ways. Three
systems (Nordic TSOs, Australia, &®8KOM) indicate that they have no solution in place for
dealing with lowinertia situations at the moment. Two systems (ERCOT, Transpower in NZ) have
marketbased solutions, whilesix systems (Eirgrid, Faroe Island, NG, Rhodesmania,and
Hydro-QuebecTransEnergie) have nanarketbased solutions. Several answerers do not mention
explicitly the details of their nomarket based solutions. Eirgrid indicates that their fanarket

based solutions include a central procurement with regulated tariffs, whsclexpected to
transition into an auctiorbased approach in the future.
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The existing solutions can be classified in different groups based on the techniques used (Q13
Q14):

1. Increasing reserves (generation and load) (NZ Transpower, UK, ERG@&nia

2. Having some kind of operational limits for the system such as a minimum kinetic energy
(20 GWs, Eirgrid), limiting the flow on weak AC interconnections (some parts in Australia),
ensuring that the RoCoF does not increase after a generator loss (NG UKposing
power limitations to avoid UFLS caused by a single contingency @Qyahioec
TransEnergle and dspatch constraints linkinghe maximum HVDC import with the
minimum system inertia (Tasmania)

3. Running at almost idle or minimum power with hydro ¢retmal units (Faroe Islands
Tasmania

4. Contracted load disconnections as primary reserve using load tfretguency relays.

ERCOT, Australia, and Rhodes mention this, but all systems havefragency load

shedding (according to Q19).

Running hydro uits in synchronous condenser mode (Tasmania)

6. Using frequency control SPS (FCSPS) that reduces the size of the largest contingency
tripping the required amount of load/generation (Tasmania)

Some systems havaans for the near future (202@2025) or the ar future (202%), for dealing

with low inertia. More reserves, synthetic inertia (as an ancillary service for example), more
flexible thermal units, adding connections to other synchronous systems, and services from
battery storage are mentioned in thisspect.

o

Only HydreQuebec TransEnergie has a grid code requirement for inertia. It boils down to the
following requirementsi-or conventional synchronous generators, synchronized to the grid, the
inertia constant must be compatible with the inertia cargs of existing power plants in the same
region. The interconnection study will specify any minimum inertia constant that applies to
generating units. Wind power plants greater than 10 MW must be equipped with a frequency
control system. The system musduce large, shomtluration frequency deviations, at least as
much as does the inertial response of a conventional synchronous generator whose inertia equal:
3.5s¢

Among the tools for mitigating lowwnertia situations, a question is explicitly asked absynthetic

inertia or similar methods. There are two systems applying synthetic inertia: Faroe Islands and
HydroQuebec TransEnergiélydroQuebec TransEnergie gets the synthetic inertia from wind
generation.Faroe Islands gets its synthetic inertia fra2.3 MW battery, which has the first
priority to smoothen the power from Husahagi windfarm. The battery system is also able to make
an instant discharge and give frequency support as virtual inertia. Eighteen wind turbines in Faroe
Island have virtual imdia power support but these configurations are undergoing changes at the
moment. These are all units connected via powkactronic converters.

The others have various tools such as HVDC, peleetronic converters, or load reduction (RRS),
but do not sate them being synthetic inertia. The answers presented-igure 4-8 show an
indication of the types of mitigation measures, and the resources providing it. The figure has
therefore no dimensions.
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Q17 Synthetic inertia, fast acting reserves
provided by HVDC, production connected via
power-electronic (PE) converters, or other

techniques

Qleé Synthetic inertia, fast-acting reserves, or
something to support the low-inertia situations
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HGURH-8 SYNTHETIC INERTRASTACTING RESERYAESD OTHER TOOLS RMRPORTING THE SYSMELOWINERTIA SITUATIONS

4.2.5 FREQUENCY AND FREQUEXCHANGES

The normal frequency variations tend to be larger in smaietems and vice versa. The normal
frequency range in Rhodes is 50 Hz Hz, while the corresponding frequency range for other
systems is smaller and the deviation from the nominal frequency varies between 0.017 Hz (ERCOT
and 0.5 Hz (Faroe Island

Forload shedding, all thd2 synchronoussystems have unddrequency limits when the load
shedding startsKigure4-9). In addition, Hydro Quebec TransEnergie has RoCoF limits for starting
load shedding. Eight systems have ofreguency limits for starting generation curtailment
(Figure4-10). Most systems have automatic generation curtailment, but some start generator
curtailment manually.
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Frequency drop (Hz) from nominal and RoCoF when load
shedding starts
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FHGURH-9 THEABSOLUTE FREQUENR®B® ANIROCOFWHEN LOAD SHEDDINRARTS

Frequency increase (Hz) from nominal and RoCof when
generator curtailment starts
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HGURE-10THE FREQUENCY INCREASIEN GENERATOR TAIRMENT STARTS
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As mentioned in thentroduction of this report the Nordic power system is changing. The main
drivers of the changes are climate policy, which in turn stimulates the development of more
Renewable Energy Sources (RES), technological developments, and a common Europec
framework for markets, opmtion and planning. While the system transformation has already
started, the changes will be much more visible by 2025. The structural changes will challenge the
operation and planning of the Nordic power system. The main changes relate to the folld\wing

1 The closure of thermal power plant&imost all condensing power plants have already
been closed and there is also a significant risk that the amour@arhbined Heat and
Power(CHPR will be reduced due to profitability reass.

1 The share of wind power in the Nordic power system is risingalled capacity for wind
power ha expected to triple in the period 2042025. In the end of 2016 the installed
capacity inthe Nordic synchronous area has been app. 10.1 GW and ifpescted to be
app. 17.3 GW in the end of 2025.

1 Swedish nuclear power plants will bere decommissioned earlier than initially planned
(four readors with a total capacity of 200 MW ¢ Ringhals 1, Ringhals 2, Oskarshamn 1
and Oskarshamn 2 will be decommissioned by 2020) while Finland will construct new
nuclear capacity@lkiluoto 3 1 600 MW, which will bén operationin late 2018).

1 The capacity from interconnectors between the Nordignchronous areaand other
synchronous areasvill increasewith almaost 50 % in 2025, due to everal new HVDC
connections,such asKriegers Flak 400 MV&dckto-back,Eastern Denmark Germany),
Nord Link 1400 MW (NorwagGermany), North Sea Link4DO MW (NorwagEngland),
Hansa PowerBridge 700 MW (Swed&ermany).

In order to assess the impact of the changes ongoing and foreseen on the kinetic energy in the
system, future market scenarios have been defined by the Nordis T@®Ehe years 2020 and
2025.These market scenarios are input for market simulations, whergtweer production and
correspondingmarket pricesare simulated based on data corresponding to different inflow years.
In this way, we obtain a forecast of the (blocks of) units that will be producing power in the years
2020 and 2025. Those (blocks of) uhitgng inertia into the system, and by mapping those blocks
to individual generation unitxf which the inertia constant arknown, an estimate of the kinetic
energy in the system can be computdtheoverview of the kinetic energy estimation in the fuéur
scenarios is schematlly depicted irFigure5-1.

Market simulation Map the market Kinetic energy

Scenario definition model output to . .
ERRCEsTD individusl units estimation

FHGURES-1 FUTURE KINETIC ENERSYIMATION
The different steps in the chain of simulations, are highlighted in the follosaators.
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5.1 SCENARIODEFINITION

In this sectionthe first step in the simulation chain Figure5-1 is elaborated uponthe scenario
definition. The scenario is constructed as a bestimate scenario, i.e. it describes the market
development that is regarded most probable. It is, however, still called a scenario and not a
forecast as the uncertainties grow over time. From this scenario, the years 2020 and 2025 are usec
for the simulations and further analysis.

As a reference theurent'® market situation is presented below. The total installedagity in the
Nordic countries is 105 GW and the production 396 TWh, with a surplus of 16 TWh.

Installed capacity 2015

45000
40000
35000 N m Fossil
30000 .
H Biomass
2
= 5000 m Solar
= 20000 .
= Wind
15000
m Nuclear
10000
m Hydro
5000 .
0 T T T
DK Fi NO SE

HGURES-2 INSTALLED CAPACITR BIFFERENCATEGORIES IN TRIERDIC COUNTRIEDURCEENTSEE

Energy balance 2015

200,0
150.0 Consumption
’ m Hydro
100,0
m Other RES
50,0 - ugG m Biomass
< | ] .
2 00O e = Solar
K ﬁ 0 NO SE Wind
-50,0 _ EWin
100.0 | Fossil
’ = Nuclear
-150,0
< Surplus
-200,0

HGURES-3 BENERGY BALANCES FBRNORDIC COUNTRIE®DURCEENTSEE

13 The most recent statistics is for 2015. Data from ENESO
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The capacity orthe interconnectors between the Nordisynchronous areand neighbouing
synchronous areas is 7@W as can be seenTrable5-1. The full capacity is, however, not always
available due to internal bottlenecks in the German and Polish grlus.availabilities for some of
the interconnectors or balers are shown iTable5-2; the numbers are based on historical values,
and show the annual averagmapacity as a percentagd the nominal capacitylnterconnectors
missing in the table arenodelled with full (100 %) availabity. The seasonal variation of the

availability onthe interconnecbrs between SwedetGermany and SwedeRolandare shown in
Figure5-4.

TABLES-1 CAPACITIES ON INTERGECTORS BETWEEHENORDICSYNCHRONOUS AREBYDNEIGHBOURINSYNCHRONOUS AREAS
(IN THE TABLEHE FIRST VALUE IBISTES THE CAPACNTFTHEFROM;TO DIRECTIQMND THE SECOND VARHEEERS TO THE
OPPOSITE DIRECT)@SINGLEALUENDICATESHAT THE CAPACITYHE SAMENIBOTH DIRECTIQNS

Capacity [MW] Capacity [MW] Capacity [MW]
From To Year 2015 Year 2020 Year 2025
Denmark East Germany 600 1000 1000
Denmark East Denmark West 600 600 600
Finland Estonia 1000 1000 1000
Finland Russia 350/ 1400 350/ 1400 350/ 1400
Norway Germany 0 1400 1400
Norway Denmark West 1632 1632 1632
Norway England 0 0 1400
Norway The Netherlands 723 723 723
Sweden Germany 615 615 1315
Sweden Denmark West 680/ 740 680/ 740 680/ 740
Sweden Lithuania 700 700 700
Sweda Poland 600 600 600
Sum 7850/8610 9650/10410 11750/12510
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TABLES-2 AVAILABILITIES ON SBE®F THE INTERCONNERS BORDERS
THE NUMBERS ARE BRSHE! HISTORICAL VESAND SHOW THE ANNUAYERAGEAPACITY AS A PERDEBE OF THE
MAXIMUM NET TRANSFERPACITYNTERCONNECTORS NSTHED IN THE TABIEEMODELLEWITH100%AVAILABILITY

From To C ¢
Denmark West Germany 90 % | 100 %
Sweden Germany 70% | 55 %
Sweden Poland 70% | 55%
Finland Russia 100% | 91 %
Finland Estonia 79% | 82%
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The numbers ifTable5-2, are based on historical (realized) values. Thisotsthe case for the
border Denmark West; Germanythough, where thecrossborder capacities have been adjusted
to anticipate the inner @rmangrid reinforcements.
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HGURE-4 SEASONAL AVAILABILAOR THENTERCONNECTOB®EDEN GERMANYAND SNVEDENPOLAND
(SAME PROFILE HASBEBED

5.1.1 YEAR2020

Betweenthe years 2015 an@020 some major changes are expected in the system. In Sweden
four nuclear reactors (Oskarshamnahd 2 Ringhals 1 and 2) will be decommissioned, while in
Finland Olkiluoto 3 will be commissih The capacity in wind and solar power is increasirige
installed capacity is presented kigureb-5 and Table5-3.

The cemand is expected to increasby a litle more than two percentand several new
interconnectorswill be in operation:Kriegers Flak 400 M\backto-back, Eagtrn Denmarkg
Germany), and Nord Link4DO MW (NorwagGermany).

In 202Q the production according to the scenario is 414 TWh in the Nordic area, with a surplus of
26 TWh as presented Figure5-6.
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TABLES-3 INSTALLED CAPACIT(ESV) IN THENORDIC COUNTRIE2020

Fuel Denmark Finland Norway Sweden
Hydro 0 2758 32 867 15 617
Wind 6 528 1675 1337 5911
Solar 709 117 117 670
Biomass 851 3549 0 3615
Biomasspellets 330 145 0 0
Peat 0 188 0 0
Waste 329 98 0 430
Nuclear 0 4 352 0 6 752
Coal 2025 1673 0 130
Natural Gas 1245 2162 583 390
Light Fuel OIl 716 0 0 0
Heavy Fuel Oil 123 105 0 190
Total 12 856 16 822 34 904 33706

Installed capacity 2020

40,000

35,000 E—

30,000 Fossil

25,000 m Nuclear

2 20,000 _ mBiomass

15,000 m Solar

10,000 l E Wind
5.000 _— m Hydro

DK Fl NO SE

HGURES-5 INSTALLED CAPACITNODRDIC COUNTRIES2DC0 PEAT AND WASTE AREINDED IN BIOMASS
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Energy balance 2020

200
150 Consumption
100 l: m Hydro
50 e ~ mOther RES
§ Soa E - 19I u& m Biomass
= DK | NO SE Wind & solar
-50 [ Fossil
-100 —  mNuclear
-150 <& Surplus
-200

HGUREH-6 SMULATEIENERGY BALANCES FERNORDIC COUNTRIEQB20

5.1.2 YEAR2025

Between 2020 and 2025weden mayeach an installed wind capacity of 9 G&¥,a result othe
political agreement on energyrhe capacities are presentediiable5-4 and Figue 5-7. Additional
interconrectors arethe North Sea Link 400 MW (NorwagEngland), and the &hsa PowerBridge
700 MW (SwederGermany).

The cemand in the Nordic area is increasing by approximagercent during these five years.
General drivers for increasing demand #re growing population, electric vehicleand potential
new data centres In Denmark there aralso plango electrify the railroagdand in Norwayto
connectoff-shore installations tahe grid.In 2025 the production according to the scenario is 441
TWh in theNordic area, with a surplus of 31 TWh as presentdeéignre5-8. The scenario is
regarded to be quite robust, hence not very sensitive to min@nges of the assumptions, for
both the years 2020 and 2025. Somd the tipping points that could influence the results
(although perhaps not the inertia part) are:

1 Additional Swedish nuclear reactors ibg decommissioned before 202QVattenfall
recently postponed the decision on additional safety measunesRinghals & 4 by six
months).

1 Germany not being able to remove internal bottlenecks according to jpanng January
2017, the availabily on the Denmark West, Germanyborder was <86, wherea®0 %is
reflectedin ourscenarios

{1 Price onEuropean Union Emissiomatling Schem¢EUETSCQ) jumping high in the next
trading period (2024¢2028), which might keep some C#ifinning in the system, instead of
being converted to pure heat providers.

1 Prices remaining othe current low level, or even lower, will most grably not lead to
more gasfuelled plants in the Nordig even if it should be profitablddecommissioning of
fossiHuelled plants might be postponed.
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TABLES-4 INSTALLED CAPACITISV) IN THENORDICS 18025
BETWEEN THE BRACKHERE DIFFERENCE CORERTQ020(TABLE>-3) IS MENTIONED

entso®

Fuel Denmark Finland Norway Sweden
Hydro 0(0) 2 758(0) 32 867(0) 15 617(0)
Wind 8 006(1478) 2 472(797) 2 504(1167) 9 195(3284)
Solar 1 145(436) 503(386) 280(163) 1 109(439)
Biomass 1 150(299) 3 545(-4) 0(0) 3 615(0)
Biomasspellets 330(0) 145(0) 0(0) 0 (0)
Peat 0(0) 188(0) 00 0(0)
Waste 299(-30) 98(0) 0@ 430(0)
Nuclear 0(0) 4 352(0) 00 6 752(0)
Coal 126 (-760) 481(-1192) 0@ 130(0)
Natural Gas 1127(-118) 2 001(-161) 583(0) 390(0)
Light Fuel Ol 716(0) 0@ 00 0(0)
Heavy Fuel Oll 106(-17) 105(0) 00 190(0)
Total 14 144(1288) 16 648(-174) 36 235(1331) 37 428(3722)
Installed capacity 2025

40,000

35,000 o

30,000 Fossil

25,000 m Nuclear

g 20,000 ——  mBiomass
15,000 m Solar
10,000 — l Wind
5,000 m Hydro
DK Fl NO SE
HGURES-7 INSTALLED CAPACITIDRDIC COUNTRIER2B25 PEAT AND WASTE ARELNDED IN BIOMASS
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Energy balance 2025
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HGURES-8. SMULATED ENERGY BNCES FOR TNBRDIC COUNTRIE2025.

5.2 MARKET SIMULATIONS

In this section, the market simulations based on the market scenarios defibhethg the second
step in the simulation chain iRigure5-1 ¢ are touched uponTheEFI's Multarea PoweiMarket
Simulato (EMP$market model is currently the most accurate market model to describe the
Nordic power system. Moreover for accurate inertia estimations it is needed to use a market
model witha detailed description of hydro and thermal generators. The EMPS datese in the
simulations models the hydropower with over 200individualunits andmodelsall thermal
power dants with a capacity over 100 Mifdividually.The modeketupused in this studynodels
the Nordic and Baltic power systerfisixdamentally and the connected countriesGermany,
Poland The Netherlandsand Great Britain are described with fixed prices, séaegure5-9.

In this study an additional functiality, named SAMLASWasused. This functionality
schematical} described irFigure5-10, simulates the physical flow in the grid and adds additional
restrictions (on top othe givenNet Transfer CapacitieBlT®)) to the market resultsn order to
providefeasible physical grid flows/hich ensuresa more realistic production distribution result.

Previously the model has mainly been used to study annual and weekly average, resuéger

in this study the results from extreme situations is importandresultswith a finer resolution
areneeded Therefore it was deemed necessary to examirteafmodel resultson an hourly

level correspondto the reality. In order to test the model performandbe system was simulated
in the stage of 2014andthe weather conditions of 2014he resuls were then compared with
actual 2014 datdseeSection5.4). The years 2020 and 202%have beersimulatedwith a 3hour
resolution,with the weather caditions of all years from 1982012 in order to capture a greater
variation of possible conditionseeSection5.5).
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HGURE-9 EMPSVARKET PRICE AREAS
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A Watervaluesfor eachweek
A StartingvaluesNTCs

Next loadblock *

Nextweek

Nextcycle(max. 7)

Per load block and zone
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A4
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FHGUREB-10EMPANDSAMLASEIMULATIONE56 LOAD BLOCKS PER WEAEYE BEEN USED

5.3 KINETIC ENERGY ESTIMAON

In this last step of the simulation chain, depictedrigure5-1, the market simulationsesults are
translatedinto an estimation of the total kinetic energy imé system.

The approach followed to translate the market simulation results into a kinetic energy estimation
is depicted irFigure5-11, and will be elaborated upon below.
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HGURES-11 TRANSLATION OF THERKET SIMULATION REBS INTO A KINETNHRGY ESTIMATION

The process starts from the market simulation results for each time unit for all synchronous Nordic
market areasutilizingin-house developed code to turn each market siatidn time unit intoa

balanced load flow case on a Nordic grid model. Essential for the kinetic energy estimation is
actually only the status information ¢iie synchronous generation on each time unit. So instead

of producing the complet®SS®Eaw dataset of power flow balance for each time upand

solving the actual load floythe kinetic energy calculation can be boosted by resolving just the
actual synchronous generation mapping for each time unit.

The computatiorof the kinetic energy iperformedby summing the product dhe inertia

constant andhe rated apparent power of each etine synchronous generator atgiven time

unit. Most ofthe turbine-generator$€lnertia constants andated apparent powers are readily
availablefrom the Nordic grictnodel dataets. For generating unitevherevaluesare missing €.g.

new future scenario unitgndespecialljthe categoryof smaltd OF £ S K& RNER ,gérferc! ! Y
values are applied.

The advantage of EMPS and SAMLAST models is that the descriptiesymchronous
generation fleet i especially for hydr@ so detailed that there is not so much need for extra
decisionmaking on thestatus of individual generating units. In those cases where generation
modulesdo consist of multiple machinea corservative approach is taken: a new generationit

is not put online until the capacity of already dime generation igully utilized. As illustrated in
the calibration simulations for the year 20{geeSection5.4), this gpproach seems to give
credible estimations of the kinetic energiherefore the same procedure is applied for the future
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scenario years 2020 and 2Q2fth the exception that instead of a sindlgdro yeara series of 33
hydroyears ¢ from 1980 to 2012; is used with a 3hour time resolution This produceatotal of
96 096 (= (24/3) x 364 x 33) rounds of total kinetic energy value calcutdtboeach scenario
year.

5.4 SMULATION CHAIN BACKTESTING

To test if the simulation chain figure5-1 provides a valid approach for the future kinetic energy
estimation, a back testing has been performed on the year 2014.

Where the consumption and RES infeed have been used as an input, the focus is on the productior
results, namely hydro ahthermal. To examine this, the duration curves for hydro and other

thermal production were studied to ensure that the frequency of situations with low production
corresponds to reality. The seasonal pattern was also stutheghsure that the seasonal fiarn

of production- andinertia - is representative.

The duration curves iRigure5-12 and Figureb-13indicate that both hydro and thermal

production levels are well represented in the model. Ontihast interesting part, namely the
lower end of the duration curve, one can see that the amount of hydro production is somewhat
overestimated and the amount of thermal production is underestimated in the model.

s «10% Nordic hydro production-Duration curve (MW)
- T T T T T T T

———= 2014 - Real production
2014- EMPS Simulated production

05 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Percent of time

HGURES-12 NORDIC HYDRO PROD@BI2014¢ SIMULATION RESULTSMPARED WITH HISTORL DATA
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Nordic thermal production- Duration curve (MW)
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HGURES-13 NORDIC THERMAL PRODIGN2014¢ SIMULATION RESULTBVPARED WITH HISTORL DATA

The resultig weekly minimum values for hydro and thermal are showRigure5-14 and Figure
5-15below. In general, the seasonal behaviour of the minimum production for both hydro and
thermal is rather well represged in the model. In the summer season, the model overestimates
the minimum hydro production and underestimates the minimum thermal production. This is due
to the fact that startup costs and reserve requirements are not included in the model, which
resuls in thermal units to stop for short periodsvhen their marginal cost isigherthan the

electricity price- whereas in reality they would run to save stagt cost or to act as reserves.
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Nordic hydro production- Weekly minimum production (MW)
T T T T T T

x10%
24 F T T T T
— ——— 2014 -Real Production
2014- EMPS Simulated production
22 » =
i
[
JIRY
¥ ¥
| S
[ X
2 \ -
]
1
t
{
J
4 ’
18 A & -]
I ) 4 %
= i A\ i, \ A
s /’ \\ ’l I' \l | \\ ) \\ ’l
/ i i \ f A /
¥ g / i 2 \ b i
1.6 / ) i \ ) T
i y ! i n ] V|7
1 |" i (v | v s
; - 5 ll ,I “,I \II
i /
14 u A ; i
I} !
Ui \ //\\ :
l,; \ 7] \‘ ;
Yo 4 4 '
A :, Y ’r
- ' =
1:2 \ i ‘\ 7R
\ X 1 ; 1
Xoodx NP
\\ I’ \~/ \‘//
\ g
v\
1k 1 1 1 1 1 v 1 1 1 —
5 10 15 20 25 30 35 40 45 50
Week
HGURES-14 WEEKLY MINIMUM HYDR@&BDUCTION IN TINORDIC POWER SYSTEM
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HGURES-15WEEKLY MINIMUM THERM(NONNUCLEARPRODUCTION IN TNIBRDICOWERSYSTEM
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Themonitored andcomputed kinetic energgre shown inFigure5-16. When for the smalscale
K&RNR 3ISYySNI (A 2 K= 0sds{applied ivdaed, Ghé smal®r uhits are not
monitored in the SCADA systemsthe monitored and computed kinetic energy values coincide
whichconfirmsthe validty of the simulation approach.
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HGURE-16 COMPUTED KINETIC EBERESTIMATE COMPAREDMONITORED VALUESR THE YEARRQ14IN THENORDIC SYSTEM

In the 2020 and 2025 kinetic energy computatiomsalue oH= 1 s for the sma#icale hydro
ISYSNIGA2Y oda{a!!Yw! C¢ev KIa 06SSy I LILX AABR ol

5.5 KINETIC ENERGY ESTIMBEONS FOR THE YEAR2020 AND 2025

In the following theresultsof the kinetic energy computatiorfer 2020 and 202%re presented in

the form oftwo pairs of graphseachrepresenting onestudyyear to facilitatean easycomparison.

The first pair of graphs presentise full time series of the calculated kinetic eggrvalues for all

33 hydro years, projected on one annuitme yellow curve is the average value of the kinetic
energy values of the 33 simulated years, whereas the grey curve shows the minimum and
maximum valuesThe red line highlights the 120 GWs value.
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HGURES-17 KINETIC ENERGY ESTINON OF THE YE2R20
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HGUREB-18 KINETIC ENERGY ESTINON OF THE YE2R25
THE YELLOW CURVEHE AVERAGE VALUETEE KINETIC ENER®YWNES OF THE3 SIMULATED YEARBHEREASHE GREY
CURVE SHOWS THE MINM AND MAXIMUM VALES THE RED LINE HIGHLTSHHHE20GWSs VALUE

We can see fronfrigure5-17 and Figureb-18, that in the year 2025 the ta@l variation in kinetic
energy \aluesis smallethan in 2020the minimum values are higher than in 2Q2hdthe
maximum values are lower than tihe year 2020.

The second pair of figures zosin to the lower end othe duration curvesf the kinetic energy
valuesof the years 2020 ad 2025.
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From theFigure5-19 and Figure5-20, one can see thathie increaseof kinetic energy at th®0 %,
95% and 99 points iaround 10 GWs from 2020 to 2025

The probability ofow-kineticenergyvalues for the two years 2020 and 2025 have been compared
to that of theyear2014 (that has been used for the batgsting purposes, as describedSection
5.4). This is depicted iffigure5-21; note that next to 2014 (2014Comp) and the base scenarios for
2020 and 2025 (2020Base and 2025Base) two additional scenarios, that are elaborated upon ir
Section5.5.2 are displayed in the graph (2020LowNngdear generation capacity in Sweden has
been further decreased in scenario 2020 by shutting down two units in Ringd2SNoUKa new

1 400 MW HVDC link to UK is postponed in the 2025 scgn¥viten reading thea~igure5-21,
please keep in mind that the 2020 and 2025 traces refl@aesult covering 33 inflow years,
whereas the 2014 trace is based on the 2014 inflow data okllynumbersdo originate from
kinetic energy computations based on market simulations; such in orderonopare similar
numbers.
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HGUREB-21 PROBABILITY OF LOWETIC ENERGY VALBER THE YEBR014(2014@MP), 2020(2020B\s§, AND2025
(2025B:\SE COMPAREDTWO ADDITIONAL SCENAS THAT AR ELABORATEIPON INSECTION.5.2,
ARE DISPLAYED IN BRAPH2020l0WNUCAND2025NoUK

Theduration of low-kinetic energy dipsi.e. valuedbelow the selected120 GW<hreshold value
has beeranalysedrom the time series othe years 20 and 2025. The results are showrable
5-5.
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TABLE>-5 THE NUMBER ANDURATIONDF KINETIC ENERGRDBELOW20GWSs ON SIMULATED REBSS2020AND2025
ONE TIME UNIT REFERSABLOCK OB-HOUFRS, BEINGTHETIME RESOLUTIQSED IN THE MARKHEVISLATIONS

Dip length 2020 2025
[time units] [number of dips] [number of dips]
1 146 10
2 253 8
3 29 2
4 16 1
5 9 1
6 5 1
7 0 2
8 0 0
9 0 0
10 1 0
11 1 0

The lowkinetic erergy \alue dips are typically¢B time units long, with a maximum lengtf 11
time units. Please bear in mind, that both 2020 and 2025 have been analysed by using 33 inflow
years with a time resolution(i.e. time unit)of 3 hours.

The simulation results, reftéed in the figures and the table, indicate that lemertia situations
(below 120 GWs) will occur in the 2020 and 2025 Nordic power system; the number of hours
where this occurs, seems to be limited thoudlhis also has an impact on the mitigation measur

to handle lowkinetic energy situations, describéad Chapter8; the limited number of lownertia

hours does not provide a sound basis ifttroducinga market for these mitigation measures.

5.5.1 ZOOM ON THEXTREMBEHYDRO YEARS

To illustrate the impact of dry and wet years thre kinetic energythe minimum and maximum
hydro generation years dhe time period1980;2012 havebeen selected. For the Nordic
countries the minimunhydroyear is 1996and the maximunhydro yearis 2012 The comparison
is shownbelow, for both the scenarios 2020 and 2025.
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The hydro generation in theimulation rurs of scenario 2020has been compared witthe
historical dataof the time period2011¢2016. The results are shown in the form of duration curves
in Figure5-26.
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HGURES-26 DURATION CURVE OF HEHUAINORDIC HYDRO GERATION 12011¢2016(BLUB, COMPARED TTHE SIMULATED
HYDRO ENERATION IRO20(GREEN CURWHEN02ALICFOR ALL HYDRO YEARS LOW CURWHEERO20vEAM hdpc Q
FOR THEINIMUM HYDRO YEAFO96 ANDTHE RED CURMEEN020YEAR N1 MFORTHEIAXIMUM HYDRO YRRZ012)

Figure5-26 confirms the observation that compared to the present operati@h experience of
the Nordic hydro generation the market model simulations a¢he 2020 scenario witlEMPS and
SAMLASIEadto lower hydro geneation levels.

5.5.2 SEENSITIVITYSTUDIESOFTHE SCENARIO2020 AND 2025

To test the robustness of th2020 and 2025cenario resultstwo additional sensitivity cases ha

been simulated. In the first sensitivity caseuclear generation capacity in Sweden Hasen
further decreased in scenario 2020 by shutting down two units in Ringhals. In the second
sensitivity case it is assumed that a newtd0 MW HVDC link to UK is postponedhir 2025
scenario.

Low nuclear sensitivity compared to base scenario 2020

The knetic energy computation has been reped for all 33 hydro years ithe 2020scenariq
assumingthe nuclear units Ringhals 3 and 4 to be shutdown compared to the base scenario
(Section5.1.1). The comparison of the kinetic ergy duration curves is shown kigure5-27.
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AGURES-27 KINETIC ENERGY DURANTCURVES OREQLOWNUCLEARSENSITIVITY CASE AME BASE CASE INNKEEC2020

A quite clearand steady 1@15 GWs lower kinetic energy levelthre low-nuclear sensitivity case
can be seenThis is well in line wh the fact that those two baséoad nuclear units of Ringhals
represent some 16 GWs kinetic energy in totaltha low-nuclear senaro case the 90%, 95%
and 99% values ofhe kinetic energyare about 139 GWs, 126 GWand 111 GWSs respectively. In
comparison to the base scenario thesguesareroughlyl0 GWs lower.

No HVDC link to the United Kingdooompared to base scenario 2025

The computation has been repeated for all 33 hydro yearthan 2025scenario(Section5.1.2),
where thel 400 MW HVDC connection from Norway to the igki€onsidered to be delayed and
not in serviceA cmparison otthe duration curves of tle kinetic energys plotted inFigure5-28.
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FHGURE-28 KINETIC ENERGY DURMNCURVES OFEINOUKHVDQCABLE SENSITIVITY CASE AME BASE CASE INNGEO2025

The difference between the twduration curvesn Figure5-28isonlyvery subtle.

5.5.3 MINIMUM KINETICENERGYSTUDIESOFSCENARIO2020 AND2025

Whenanalysinghe results fran the kinetic energy estimatiorit, is clear that thenertia is higher
in scenario 2025 compared to 2020. This resylats first glance a bit surprising since one can
assume the inertia to be lower in the future with a higher shafenverterbased production. To
find the reason behind the increased mtia in 2025 a study was made to compare the different
results of the simulationsin Figure5-29 four types of duration curves are shown for bate
2020 and 202%scenarics. The graphs also indicate tHew-inertia operation pants, when the
kinetic energy is below 110 GWis order to quantify the variable relevance.
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FHGURES-29 DURATION CURVES FORERIC ENERGNOTAIWIND PRODUCTIQNVDC IMPORRND NONSYNCHRONOUS GENERA
(TOTAL WIND PRODUCNIONDHVDGOMPORTDIVIDED BY THE SYSTB®AD IN THENORDIC SYNCHRONOUSAR

From the figure the kinetic energy is seen to be lower in 2020 compared to 2025. The wind
production is higher in 2025 but stiliere are more occasns of lowkinetic energy in 2020. The
low kinetic energy occasiorere distributed over the whole curve for 2020, indicating that the
wind production alone is not a critical indicator of low kinetic energy. When instead studying the
HVDC importand espeilly combined wind production and HVDC import relative to slgstem

load, one can see allow-inertia marks in the same area. This indicates that when the load is
supplied from a high share of neynchronous production (wind and HVD®@)ere is a high
probability of low inertia. The question why the kinetic energy is higher in 2025 remains
unansweredhough

Figure5-30 showsboth the duration curves othe system load and the kinetic energy from nuclear
production.
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FHGURES-30DURATION CURVES OBESM LOAD AND KINEBENERGY FROM NUGUEATHENORDIC SYNCHRONOUEAR

In almostthe entireduration curve scenario 2025 has approximatelyp@0 MW more system load
compared t02020. The increased load requires more productiand not all is covered by wind
and import. That also results in more synchronous production and thereby higher inertia. Another
explanation to the increased inerti@m 2025 is the kinetic energy from nugar. Kinetic energy
from nuclear is higher in 2025, evevhen the total installed kinetic energy is the same for both
scenarios. One explanation to this is the availability of Olkiluoto 3. In,20@Gvailability profile

is assumed to be reduced compared2025 seeFigure5-31.
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HGURES-31 AVAILABILITY PROFQEOLKILUOT@ FOR SCENARRO20AND2025

During the summer timén 2020,0Olkiluoto 3 isassumed to benot available ad that is areason
contributingto the explanationwhy the kinetic energy is lower in 2020 compared to 2025.

To further study the simulation resultthe dimensioning incident in every simulation period is
identified. The dimensioning incident, ig1 this study, defined as the single largest possible
disturbance. InFigure5-32 and Figure5-33 the dimensioning incident is plotted as a function of
the kinetic energy after the disturbance. In case the disiening incident is a nuclear power
plant, the kinetic energy will also reducetHis unit is tripped If the dimensioning incident isna
HVD@ink instead,the kinetic energyis not affectedby the disturbanceln the same figure both
the current andpossible EPC capacities are shown. diharent refers to the available capacity of
the HVDC links with activated EPC tddagy K Sosdibletakes the available capacity of all HYDC
links into accountNeither of these capacity plots distinguishes what edads have available
capacity andwhat the trigger leves of the EPGre.

14 Situation of May 2017.
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HGURE-32 DIMENSIONING INCIDENDURRENT AND POSSIEBEECAPACITY WHEN KINEENERGY AFTER FAULTIOGWS IN
SCENARI202Q EACH ASTERISK INOIE® A DIFFERENT S¥S8STATETHEOCURRENIREFERS TO THE AVBUEACAPACITY
OF THEHVDQ.INKS WITH ACTIVATEPCGrODAY. THEOPOSSIBIEETAKES THE AVAILABAPACITY OF AHVDQ.INKS INTO

ACCOUNT

During thelow-inertia period for the 2020 scenarig it is common for Forsmark 3 to be the
dimensioning incident. This resslfromboth Olkiluoto 3 and Oskarshamrb8ingout for revision

during the summer period. Thigtuation is reflected by very low kinetic energy and Forsmark 3
often beingthe dimensioning incidenDuring a number of periodshe HVDC Nord.Link will be the
dimensioning incident.

The current EPC capacity is normally around 500, MtMe the possible capacity is often a lot

higher.
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HGURE-33 DIMENSIONING INCIDENDURRENT AND POSSIEBEECAPACITY WHEN KINEENERGY AFTER FAULTIOGWS IN
SCENARI2025 EACH ASTERISK INOIE® A DIFFERENT SXS8FTATETHEOCURRENTREFERS TO THE AVBLUEACAPACITY
OF THEHVDQ.INKSVITH ACTIVATEHBPCGrODAY. THEOPOSSIBIEETAKES THE AVAILABAPACITY OF AHVDQ.INKS INTO
ACCOUNT

In the 2025 scenaridhere is not as many low kinetic energy periods as compared to 2020. Two
major reasons for this is the increased lgq&ayure5-30) and the higher availability of Olkiluoto 3
(Figure5-31). As the inertia is higher, the dimensioning incidents are also higher compared to
2020.Instead of Forsmark, 3 iow the worst disturbances are Kmshamn 3, Olkiluoto,®r any of

the HVDC links 0f400 MW.

The EPC plot of the current capacity ststwat the capacity is reduced from 500 M{2020)to

400 MW (2025) It is important to make sure that thérigger levels and thecapacity are
distributed over the links sothat the system will get the needed emergency power. The possible
capacity is over 00 MW for all periodswhich indicats that there should always be enough
capacity available.
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In low-inertia situations the performance of theaditional hydropowerbasedFCRD may not be
sufficient to keep the frequency above 49 Hz in the eventaoflimensioning incidentA
straightforward solution could be to procure a larger volume of-BC&d thereby toincreasethe
regulating strength. However, due tbe inherent dynamics of the hydro power plansability
issues may arise when the regulating strength incregsee alsoSection3.2). One feasible
solution tomaintain secure operation is to introduce new products comprised under the category
of synthetic inertia orfastfrequency reserves (FERFFR is a complimentary service with a
respong faster than FGR. Both products are elaborated upon in the sectioabty.

Examples ofsynchronous inertial response, synthetic inertial response,-BQai/dro power
response, and FFR (in the form of a proportional response and a temporary power boost) are
compared to one another iRigure 6-1.
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HGURES-1 RESPONSES OF DIFFERERODUCTS THAT AREING THEINIMUM FREQUENG®PENLOOP RESPONSEOTE THAT BOTH
THES ROPORTIONAL RESPGNSELLOW CURVEND THEI EMPORARY POWER BOD&REEN CURVARE FFRPRODUCTS
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6.1 SYNTHETIC INERTIA

The inertial response of a synchronous generateleases torque in direct proportion to the
RoCoF it experiences. The term synthetic inertia must therefore correspond to the controlled
response from a generating unit to mic the exchange of rotational energy from a synchronous
machine with the power system. Any other form of energy exchange can th&abbkedasbeing

FFR

The term inertia is described by ENTSO | The pxperty of a rotating rigid body, such as the
rotor of an alternator, such that it maintains its state of uniform rotational motion and angular
momentum unless an external torque is appdi¢til]. The interpretation of this is that rotating
masses of synchronous generators reslsange of speed, unless thereaishange in torque. The

term synthetic inertia is described by ENTSO Ith& fadility provided by a power park module or
HVDC system to replace the effect of inertia of a synchronous power generating module to a
prescrbed level of performanéde® 2 KAt S GKAA RSFAYAGA2Y SyOo2Y
this report, many have interpreted this definith to include what we calFFR In this report,
syntheti inertia is defined as follow42]:

Synthetic inertia is defined as the controlled contributioof electrical torque from a unit
that is proportional to the rate of change of frequency measured at the terminals of t
unit.

With reference to equatior§3.5), the constant of synthetic inerti® j, for generator is defined
by the relationship between the terminal frequendy, and30 j, being the additional electrical
power provided by unit[12]:

30 f (O p=—=3 (6-1)

The response of synthetic inertawhere the injected power is proportional to the frequency
derivative ¥0 f 0 —) ¢ is simulated in a system with 100 GWSs kinetic energy and a

disturbance of 450 MW generation disconnectioin this illustration he synthetic inertiaequal

to 20 GWsis triggered ifthe frequencygoes below49.5 Hz with an activationdelay of 0.5 s.
Figure 6-2 shows the frequency andhe injected power from the synthetic inertigrigure 6-3

showsthe simulated RoCoF.

As measuringQ kX 0(RoCok; is not a straightforward exercise, the practical application of
synthetic inertiais still limited, as can also be observed from the survey responses in Chapter
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6.2 FAST-FREQUENCY RESERVKSFR)

Fastfrequencyreserves are defined in this reports as:

FastFrequency Reserves a system service that delivers a fast power change to mitigd
the effect of reduced inertial response, so that frequency stability can be maintained.

¢tK2dzZAK GKS NBIdZANBYSyGa 2F Iy aCCw LINRPRdAzOG €
the FFR is a product that is faster than the BCBome possible characteristics bfy & CCw
LINE RazXxduéred upon in the following sections.

6.2.1 FFRACTIVATION

FFRproducts can be triggered to activate in different ways. In the event of a disturbance it may
react on measurements. Some relevant measumeshis respectare

1. Frequency deviation
(for example undefrequency f < 49. Hz; 49.75 Hz; 49.5 Hr overfrequency f >
50.1 Hz; 50.25 Hz; 50.5 Hz)

2. RoCoF
(for example undefrequency’Q N &K 0.835 Hz/s or overfrequency’Q KX Ok
0.035 Hz/s)

3. Combination of options 1 and 2

4. Triggered byfor example arelay signal or circuit breaker positian

The best time for activation depends on the type of source delivering the redertiee case of a
provider that is not limited in energy supply (e.¢pad disconnection), the largest impaah the
frequency minimum is achieved by activating as fast as possibifeguine6-4, the effect of a 100
MW load disconection is simulated for a system with 100 GWs. @ilsgonnectionoccurs att =
10 s.The yaxis explains how the minimum frequenof the disturbancewill change due to the
load disconnection. A positive number indicatbat the minimum frequency occurat a higher
frequency when the load disconnection is included.
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If the reserve instead has limtation in delivered energy (for exampleind power, or a battery),

it is notoptimal to activate as fast as possible.Rigure6-5, the impact of a 300 MW power pulse
with a one-secondduration is simulatedln the same way as for the load dismection the yaxis
describes how the minimum frequency will change due to the power pulse.
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The simulation showshat it is better to wait with the activationsothat the energy is injected just
before the frequency minimum. The reason is that the FCR resereasure a greater frequency
deviation, resulting in a faster FCR response, if the ensrgyjected just before the frequency
minimum. If any of the parameters would change the optimal time would akange. In that

sense the timingare only indicative.

6.2.2 FFROONTROL

Once theFFR hadeen activatedit can be controlled to respond in mardifferent ways. The
control scheme can rely totally on feedba@nd respond accordinghor rely on feedforward.
Feedforward here meanshat the FFRresponse is independent of the trajectdryof the
frequency. The idea behind feedforward is that the resg® of the system is predictable based on
secondary measure3he likely response schemes are listed as follows

1. Power proportional to the frequency deviation
>0 v YQ

2. Predetermined power profile i.e. temporary power boost
(for example a coriant powerstep,like atrip of load orproduction)

Response proportional to the frequency deviatiimthe same as FCBuUt it is a fast responsen
the case of FFRuch that it closely follows the referendBesponses from (many) relagtivated
load disconnectionsand power controlled by power electromirom batteries will be considered
as FFRfor example

The specific power profile can be determined by three periods, power rising, power carestant
power return.

To investigate the preferred atrol of FFRboth control proportional to the frequency and several
predetermined power boosts are simulated separatedg, shownin Figure 6-6. The frequency
response is depictenh Figure6-7; al resaves are activated a frequencyof 49.5 Hzwith a delay
of 0.5 sand have an energy limited to 400 MWs.

15 Frequency trajectory refers to the evolvement of the frequency in the system after a distebbeing affected by the
response of the FCR.
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HGURE-7 SMULATED FREQUENGYRREDETERMINED PEVBBOSTS AND PROPIORIAL CONTROL

The results of the simulation confirm the simulation$Section6.2.1, the injected power hamore
impad closer to the frequency minimum. The red curve, representing a high magnitude with short
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duration, activates too early to inject powetlose tothe frequency minimum. The other
alternatives have longer durations resulting in power injection at the tinheghe frequency
minimum. The best alternative for this specific simulation is the step with the low amp]ibude

the difference is very small compared to the proportional and ramps. The proportional controller
can tune the gain to have a more or lessraggive response. In this case it is tuned to be able to
deliver power during the frequency minimum. The benefit of using a proportional controller is that
the strongest response will be achieved at the frequency minimum, which is the most beneficial,
as bng as there is energy available.

One dangemith usinga predetermined power boost without feedback of the frequenisythata

fast response with limited energy will make the primary reserve see a smaller frequency deviation.
When the power boost is ovethe frequency will fall and a second lower frequency mininmay

occur. Usin@ proportional contro with less aggressive tuningill minimise the power injection
when the energy limit is reached. Figure6-8 and Figure6-9 the responss of a predetermined

step anda proportional controlare simulated. In this case the energy is limited toQDD MWs.

1000 { T T T T T T \
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Proportional

900

800 y

700 | .

600 T

500 §
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400 | N

300 | .

200 y

100
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HGURE-8 RESPONSE OF A PREBEIRED STEPONER BOOSTAND PROPORTIONAL AL WITH HIGH CAPRC
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FHGURE-9 FREQUENCY FOR A PREBBIINED STEP POVBEROST AND PROPORTAQICONTROL WITH HIGAPACITY

The first frequency minimum is higher for thevpex boost but then too much energy is injected

to the system and the FARresponse is cancelled. When the power boost ertds similar to a

trip of 1 000 MW, resulting in a second frequency minimum at 49.2 Hz. For the proportional
controller the suppd is highest during the frequency minimum and then the support is reduced,
shifting the burden over to the FER When the energy limit is reachegpproximately 200 MW
disconnects compared to 1000 MW in case of the power boostThisalso results in aexond
frequency minimumbut with higher frequency compared to the power boost.

6.2.3 FFRDURATION
The mssible duration of theFFRhighly depends on the technology providing the service.
However, studying the durations from a control perspective it @nainactive

1. For a fixedamount of time (for example K20 seconds)

2. Until the RoCoF returns within certain limits
(for underfrequencyQ X ok - , dnd fer @verfrequencyQ KD oK - ,d.dl X @)

3. Until the frequency returns within certain limits
(for underF NB lj dzSy O&g. YE499 Hz) | 1

4. Combination of optionsd3

The duration time of the reserve is very importad seen irSection6.2. The hjected power must
havea duration long enough to not create a lower second miniménequency, as seen iRigure
6-9. The shortest duratiomeededis related both to the shpe and volume of the resenas well
asto the system kinetic energy. Simulations of the shortest duratieeded in order topreventa
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