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FOREWORD

One of the IAEA’s statutory objectivesisto “seek to accelerate and enlarge the contribution of atomic energy
to peace, health and prosperity throughout the world”. One way this objective is achieved is through the publication
of arange of technical series. Two of these are the IAEA Nuclear Energy Series and the IAEA Safety Standards
Series.

According to Article 111.A.6 of the IAEA Statute, the safety standards establish “standards of safety for
protection of health and minimization of danger to life and property.” The safety standards include the Safety
Fundamentals, Safety Requirements and Safety Guides. These standards are written primarily in aregulatory style,
and are binding on the IAEA for its own programmes. The principa users are the regulatory bodies in Member
States and other national authorities.

The IAEA Nuclear Energy Series comprises reports designed to encourage and assist R&D on, and
application of, nuclear energy for peaceful uses. This includes practical examples to be used by owners and
operators of utilities in Member States, implementing organizations, academia, and government officials, among
others. Thisinformation is presented in guides, reports on technology status and advances, and best practices for
peaceful uses of nuclear energy based on inputs from international experts. The IAEA Nuclear Energy Series
complements the IAEA Safety Standards Series.

Nuclear power plants (NPPs) are connected to an electrical grid system to alow export of their electrical
energy; the electrical grid system also provides electrical power to the NPP for safe startup, operation and
shutdown. Experience in Member States has shown that careful attention must be paid to the performance of the
electrical grid system and the interface between the NPPs and the grid, in order to avoid events that might challenge
the safety of the nuclear plant.

Particular attention should be given to small power systems, where a single nuclear unit provides a large
percentage of the total power generation of the system, and where tripping a nuclear reactor would cause a sizeable
disturbance in the electrical grid.

There aretwo IAEA publications on the grid interface with NPPs, published a quarter of acentury ago (IAEA
TRS No. 224, Interaction of Grid Characteristics with Design and Performance of Nuclear Power Plants (1983) and
IAEA TRS No. 271, Introducing Nuclear Power Plantsinto Electrical Power Systems of Limited Capacity (1987)).
Since that time technology has evolved and significant experience has accumulated on the interaction between
NPPs and the grid systems in many Member States.

Currently there is an increase in the number of Member States considering embarking on a nuclear power
programme, and other Member States are considering adding new NPPs to their existing nuclear programme.
Considering the fact that a significant number of developing countries with small or weak grids are among those
considering a nuclear power programme, it is necessary to update the previous publications.

This publication addresses significant issues related to the grid interface with NPPs. It isintended for decision
makers, advisors and senior managers in governmental organizations, utilities, industrial organizations and
regulatory bodies in those countries adopting or expanding a nuclear power programme. It aims to assist managers
and engineers in organizations that are developing or operating NPPs, to help them understand the issues
concerning the grid system, as well as managers and engineers in organizations that are responsible for developing
and operating grid systems, to help them understand the specia characteristics and requirements of nuclear plants.
The information isalso useful for asupplier country to consider when assessing whether arecipient country isin an
acceptable condition to begin the implementation of a nuclear power programme.

The publication was produced by acommittee of international experts and advisors from nine Member States.
The IAEA wishes to thank al the participants and their Member States for their valuable contributions, in
particular, D. Ward (United Kingdom) for chairing the preparatory meetings. The |AEA officer responsible for this
publication was O. Gldckler of the Division of Nuclear Power.



EDITORIAL NOTE

This report has been edited by the editorial staff of the | AEA to the extent considered necessary for the reader’s assistance. It
does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of any person.

Although great care has been taken to maintain the accuracy of information contained in this publication, neither the |AEA nor
its Member Sates assume any responsibility for consequences which may arise fromits use.

The use of particular designations of countries or territories does not imply any judgement by the publisher, the |AEA, asto the
legal status of such countries or territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does not imply any intention to
infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the part of the |AEA.



CONTENTS

INTRODUGCTION . .ot et e e e e e e e e e e e e e e e e 1
L1 Background ... ... e 1
L2, O OOl VES ..ttt ettt 2
1.3. Scopeof thepubliCation . .. ... .. i 2
1.4. Intended usersof thepublication . ........ ... .. i e 2
LD, SUCIUNE . . et e e e e e e et e e e e e e 2
OVERVIEW OF AN ELECTRICAL GRID SYSTEM . ... 3
2.1. Component partsof thegrid system . ... . e 3
2.2. Management and OWNErSNiP . ..ottt e e 4
2.3. Commercia arrangementS . . .. ...ttt 5
2.4, CONrol arrangemMENtS . . oo ottt et e e e e e 5
2.5, INTErCONNECHIONS . . . . ottt e e e e e e e e e e e e 6
2.6, Key definitions . .. ... 6
SPECIAL FEATURES OF AN N PP . oo e e e 7
3.1, Basicsafety reqUIremMentS ... ..o 7
3.2. Requirementsfor electricity SUPPIY .. ..o e 7
3.3. Requirementsfor gridreliability ........ ... 8
34, Sizeof NUCIEEN UNITS . . . ..ot 9
3.5. Limitstoflexible operation . ... ...t 10
3.6. Development and CONStruCtion time .. ... ...ttt et e 11
3.7. Nuclear icensing reqUIremMENtS . ... oottt e et et 11
PLANNING AND OPERATING A RELIABLEGRID . ... . 12
A1, INtrOdUCLION . .ot 12
4.2, GridperformanCe . . ... o o 13
4.3, Control Of fTreqUENCY . ..ot e e 13
4.4, Control Of POWEr FlOW . . ... 14
45, Control Of VOItagEe ... ..o 15
4.6. Gridfaultsand power systemreliability standards . ............. .. .. ... i 15
4.7. RequirementS ON GENETaIOIS . . . o . vttt et et e e e e et e e e e e 17
4.8, SADIItY .o 19
4.9, Electrical proteCtion . ... ..ot 19
4.10. Control of fault level ... ... 20
A0, CYDEr-SECUNI Y .ottt e 20
4.12. Prevention of major blackouts and blackout restoration . .............. ... oo, 21
4.13. Control and communication arrangemMeENtS . ... ...ttt s 22
SIZEOF THE NUCLEAR UNIT L. e e 23
5.1 INtrOdUCTION .. .. e e 23
5.2. Controllingthefall infrequency . ............ e 23
5.3. Thebenefits of INterconneCctions .. ... ... e e 24
5.4. Restoring power flowsafter areaCtor trip . ...t e 25

5.5, Controlling Voltage ... ..ot 25



DEVELOPMENT ACTIVITIES ... e 26

6.1, INtrOdUCTION . . ..t e e e e e e 26
6.2. Transmission system operator'sactivities . ... ...t e 26
6.3. NPPdeveloper'saCtiVities . ... ...t e 26
6.4, CONSITAINTS . . o .ottt et e e e e e 27
B.5. MOE NG . ..o 27

6.5.1. Transmissionsystemmodelling . ...t e 27

6.5.2. Steady state operation (load flow analysis) ........... ... i 28

6.5.3. Power transfer capabilities . . ........ ... 29

6.5.4. Transient stability . ... ... 29

6.5.5. Frequency stability .. ... .ot 29

6.5.6. Voltage Stability . ... ..ot 29
SITECHOICE AND ASSESSMENT ... 30
7.1 INrOOUCTION . ot e e e e 30
7.2, Stepone regiona anNalySiS . . . ..t 30

7.21. Energy marketanddemand .......... .. e 30

7.22. Landavalability .. ..... ... 31

7.2.3. Grid capacity and grid Connection . .. ... ... ..t 31
7.3. Step two: screening of potential SIteS. ... . ... o 31
7.4. Stepthree: comparison and ranking . . .......o ot e 32
CONNECTING A NUCLEARPOWERPLANTTOTHEGRID ....... ... 32
8.1. Requirementsof the TSO . ... ..ot e e e 32
8.2. Cadlculation of the reliability of the off-sitepower .. ........ .. ... . i 32
8.3. Requirements of the NPP for two independent connections ................ ..., 33
8.4. Generator transformer design and SiZiNg . . ... oo vttt 35
8.5. Unittransformer design and Sizing . ... ..ottt 36
8.6. Stationtransformer design and SIZiNG . ... ...ttt 37
8.7. Generator design and SiZiNg . . .. oottt 37
CONSIDERATION OF UNUSUAL ORABNORMAL EVENTS .. ... it 38
ARRANGEMENTS BETWEEN THE TSO AND THE NPPOPERATOR . ...ttt 40
101, INrOQUCTION . vt ettt e e e e e e e e e e e e e e 40
10.2. Notification and coordination of OUtAgES . ... ..o oot e e 41
10.3. Notification of [0SSOf CONtINGENCY . . ... oot e 42
ROADMAP FOR CONNECTION OF AN NPP . .o 42
0 O 1 oo e o 42
11.2. Overall grid StUIES . ..ot e 43
11.3. Gridreliability and performance . ......... ... 43
I S U o = a4
11.5. NPPoperating CharaCteristiCs . . .. ..ot et et e 44
11.6. Site assessment and grid connectionstotheNPPsite ............. .. ... ... .. ... ... ..... 44
11.7. Power systemstandards ... ... .. 45
11.8. Grid control and communication arrangements . . ... ...ttt 45
11.9. Interface between NPP operator and TSO ... ..ottt 45

11.10. ReadineSSt0 COMMISSION . . ..ottt ettt e e e e e e e e e e e e e 46



12. EFFECTS OF CLIMATE CHANGE . ... e 46

121, INtrodUCION . . .o oo e 46

12.2. Effect on NPPs and transmission system reliability .............. ... ... . ... ... . . ..... 46
12.2.1. SIrONG WINAS . . oottt e 46

12.2.2. Cold weather, iCe and SNOW . . .. ..ot 47

12.2.3. ThUNDEISIOIMS . . . oo e e e e 47

12.2.4. High temMPeratures . .. ..ottt et et et e 47

12.2.5. Floods and rising sealevels . . ........ .. i e 47

13. CASE STUDIES OF PLANNING AND OPERATING EXPERIENCE . ....................... 47
13,0, INtrodUCHION ... 47
13,2, CNINa oo 48

13,3 FiNland . ... e 49

134, QWM . o 50

13.5. United States of AMEKICa . . ... ..ot 51

13.6. United KINGAOM . . . .. o 52

R N - o7 o 53

14, SUMMARY AND CONCLUSIONS . ... e e 54
APPENDIX I: EXAMPLES OF GRID FAULTS . ...t 57
APPENDIX Il: MAXIMUM UNIT SIZE ... e 59
APPENDIX I1l: CHECK LIST OF QUESTIONS AT VARIOUS STAGES OF AN NPP PROJECT ...... 63
REFERENCES . ..o e 67
GLOS S A RY i 69
ABBREVIATIONS . 75
CONTRIBUTORS TO DRAFTING AND REVIEW . . .. e 77

STRUCTURE OF THE IAEANUCLEAR ENERGY SERIES ... ... ... . e 78






1. INTRODUCTION

1.1. BACKGROUND

The safe and economic operation of a nuclear power plant (NPP) requires the plant to be connected to an
electrical grid system that has adequate capacity for exporting the power from the NPP, and for providing areliable
electrical supply to the NPP for safe startup, operation and normal or emergency shutdown of the plant. Connection
of any large new power plant to the electrical grid system in a country may require significant modification and
strengthening of the grid system, but for NPPs there may be added requirements to the structure of the grid system
and the way it is controlled and maintained to ensure adequate reliability. The organization responsible for the NPP
and the organization responsible for the grid system will need to establish and agree the necessary characteristics of
the grid and of the NPP, well before the NPP is built, so that they are compatible with each other. They will aso
need to agree the necessary modifications to the grid system, and how they are to be financed.

For a Member State that does not yet use nuclear power, the introduction and development of nuclear power
isamajor undertaking. It requiresthe country to build physical infrastructure and devel op human resources so it can
construct and operate a nuclear power plant (NPP) in a safe, secure and technically sound manner. The IAEA is
preparing a series of guidesto assist Member States in these endeavours. Reference [1] is one of these guides which
identifies and provides guidance on nineteen infrastructure issues that need to be addressed in the introduction of a
nuclear power programme. One of these infrastructure issues is the devel opment of the electrical grid.

Whilst most Member States already have an electrical grid system, it may require significant development to
be suitable for the connection of an NPP. For a country that does not yet have an NPP, the necessary maodifications
to the grid system may be extensive. The modifications will include the new physical connections from the existing
grid system to the NPP site, but may also include other changes to the grid system and the way it is operated and
maintained to ensure that it can provide areliable electrical supply to the NPP, to ensure safe and secure operation
of the NPP. The key issues are the particular requirements of the NPP with regard to nuclear safety and areliable
electrical supply, and the large unit size of standard NPP designs. Experience in Member States that have operating
NPPs shows that careful attention must be paid to the design and operation of the electrical grid system and the
interface between the NPPs and the grid, in order to avoid events that might challenge the safety of the nuclear
plant. Connecting an NPP to the grid requires the consideration of issues in addition to those that would be
considered to connect alarge fossil fuel power station or hydroelectric power station.

Even for a country that aready uses nuclear power, the addition of a new NPP may require significant
investment to develop and strengthen the existing electric grid, depending on the size and location of the new NPP.
In many Member States, the organization of the electricity industry now is very different from the organization at
the time that the earlier NPPs were built, with separation now between the transmission system operator and the
operators of power plants, and with different commercial arrangements for the trading of electricity. Hence, the
arrangements for connecting a new NPP may require negotiations and new commercial agreements between
separate organizations.

Recent IAEA publications [1-3] provide a brief indication of some of the issues related to the electrical grid
and NPPs; this publication provides more detail, and also updates the advice that was contained in technical reports
published by the IAEA in the 1980s [4—6], making use of the experience in Member States since those publications
were written.

In March 2011, while this publication was in preparation, the Fukushima Daiichi NPP in Japan suffered
severe damage from an exceptionally strong earthquake followed by flooding from a tsunami. The details of this
event are till being investigated, and it will be some time before all the lessons from it are known and published.
However, as the vulnerability of the grid connections to the plant were a contributory cause of the severe damage,
this publication makes someinitial comments on this event.



1.2. OBJECTIVES

This publication is intended to provide an understanding of the characteristics of the electrical grid system
from the point of view of an NPP and the specia requirements of an NPP with regard to its grid connection; the
quality and reliability of its electrical supply. It should be of particular assistance to Member States that are
considering the introduction of nuclear power for the first time to ensure that they consider all the interactions
between the electrical grid and the NPP.

This publication is also intended to be helpful to Member States that already have NPPsin operation and may
be considering the installation of new NPPs after an interval of many years. For these Member States, this report
provides a reminder of the issues related to the electrical grid system that should be considered when installing a
new NPP. This is important because many Member States have changed the structure of the electricity supply
industry so that the organization that is responsible for the electrical grid system is now separate from the
organization that will be responsible for a new NPP.

1.3. SCOPE OF THE PUBLICATION

This publication providesinformation on the requirements of the electrical grid and the requirements of NPPs,
the way in which they rely on each other, and the recommended interactions. It describes the necessary
characteristics of the electrical grid system that are required for the connection and successful operation of an NPP,
and the characteristics of an NPP that are significant for the design and operation of the electrical grid system. The
publication explains the issues that should be considered when a NPP is being planned, and the information that
must be exchanged between the devel oper of an NPP and the organization that is responsible for the electrical grid
during the design and construction of an NPP. It also describes the requirements for the way that the grid system is
operated when the NPP is in operation, and the relationship between the operator of an NPP and the organization
that operates the grid system at that time.

This publication is not intended to be a detailed guide to the design, analysis and operation of grid systems,
which are described in many electrical engineering textbooks. Nor does this publication describe the detailed design
of electrical systemswithin NPPs, which is dealt with in Ref. [7].

1.4, INTENDED USERS OF THE PUBLICATION

Theintended users of this publication are Member States considering the construction of a new nuclear power
plant. This includes Member States introducing nuclear power for the first time, and those that already have NPPs
in operation and are considering building a new NPP after many years..

For Member States that are considering the introduction of nuclear power for the first time, this publication is
intended to be useful to the organization set up to carry out a feasibility study and advise the government before a
decision has been made to proceed with a nuclear power programme [2], to allow that organization to understand
the issues related to the electrical grid, so they can be properly included in the feasibility study.

When a decision has been made to build a new NPP, it is necessary to consider al the issues where the NPP
and the electrical grid system can interact. This publication is intended to enable engineers and managers in the
organization responsible for the NPP to understand the issues related to the grid, and to enable engineers and
managers in the organization responsible for the transmission system to understand the special requirements of
NPPs that affect the design and operation of the electrica grid.

1.5. STRUCTURE

This publication has been divided into sections including this introduction followed by three appendices.
Section 2 presents an overview of the main features of an electrical grid system and outlines the differencesin
organization of the electricity supply industry that may be present in different Member States. It aso defines and



explains the terms *transmission system operator’ (TSO) and ‘NPP developer’ or ‘NPP operator’ that are used
throughout this publication.

Section 3 presents the key features of NPPs and their requirements for a stable and reliable electrical grid
system so that TSOs may understand the ways in which nuclear plants are different from other forms of generation.
Section 4 describes the features of the design and operation of the transmission system to ensure its reliability, the
impact of this on an NPP, and how the design and operation of the transmission system can be affected by the
introduction of anew NPP.

Section 5 discusses the issues concerning the large size of currently available nuclear units, as this is a
particular issue for smaller grid networks, or smaller countries that are not strongly connected to the grid systems of
neighbouring countries.

Section 6 discusses the activities of the TSO and NPP developer in order to progress an NPP project, and
introduces the various types of modelling that are needed for the design and development of the grid system.

Section 7 discusses the choice and assessment of a site for anew NPP, and the issues related to the connection
to the electricity transmission system connection.

Section 8 describes the issues that arise when designing the connections to the transmission system and the
electricity substation for a NPP.

Section 9 summarizes arange of grid events that need to be considered for their potential effect on the NPP
and it safety systems, and which should be included in the training for NPP operators.

Section 10 describes the arrangements that need to be in place when the NPP starts operation, to ensure proper
communication between the NPP operator and the transmission system operator (TSO) during future operation of
the NPP.

Section 11 presents aroadmap of the activities that have to be undertaken by the transmission system operator
(TSO) and the NPP developer in order to connect a NPP.

Section 12 provides a brief discussion of the possible effects of climate change on grid transmission systems,
and on generation.

Section 13 presents some case studies of experience of Member States related to grid planning, reliability and
operation as they affect the planning and operation of NPPs, including some initial comments on the events at the
Fukushima Daiichi NPP in March 2011.

Section 14 provides a general summary and conclusions.

There are three appendices. The first presents a detailed summary of faults that can occur on a high voltage
transmission system. The second presents the results of a computer simulation of system frequency following the
trip of alarge nuclear unit connected to asmall system, which illustrates the issues discussed in Section 5. The third
appendix is a checklist of the issues related to the transmission system that should be considered at various stages
of an NPP project.

Finally thereisalist of abbreviations and a glossary.

2. OVERVIEW OF AN ELECTRICAL GRID SYSTEM

2.1. COMPONENT PARTS OF THE GRID SYSTEM

In most Member States, the public electricity supply system comprises a single interconnected alternating
current network that connects together all the power plants and other sources of electrical power with electricity to
consumers. The electricity supply system uses arange of voltage levels. extra high voltage lines (e.g. 400 kV and
higher three-phase) are used to transmit large amounts of power long distances; medium voltage lines are used to
transmit power shorter distances and to connect large industrial consumers; and low voltages (such as 230V single
phase in Europe or 110 V single phase in the USA) are used to provide supplies to domestic consumers. Some
electricity systems also include one or more high voltage direct current (HVDC) links to interconnect to
neighbouring countries, or to transmit power long distances.



The main components of the electricity supply system include:

— Power plants of various kinds and sizes;

— Overhead lines operated at various voltages,

— Underground cables operated at various voltages;

— Substations (switchyards) with switching facilities where overhead lines and underground cables are
interconnected, and where power plants may be connected;

— Transformers (often located in substations) to connect parts of the network operating at different voltages,

— HVDC connections (comprising a converter station at each end, and an overhead line or underground cable
connection between them);

— Electrical protection, monitoring and metering equipment;

— Communication and control systems;

— One or more control centres.

The public electricity system can be considered to comprise two significantly different kinds of networks: the
transmission system(s), and the distribution systems(s). Because of their different purposes, the transmission
systems and distribution systems are designed, operated and controlled in different ways.

The transmission system (also commonly called the ‘grid system’) comprises those parts of the system
(overhead lines, underground cables, substations, transformers) operating at very high voltage (generally greater
than 100 kV), which are used to transmit large amounts of power long distances between large power plants and
load centres. In most countries, the large majority of circuits on the transmission system are overhead lines, because
of the ease and speed of installation and the much lower cost compared to underground cables. Overhead lines on
the transmission system are normally carried on tall steel |attice towers.

The distribution systems comprise those parts of the system operated at lower voltages (lessthan 100 kV), and
used to transmit smaller amounts of power shorter distances from the high voltage transmission network to
individual customers at the voltage level the customer needs. The overhead lines on distribution systems may be
carried on smaller steel lattice towers, or wooden or concrete poles. In urban areas underground cables are often
used instead of overhead lines. In many countries the transmission and distribution systems are owned and operated
by different companies or organizations.

Because of their large capacity, NPPs would be connected to the transmission network, similar to other large
power plants. Because of this, distribution systems are not generally important to NPPs and are not discussed
further in this publication.

2.2. MANAGEMENT AND OWNERSHIP

The arrangements for ownership and operation of the public electricity system are different in different
countries.

In some Member States the public electricity system is entirely state owned, where the construction and
operation of power plants, the transmission network, and the distribution networks are the responsibility of asingle
organization. By contrast, in other Member States, the public electricity system has been divided and deregulated so
that the company or organization that is responsible for the transmission system is separate from the companies or
organizations that are responsible for power stations or distribution systems; and many or all of these organizations
can be privately-owned commercial companies. Other Member States have electricity systems where arrangements
are between these two. In some Member States there is a single transmission system operator, while other Member
States have two or more transmission system operators with each one responsible for a defined geographical area of
the country.

Where the electricity system in a Member State has been divided between separate organizations, it is
important to recognize that each different organization will have its own objectives and responsibilities that may
conflict with the objectives and responsihilities of other organizations. The organization that will be the operator of
anew NPP has the primary responsibility for the safety of the NPP [8] and will have to satisfy the requirements of
the nuclear regulatory authority in the country. The operator of the transmission system usualy has the
responsibility for the secure and economic operation of the electricity system as a whole, and may have to satisfy



the different requirements of the energy ministry or energy regulator in the country. Where the electricity systemin
the country has been deregulated, the operator of the transmission network may also have a legal obligation to
encourage commercial competition between power stations, and may not be permitted to treat different power
stations differently.

2.3. COMMERCIAL ARRANGEMENTS

There are many differences between the commercial arrangementsin Member States for the sale of electricity,
and for the financing of the transmission system.

In countries where the electricity industry is wholly or largely owned by the government, it is normal for the
government to set the price for the sale of electricity. In some countries where the power stations and the grid
system are owned and operated by commercia companies, they may still be regulated by the government, with the
government or a government agency setting or agreeing the price of electricity. In countries where power plants are
owned by private companies, and the electricity industry has been completely deregulated, the price of electricity is
determined by market competition. Because of the expected benefit of greater efficiency and lower electricity
prices, many Member States are considering changing their electricity systems from state owned or regulated
arrangements to partialy deregulated or fully deregulated arrangements where there is commercial competition
between generating companies.

In countries where there has been full deregulation of the electricity system, the generating companies have
the opportunity to sell their power at the time and location that is most profitable for them. Changesin the electricity
market, based on commercia decisions, can modify the power flows on short timescales, which can cause
difficulties for the transmission system operator in controlling the system. Thisis discussed further in Section 4.4.
Reference [9] provides evidence that deregulation of the electricity system may cause a change in the reliability of
the grid connections to NPPs.

There are differences between Member States in the way that the cost of the transmission system is paid for.
In some countries, the transmission system is paid for by the government, or directly by electricity consumers as
part of the price of electricity. In other countries, power plants pay part of the cost of the transmission system. The
power plants may pay afee based on their capacity (MW) or their output (MW- h) or a combination of the two. A
new power plant may have to pay directly for the capital cost of additions or modification to the transmission
system that are needed to allow the power plant to connect.

24. CONTROL ARRANGEMENTS

In all countries the transmission system is controlled from one or more control centres: a single control centre
may control the whole country, or there may be severa control centres, each controlling one geographical area of
the country. The duties of the control centre are to control the transmission system as a whole, to ensure that
generation and demand are balanced so that frequency is controlled, to control voltage levels, to control power
flows, and to ensure that the system has sufficient redundancy to be secure against anticipated faults.

The transmission control centre will carry out switching operations on transmission circuits as necessary, but
also needs to control the operation of power plants. In Member States where the electricity industry is state owned,
the transmission control centre would normally instruct each power plant at what level to generate, and to increase
or decrease generation as necessary to match the varying demand. In Member States where the electricity market
has been completely deregulated, the operators of the individual power stations would decide on their planned
generation based on commercial considerations, and notify the transmission control centre of their intentions.
However the transmission control centre must still have power to instruct power stations to change generation
output when necessary, and to provide ancillary services (as defined in the glossary) so that the system can be
controlled in both normal and abnormal circumstances to preserve system stability.

The grid control centreitself needs to be secure, and needs secure and diverse communication routes to power
plants and other control centres. Thisis discussed further in Section 4.13.



2.5. INTERCONNECTIONS

There are differences between Member States concerning connections to neighbouring countries. In some
Member States the electricity system has no electrical connection to neighbouring countries. Other Member States
have weak connections to one or more neighbouring countries that can be used to import or export a small amount
of power. In yet other Member States the connections to neighbouring countries are strong, with the capability for
large power flows between countries, and the neighbouring countries can be considered a single integrated network.

Where there are interconnections between Member States, it is necessary for there to be appropriate legal and
commercial agreements between the Member States and their transmission system operators for the necessary
control of the interconnection. It is necessary to have agreed procedures for good communication between the
control centres for planning and controlling power flows on the interconnector, for the provision of ancillary
services for control of frequency and voltage, and for prompt action in emergency situations. Poor communication
between control centresis a potential cause of widespread blackouts, as discussed in Section 4.12.

Interconnections between Member States may be very important for providing assistance to control system
frequency after the trip of anuclear unit. Thisis discussed further in Section 5.

2.6. KEY DEFINITIONS

The various organizational and commercial arrangements previously described do not change the technical
issues related to the connection of an NPP into the transmission system of a country but they may change the nature
of agreements between the different organizations and the commercial effect on them of different options. It is not
possible in one publication to consider all the possible organizations of the electricity supply system in a Member
State. This publication has been written assuming that the future owner or operator of the NPP is a separate legal
entity from the operator of the transmission system, and the responsibilities of these entities is summarized below.

NPP developer and NPP operator

In this publication the term ‘NPP operator’ is used to describe the company or organization that will operate
the NPP, to distinguish it from transmission system operator. The NPP operator has the primary responsibility for
the safe operation of the NPP [8], and will have to satisfy the requirements of the nuclear regulatory authority in the
country. Before the NPP has been built, the NPP operator may also be called the * NPP developer’.

In other IAEA publications [1, 3] the term 'owner/operator' is used for this company or organization and
Ref. [3] provides a summary of the responsibilities and necessary capabilities of such an organization.

Transmission system operator (TSO)

In this publication the term ‘ transmission system operator’ (TSO) is used for the company or organization that
isresponsible for the transmission system to which the NPP will connect. There may be more than one TSO in the
country, each responsible for its own geographical area. The TSO will normally have to satisfy the requirements of
the energy ministry or energy regulator in the country. It is assumed that the responsibilities of this organization
include:

— Long term studies of the transmission system, to understand the impact of changes in electricity demand and
the effect of new power plants or the closure of old power plants;

— Design and construction of additions and reinforcements to the transmission system because of changes in
electricity demand, to allow new power plantsto connect, and to meet defined performance standards;

— Planning outages of transmission system circuits and components for maintenance, and carrying out such
maintenance;

— Real time operation of the transmission system in normal conditions, following anticipated faults, and in
emergency conditions, from anational or regional control centre;

— Communicating and collaborating with TSOs in neighbouring regions or countries to which there are
interconnections, for all the actions required for real time operation.



The actions required for real time operation include:

— Ensuring that the system has sufficient redundancy to be secure against anticipated faults;

— Forecasting demand;

— Instructing power plants to change output to match demand;

— Monitoring and controlling power flows;

— Monitoring and controlling system frequency and voltage;

— Developing and practicing procedures for the restoration of supply after local or widespread blackouts, and
carrying out these procedures if blackouts occur.

In some Member States, the responsihilities of the TSO, as previously summarized, may be divided between
two or more organizations, where some are transmission system owners, (who own the transmission equipment,
and are primarily responsible for its maintenance, etc.) and some are system operators (who are primarily
responsible for the operation of the system from the national or regional control centre). The precise division of
responsibilities between these organizations would depend on the arrangements in the country concerned, and the
NPP operator would need to enter into the appropriate legally binding agreements with each organization. However,
in this publication, it is assumed that the TSO is a single organization that combines these responsibilities of the
transmission system owner and system operator.

3. SPECIAL FEATURES OF AN NPP

3.1. BASIC SAFETY REQUIREMENTS

NPPs have some similarities to large fossil fuel power plants. The steam turbine, the generator and the large
power transformers, and the arrangements for cooling via cooling towers or seawater, are similar. The nuclear
reactor is the source of heat to produce steam, similar to the combustion chamber and boiler in afossil fuel power
plant.

The key difference between NPPs and other power plants is that a nuclear reactor has the potential to cause
serious harm to employees and members of the public and cause widespread damage to the environment, if it is not
safely controlled. Thiswasillustrated by the severe accidents that happened at Unit 4 of Chernobyl NPP in Ukraine
in April 1986, and at Fukushima Daiichi NPP in Japan in March 2011. Hence nuclear safety is the primary
consideration at all timesin the design and operation of an NPP.

Because of the potential safety issue with nuclear plants, all Member States with NPPs have an independent
nuclear regulatory body, established by the government, that licenses and regulates the commercial use of nuclear
materials to ensure adequate protection of public health and safety, promote the security of nuclear materials, and
protect the environment [8]. The design of the NPP must be licensed by the regulatory body, and the NPP operator
must also be licensed to operate the plant. The NPP operator may only operate the NPP within the limits set by the
plant’s operating license or operating rules, and the NPP operator does not have the freedom to change the operation
of the NPP if this would take the plant outside the limits set by the operating license or operating rules. This places
limits on the kind of operational instructions from the TSO’s grid control centre that the NPP operator can accept.

3.2. REQUIREMENTSFOR ELECTRICITY SUPPLY

An important characteristic of all nuclear power plantsisthat after a nuclear reactor is shut down, it continuesto
produce a significant amount of heat for an extended period. With current designs, the thermal power of the reactor
immediately after shutdown is around 6.5% of the power before shutdown, although this reduces to around 1.5% after
one hour, and 0.4% after one day. Hence the reactor cooling systems must continue to operate for severa days after a
reactor shuts down, to prevent overheating and damage to the reactor core. Therefore, reliable cooling arrangements



must be provided, and this requires robust and diverse sources of reliable electrical supply. The prolonged
unavailability of offsite electrical power and the failure of on-site power systems was a significant contributor to the
damage to the reactors and release of radioactivity from Fukushima Daiichi NPP in Japan in March 2011.

Depending on the plant design, electrical power is needed for most or all safety functions. The fundamental
safety functions of a nuclear reactor safety systems identified in Ref. [10] are:

— Control of reactivity;

— Transport of heat from the core;

— Confinement of radioactive materias;
— Control of operational discharges;

— Limitation of accidental releases.

As electrical power is needed for these safety functions, all possible measures should be taken to protect the
electrical systems against common cause failures (CCF). Elements in this defence against CCF are a good
understanding of events that could challenge the electrical systems and a robust defence against these challenges,
clearly defined design bases that are regularly confirmed and a suitable diversity of the power supplies.

The electrical power systems are needed during all modes of operation: startup; normal operation; during and
after reactor shutdown; and as a high priority source of power during certain nuclear events. Specia attention must
be given during the periods when the reactor is shut down, that the electrical power systems continue to fulfil the
applicable safety requirements. Specia attention must also be given when parts of the transmission system near to
the NPP are taken out of operation for maintenance or surveillance testing.

The safety systems of the NPP are designed for continuous operation with limited variations in voltage and
frequency from the nominal values. This operating area defines the initial values for pump speed (giving flow and
pressure) in the thermo-hydraulic safety analyses for the NPP. Hence voltage and frequency of the electricity supply
must also be controlled within a defined narrow range.

Because of thisreliance on electrical power, nuclear plants are normally required by their operating licence to
have multiple sources of electricity [11], including a minimum of two independent offsite power sources (i.e. two
connections from the transmission system to the NPP), and onsite power sources (typically a combination of
batteries and diesels or small gas turbines).

Based on the operating experience gathered from extreme external events such as hurricanes, tornados,
flooding, earthquakes and tsunamis, many NPP operators have taken additional measures to ensure availability of
AC power. Some examples of such design improvements are to have hardened structures to house emergency
power sources using diesel oil and gas, diverse electrical paths through overhead and underground cables, and
connectivity to geographically separate electrical grid networks.

Some modern advanced designs of NPP with passive safety features may not be required to have two
independent off site supplies to satisfy their operating licence. However, for practical reasons (e.g. to alow
maintenance on transformers and switchgear) it would be normal to have at least two connections.

The full electrical load of the auxiliaries of a NPP is typically 5-8% of the NPP rated load. Hence the
electrical connection to the NPP must be able to supply this load during reactor startup, and immediately after
reactor shutdown, whether from a planned shut down or an unplanned reactor trip that may occur at any time.

3.3. REQUIREMENTS FOR GRID RELIABILITY

The transmission system is the source of power to the offsite power system. In Member States that already
have operating NPPs, the transmission system is generally demonstrated to have higher availability and reliability
than the on-site emergency power system because of the diverse and multiple generators connected to the
transmission system. Hence NPPs generally consider offsite power as the primary source (preferred source) of
power for cooling down the reactor during normal and emergency shutdowns. This means that the connections to
the grid must have adequate capacity and capability to provide rated power to safety grade electrical equipment in
the NPP to perform its function. The degree to which the grid can maintain an uninterruptible power supply to the
NPP with sufficient capacity, and with adequate voltage and frequency, is the measure of grid reliability from the
point of view of the NPP.



The loss of al aternating current (AC) power to the safety and non-safety busses at a NPP involves the
simultaneous loss of offsite power (LOOP), turbine trip, and the loss of the onsite power supplies. Such a condition
isreferred to as a station blackout (SBO). Risk analyses performed for NPPs indicate that a station blackout event
isasignificant contributor to the cal culated core damage probability [12]. Although NPPs are designed to cope with
a LOOP event through the use of on-site power supplies, LOOP events are considered precursors to station
blackout. Anincrease in the frequency or duration of L OOP eventsincreases the probability of station blackout and
hence of core damage. Hence it isimportant that the transmission system can provide areliable electrical supply to
an NPP, with adequate capacity.

Faults on the grid system at a significant distance from a NPP can be the cause of reactor trips or the loss of
offsite power (LOOP). Thisisillustrated by the events described in Refs[13, 14] and in Section 13.5. The appendix
in Ref. [9] gives examples of other events where unreliability of the grid presented a challenge to nuclear safety.

In addition to requiring the grid system and the grid connection to the NPP to be reliable, NPPs also require
the grid supply to have sufficient capacity, and to be of an appropriate quality, with both voltage and frequency to
be maintained within defined ranges. It may be arequirement of the nuclear regulatory body in the country that the
NPP disconnects or shuts down if the grid frequency goes outside the acceptable range, or if the grid voltage
becomes so high or low that voltages within the plant are unacceptable.

NPPs aso require a stable and reliable grid for other reasons:

— So that the number of unplanned trips of the nuclear unit from power caused by grid faults or unusua grid
behaviour is small compared with the total number of unplanned trips alowed in the design and safety
assessments,

— For commercial reasons so that the nuclear units can achieve a high load factor, unconstrained by grid
restrictions or grid faults, and that trips caused by grid behaviour do not shorten the life of the plant.

3.4. SIZE OF NUCLEARUNITS

The size of anuclear unit in this context refers to the maximum electrical power that a nuclear unit can export
to the transmission system. Partly driven by economies of scale, there has been a steady increase in the size of new
nuclear units, so the designs of nuclear unitsthat are currently available from international nuclear plant vendors are
large, generally greater than 1000 MW. Designs for small and medium size reactors are under development, but are
not likely to be available for commercial use for a number of years.

Asaconseguence, anew nuclear unit built now isamost certain to be the largest single generating unit on the
system to which it is connected. Thiswill be a particular issue if it is to be connected to a relatively small system,
as a single nuclear unit will represent a large percentage of the generation capacity installed on that system. The
particular issues are:

— The need to control the large and rapid changes in frequency, voltage and power flow that will occur after a
trip of the nuclear unit or if afault on the transmission system disconnects the nuclear unit;

— The need to have sufficient generation to meet electricity demand during periods that the nuclear unit is shut
down, whether for planned maintenance or following afault or unplanned trip;

— From the point of view of the NPP, the need to ensure that atrip of anuclear unit will not cause aloss of offsite
power to the NPP, and the voltage and frequency of the offsite supply will remain within the acceptable range.

If the current or future electricity demand of the country istoo small, and thereis not a reasonable prospect of
developing strong grid connections to neighbouring countries, then a conclusion of a feasibility study of the
introduction of nuclear power into a Member State could be that the country is not able to consider nuclear power
until smaller nuclear units become available.

Thisissueisdiscussed further in Section 5.



3.5. LIMITSTO FLEXIBLE OPERATION

All grid systems require some generation to be able to operate flexibly, to allow generation to change to match
variations in demand, not only hour-by-hour, but also minute-by-minute and second-by-second. Countries that have
a grid system that is interconnected to the grid systems of other countries will also need to operate generation
flexibly in order to control power flows across the interconnectors to other networks as demand varies. In countries
that have deregulated and privatized their electricity systems there is usually a payment to the generator for
operating flexibly. Thisis sometimes termed an ‘ancillary service’ or ‘balancing mechanism'’.

Flexible operation of a generating unit could include one or more of the following:

(@ Reducing or increasing generated output in a planned way over a number of hours (e.g. gradually reducing
output in the late evening and increasing output again in the early morning);

(b) Reducing or increasing output either on instruction from the control centre of the TSO, or in response to a
control signal from the control centre, which would normally require the output from the unit to start to
change within afew minutes of the instruction;

(c) Operating in automatic frequency control mode (as defined in the glossary), so that the output changes
automatically in response to changesin system frequency. This would require the generated output to change
within afew seconds.

Normally, load following (a or b above) or automatic frequency control (c above) is provided by those
generators most easily able to provide it, such as large hydroelectric units or certain designs of fossil fired units.
Nuclear units generally are less flexible than fossil fired units, and the different nuclear technologies (PWR, BWR,
and CANDU) have different capabilities. Some early nuclear units had extremely limited ability to change output
on instruction. More modern nuclear units generally have greater capability, but because of the effect of thermal
transients during load changes, will have restrictions in their safety cases or operating licences that limit the
magnitude or speed of load variation or the number of load cycles. The nuclear regulatory authorities in some
Member States only permit load changes that are under the direct control of the NPP's licensed operating staff,
because of nuclear safety considerations; this means that automatic load following in response to a control signal
from the grid control centre, or automatic frequency control mode, would not be permitted in those Member States.

Nuclear units have high capital cost, but relatively low fuel costs, so for purely commercial reasons, it is aso
preferable to operate nuclear units at full load, and to use other generating units (e.g. fossil fuel units that have
higher fuel cost) to do load following or provide automatic frequency control. International experience from
operating nuclear units is that frequent operation in load following or automatic frequency control modes leads to
poorer reliability of the nuclear plant, less efficient use of the nuclear fuel, increased maintenance requirements and
possibly shorter plant life.

Because of this, the most preferred mode of operation of NPPsis at steady full 1oad, with load reductions only
when required for shutdown for maintenance and refuelling. The second preferred mode of operation is normally at
steady load, but increasing or reducing load at a controlled rate on alimited number of occasions when required by
grid conditions, asin (a) above. The least preferred mode of operation is continuously varying output, asin (b) or
(c) above, particularly if large variations of system frequency are common.

The time required to start up a nuclear unit from a fully shutdown condition is typically considerably longer
than required by aconventional fossil fuel plant and very much longer than required for a hydroelectric power plant.
During a reactor startup after a refuelling outage, there is usualy a need for tests, and a rather slow increase in
power over severa days in order to condition the fuel. If the nuclear unit has shut down because of an unplanned
trip there is likely to be an additional delay before the reactor can restart because of requirements in the NPPs
operating licence to investigate and understand the cause of the reactor trip before the reactor can be returned to
power. Because of this longer startup time and other restrictions in their operating licences, nuclear units are not
used as black start power plants (as defined in the glossary).

For reactor designs that shut down for refuelling (PWRs and BWRS), the ability of the reactor to change output
is greatly reduced towards the end of the fuel cycle — in the few weeks before the reactor shuts down for refuelling.
After a PWR or BWR has been refuelled, the new fuel has to be ‘conditioned’ when the reactor returns to power,
which means that in the first few days after return to service, the reactor power has to be kept steady and increased
slowly, so the reactor cannot operate flexibly during this period of afew days at the beginning of the fuel cycle.
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If the TSO believes there is a requirement for the nuclear units to be able to operate flexibly, then the
requirements should be discussed with the NPP developer very early in the design stage, so it can be considered
fully in the design and safety assessment of the plant.

As a result of the concern about global warming, and also because of concern about the future cost and
availability of fossil fuels, the governments in many Member States are considering ways of reducing the carbon
dioxide emissions arising from electricity generation. This has resulted in renewed interest in building NPPs, and
also plans to increase the use of other forms of generation that have lower or zero emissions of carbon dioxide. In a
number of Member States this has resulted in rapid growth in the number of wind turbines, and in future may cause
an increase in other generating technologies such as solar photovoltaic or solar thermal generation, wave power, or
tidal power. A common characteristic of these forms of generation is the variability and limited predictability of
their output. One effect of the growth of these forms of renewable generation is to increase the need for other
generating units to operate flexibly, to assist in balancing generation with demand where there are large variations
in the output from renewabl e generation. This may increase the need for nuclear unitsto be ableto load follow. The
TSO should consider this future change in generating technology in the assessment of the need for flexible
operation.

3.6. DEVELOPMENT AND CONSTRUCTION TIME

Historically, the construction time of many NPPs had been significantly longer than the construction time of
conventional fossil fuel power stations. Developments in construction techniques and improved project
management techniques have reduced the planned construction time of the latest NPP designs, but the construction
time is till longer than can be achieved with modern fossil fuel alternatives, such as combined cycle gas turbines.
In addition, several years will be required for selection, assessment and approval of the location of the site for the
NPP, assessment of the available designs, and to obtain the approval of the nuclear regulatory body as discussed in
Section 3.7, before construction can start. Hence the overall length of the full development cycle, from the first
proposal to build the NPP until it enters commercial service is likely to be more than 10 years, which is
considerably longer than for fossil fuel plant. As aconsegquence, conditions on the transmission system may change
significantly while the NPP is being planned and then constructed. Hence grid system studies related to the NPP
may need to be re-assessed several times before the NPP enters service.

3.7. NUCLEARLICENSING REQUIREMENTS

Inal Member States that have operating NPPs, it is necessary for the NPP operator to apply to that country’s
nuclear regulatory authority for alicense or licences. Historically, the licensing had been done in two phases with
first a construction license, which is required before construction can start, and the second a license for operation.
The evolving issues surrounding the operational license added delays and uncertainties. As aresult, the application
for a NPP construction license has been streamlined in many Member State to a single step process for both
construction and operating licenses.

Thefirst step towards the beginning construction of a NPP is for the NPP devel oper to prepare an application
for a construction license for the specific design and location planned. The typical duration for aregulatory review
for a fully developed and completed application is two years after the application has been received. If the
information provided with the application is not fully developed, then the process is likely to take longer. The
application is essentially a preliminary safety analysis of the plant addressing the following:

— The specific number, type, and thermal power level of the facilities, for which the site will be used;

— A description and safety assessment of the site with an analysis and evaluation of the major structures,
systems, and components of the facility that bear significantly on the acceptability of the site under the
radiological consegquence evaluation;

— The€electrical grid to which the plant will be connected, its reliability and capability to ensure the safety of the
plant;
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— The anticipated maximum levels of radiological and therma effluents each facility will produce and its
impact on the people and environment;

— Thetype of cooling systems, intakes, and outflows that may be associated with the facility;

— The seismic, meteorological, hydrologic, and geologic characteristics of the proposed site with appropriate
consideration of the most severe of the natural phenomenathat have been historically reported for the site and
surrounding area and with sufficient margin for the limited accuracy, quantity, and period of timein which the
historical data have been accumulated.

There are other regional specific and country specific requirements required as part of the application to
provide assurance to the regulator that a NPP installation and its operation will not be detrimental to safety of the
public.

It will be seen from the list above that some of the information that the NPP developer needs for the licence
application will require the assistance of the transmission system operator, and that the TSO will need to provide
thisinformation to the NPP developer several years before the planned start of construction of the NPP,

4. PLANNING AND OPERATING A RELIABLE GRID

4.1. INTRODUCTION

Section 3 has explained that NPPs require reliable connections to a stable and reliabl e transmission system, so
that the transmission system can provide areliable supply to the NPP for startup, safe operation and shut down, the
NPP can operate with high load factor with few restrictions on output, and reactor shutdowns caused by problems
on the grid system are rare events. This section describes the various strategies that a TSO will need to follow, and
the actions that a TSO will need to take, to ensure that the grid system remains stable and reliable, and how these
strategies and actions may be affected by the installation of a new NPP.

A stable and reliable grid would be one where voltage and frequency are controlled within pre-defined limits
and disconnections are infrequent events. Typical values are:

— Frequency is controlled within +/-1% of nominal frequency for the majority of the time. Frequency may go
outside +/-1% for short periods on a few occasions per year, to alimit of around +3% and —5%;

— Voltage is controlled within +/-5% of the nominal value on the high voltage transmission system for the
majority of the time. Voltage can go outside this range for short periods on afew occasions each year, with a
limit of up to +/—10%, depending on the nominal voltage;

— Eventsthat disconnect parts of the grid, or lead to blackout of amajor part of the grid are rare (much less than
once per year). Thisapplies particularly to that part of the grid to which the NPP is connected,;

— The grid recovery following aregional blackout restores power for essential services, including offsite power
for NPPs, in less than two hours.

In the majority of Member States that already have operating nuclear power plants, the voltage and frequency
are controlled more closely than the figures quoted above, and blackout events affecting a significant areaoccur less
often than oncein five years.

The developer of an NPP will need to establish the likely performance of the transmission system at the
location where the NPP is to connect, to establish that the performance is adequate. This will require the TSO to
provide the necessary performance data. In some Member States that plan to install a NPP the present performance
and reliability of the grid system is significantly worse than indicated above. In this case, significant investment in
the grid system may be necessary before it is possible to connect an NPP.

The transmission system characteristics will need to be specified in the bid invitation specification (BIS) that
isissued to vendor companies, and it will also be necessary to demonstrate to the nuclear regulatory authoritiesin
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the country, as part of the application for a construction or operating licence, that the grid characteristics are
acceptable for nuclear safety.

For the TSO to be able to control the transmission system to meet the required performance characteristics, it
is necessary for the generating units to have certain performance characteristics. The TSO will need to specify
required performance characteristics, as discussed in Section 4.7.

4.2. GRID PERFORMANCE

In order to understand the performance of the grid system, to use for system planning, and for predicting
future performance, the TSO should routinely collect data on the operational performance of the power system.
Data that should be collected and analyzed include:

— Daily, weekly and monthly load variation;

— The magnitudes and frequencies of random load variations;

— The frequency variations during normal system operation, i.e. without any major disturbances such as
generation losses, line losses or faults;

— Voltage variations at selected points, particularly at the proposed connection point of the NPP;

— The power flow through thetielines;

— The frequency of transmission line faults;

— The voltage, frequency and tie line flow oscillations and recovery time after faults;

— The speed and reliability of protective systems,

— The frequency of planned outages and forced outages of generating units;

— The frequency of severance of the interconnection with neighbouring systems;

— The swings in system frequency and voltage following generator or line trip, particularly the initial rate of
frequency drop, the lowest frequency reached and the time for recovery;

— The frequency of the load shedding operation to manage shortages,

— The frequency of line outages leading to the formation of islands within the grid;

— The frequency and duration of grid collapses (blackouts), if any;

— The amount of reserve capacity maintained during the year.

Major grid events (such as blackouts) should be investigated and documented with root causes identified and
addressed and suitable training on lessons learned.

4.3. CONTROL OF FREQUENCY

The transmission system operator has the primary responsibility for controlling system frequency, and for
controlling power flows on the tie lines to neighbouring systems.

Coarse control of frequency is achieved by the grid control centre issuing instructions to generating units to
increase or decrease output, as system demand varies, to maintain generation and demand approximately in
balance. Fine control of frequency is achieved by some generating units operating at less than full output, in
automatic frequency control mode, so that they can automatically increase or decrease their output when system
frequency falls or rises. If the frequency control arrangements fail, and system frequency raises to an abnormally
high or abnormally low value, then it is likely that many generating units will trip off, probably leading to more
extreme frequencies and eventually system blackout.

In some Member States, the TSO has commercia arrangements with a number of large electricity consumers
to disconnect in the event of low frequency, to reduce the number of generating unitsthat have to be operated at part
load in automatic frequency control mode. In addition, most Member States also have arrangements that require a
portion of all the consumer demand to be disconnected automatically if the system frequency falls too low, as a
defence against very low frequencies leading to system blackout. This automatic demand disconnection
arrangement is generally meant to operate only on rare occasions as a safety net, and is not considered part of
normal frequency control arrangements.
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At an early stage the transmission system operator will need to consider the likely effect of the new NPP on
frequency control, asthe new NPPislikely to be the largest generating unit on the system, so that an unplanned trip
of the nuclear unit will cause amuch larger fal in frequency than the trip of other generating units. Thisis discussed
further in Section 5.

The transmission system operator will also need to consider whether it will be necessary for the new NPP to
have the ability to operate in automatic frequency control mode, and to specify the performance required. This
requirement will need to be compatible with the capability of the NPP and could have a significant impact on the
design and cost of the NPP. It should be remembered that NPP designs are unlikely to be able to achieve the
frequency response performance that can be achieved by conventional fossil fired generating units or hydroelectric
generating units.

Where the country is connected to a number of other countries to form a very large network, then system
frequency islikely to be very stable. In this case, the control philosophy if the grid control centre will change, and
the ‘coarse control’ mentioned above will primarily be used to control the power flows across the tie lines
connecting to the neighbouring countries.

Even where aNPP is connected to alarge and strong grid network with a stable frequency, thereis a potential
issue with high or low frequency and rapid rate of change of frequency, if the NPP becomes separated from the
main transmission system (‘islanded’) on its own or with some local load. If the NPP is islanded with a small
amount of local load, the local frequency will rise rapidly, limited only by the speed governors on its generating
units(s), typically to less than +5%. If thereis a governor fault, then frequency could rise to a figure determined by
the setting of overspeed bolts or other protective devices (typically +10%). On the other hand, if a nuclear plant is
islanded with a large amount of local load, then the local frequency will fall rapidly, limited only by the automatic
arrangements to disconnect load at low frequency, if these exist. The nuclear plant’s safety systems should be able
to operate as intended following such rapid rises or falls of frequency.

4.4. CONTROL OF POWER FLOW

In addition to ensuring that total generation balances the total load on the system, the TSO has to monitor and
control the flow of power in various parts of the system. Each overhead transmission line, underground cable or
transformer has a maximum rating, generally determined by its maximum permissible temperature rise, which
[imits the maximum power flow through it, in order to avoid damage to it. In addition, there may be lower limitsto
the maximum power flow in some transmission circuits to ensure dynamic and transient stability, as discussed in
Section 4.8. If the system is operated with some redundancy as described in Section 4.6, the power flows will in
practice be limited to lower levels, to ensure that the power flow limits would not be exceeded after a fault which
disconnects aline or atransformer.

In designing and developing the transmission system, the TSO will endeavour to provide sufficient
transmission lines, transformers etc., to satisfy the maximum forecast demand, yet keep al power flows less than
the various limits described above. In operation the TSO’s grid control centre will normally have indications of the
power flow in al the main components of the transmission system, with alarms if the power flows exceed their
limits. If particular circuits are carrying power flows close to their limit, the TSO may have to instruct certain
generating units to reduce output, and instruct other generating units to increase output, to restore the power flows
to an acceptable level, while maintaining an overall balance between generation and demand. In the extreme, the
TSO may have to instruct the disconnection of some load based on pre-engineered criteria.

The connection of a new NPP is likely to have a significant effect on the power flows in the transmission
system, and the TSO will need to carry out the system studies to design any modifications to the transmission
system so that it can accept the maximum output from the NPP without exceeding any power flow limits, for awide
range of system conditions (e.g. maximum demand and minimum demand, and with various transmission circuits
out of service for maintenance etc.). The TSO should carry out similar studies if the power of an existing NPP isto
be uprated.

Where the country is connected by tie lines to other countries, the TSO will also need to control the power
flows across those lines, and will need to consider the effect of anew NPP on these power flows. Thisis significant
if the power flow from other countriesis going to be used to assist the control of frequency after areactor trip. This
is discussed further in Section 5.
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In countries where there has been full deregulation of the electricity system, the generating companies have
the opportunity to sell their power to any locationsin the market areawhereit is most profitable. The various power
plants and electricity supply companies enter into contractual agreements for the supply of power, varying from the
long term (years ahead) to very short term (a few hours ahead). Hourly changes in the electricity market, based on
commercial decisions, can modify the power flow pattern on short timescales, which can cause increased
difficulties for the transmission system operator in controlling the power flows on the system. To allow the
transmission system operator to control the system, the TSO control centre must retain the authority to instruct
power plants to change output where necessary, and there are usually technical and commercial rules (a*grid code
or ‘market rules’) that define the performance characteristics of the generating units, and the way they are permitted
to operate. Thisis discussed further in Section 4.6.

4.5. CONTROL OF VOLTAGE

The transmission system operator has the primary responsibility for ensuring that the voltage at all points on
the transmission system is within the allowed range. Controlling the voltage on the transmission system is closely
associated with controlling the flow of reactive power.

Individual generating units connected to the transmission system are generally operated with the automatic
voltage regulator controlling the generator terminal voltage to a constant value. The transmission system operators
control the voltage on the system by issuing instructions to generating units to change the reactive power output of
the generating unit. In some countries the standard practice is that the generating unit step-up transformer is
operated at fixed tap. In this case, the change in reactive power is achieved by changing the generator terminal
voltage. In other countries, the standard practice is that the generating unit step-up transformer has an on-load tap-
changer, and the change in reactive power is achieved by changing the tap position on the step-up transformer, and
the generator terminal voltage is not changed. There is a limit to the range of control that a generating unit can
provide, due to the limits on the range of variation of generator terminal voltage, the limited tap range of the step-
up transformer, or the reactive power capability of the generating unit.

The transmission system operator can aso control voltage by the use of reactive compensation equipment as
described in the glossary.

The ability of generating units at NPPs to provide voltage control and a range of reactive power is similar to
that of large fossil fuel units. To provide voltage control from anuclear unit generally does not affect the control of
the nuclear reactor in normal operation. However, there is a potential nuclear safety problem for the nuclear unit if
there is a disturbance that results in islanding of the NPP at atime when it is exporting a large amount of reactive
power; this can transiently cause abnormally high voltage locally that could affect safety systems. The event
described in Section 13.4 is an example of this.

It isimportant to the NPP that the grid voltage is also controlled within the acceptable range to provide power to
the auxiliary plant when the reactor is shut down. If anuclear unit trips at atime when it is exporting alarge amount of
reactive power to the system, then thelocal grid voltage will fall after thetrip. The voltage control arrangements on the
grid should ensure that the grid voltage will remain within the acceptable range after such an event.

4.6. GRID FAULTSAND POWER SYSTEM RELIABILITY STANDARDS

Electrical transmission systems experience a wide range of events or ‘faults’ that lead to a transmission
circuit, or an item of transmission equipment, being switched out of service. The transmission circuit may be
switched out of service automatically by the electrical protection system, or manually by the system operator in
response to an alarm signal. Some faults may directly disconnect load or generation. Generating units may also trip
off because of afault within the power plant unrelated to the grid system

Grid faults may arise from awide variety of causes such as.

— Severe or extreme weather conditions (strong winds, tornado, freezing rain, extreme snow, ice, lightning,

etc.);
— Environmental effects (pollution on insulators etc.);
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— Equipment faults (mechanical failure, internal flashover etc.);
— Control or protection faults;

— Human error during maintenance or operation;

— Malicious damage.

Appendix | gives further detail of the kinds of faults that can affect a transmission system. In many cases the
fault will result in a short circuit between two live conductors or between alive conductor and earth. It is universal
practice that transmission networks are fitted with electrical protection devices to detect such an event, and rapidly
disconnect the circuit or component with the fault before further damage can occur. Hence a fault will cause an
overhead line, underground cable, bus bar in a substation, or transformer, to be disconnected from the system. It is
common practice in transmission networks also to have a system of ‘auto-reclose’ applied to overhead line circuits.
Many faults on overhead lines are transient in nature so that disconnecting the faulted circuit will remove the fault
and it is possible to reconnect the circuit after a short delay. Therefore, the consequence of the fault followed by
‘auto-reclose’ isthat the faulted circuit is only out of service for afew seconds.

In order for the grid system to be reliable, it needs to be designed and operated so that the performance is not
adversely affected by the common faults, and that unusual or severe events such as multiple faults have limited
consequences. This requires the system to be designed and operated with sufficient redundancy.

In Member States that have deregulated their electricity supply systems, it is common for there to be
published codes or standards to regul ate the el ectricity system. These codes may define the required performance of
the grid (for example the range of frequency and voltage) and the requirements for planning and operation to ensure
there is sufficient redundancy to ensure reliability. The codes or standards may also specify the requirements for
system studies that are carried out to verify the system design. Other codes or standards may define the technical
requirement for generating units as described in Section 4.7. Compliance with the standards may be enforced by a
government agency. In other Member States that have not deregulated their electricity system, the current practice
for designing and operating the grid system and for specifying generating units may be adequate but does not yet
exist as a published code or standard.

A minimum standard for security and reliability (normally called an ‘N-1 standard’) would be one that
ensured the system is designed and operated to have sufficient redundancy to be secure against any single event
such as:

— Trip of asingle generating unit (which could be a unit at an NPP);
— Short-circuit fault or earth fault on an overhead line;

— Short-circuit fault or earth fault on an underground cable;

— Fault on a section of bus bar;

— Failure of any one grid transformer.

The system is considered secure against the events listed above if such events do not lead to consequences
such as:

— Frequency outside normal range;

— Voltage outside normal range;

— Overloading of other transmission circuits or generators;

— Cascade tripping of other transmission circuits;

— Loss of synchronism (grid separation) between parts of the network.

A significant difficulty in complying with such an N-1 standard is to have sufficient redundancy so that the
system is still secure against single events when some transmission circuits are out of service for planned
maintenance. A further difficulty is to restore the level of redundancy in a reasonable time after the first fault has
occurred (i.e. so that the system will then be secure against the next fault). If the level of redundancy cannot be
restored within a reasonably short time (10-20 minutes) another additional (N-1) situation has to be considered.

It is also usual to consider worse conditions, such as credible pairs of events (the ‘N-2' condition), to ensure
that short periods of very bad weather, which may cause several grid faults in a short time, do not have serious
consequences. In this case, temporary excursions of frequency and voltage outside normal range and short term
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FIG. 1. Illustration of required frequency and voltage ranges for operation.

overloading may be acceptable, provided that the more serious consequences of cascade tripping and loss of
synchronism are unlikely to occur. Reference [15] describes the rulesin the main part of Europe.

In addition, there needs to be procedures for the operation of the system under abnormal conditions, such as
the arrangements for load shedding when there is a shortage of generation, and for black start following a blackout.

4.7. REQUIREMENTS ON GENERATORS

The stable and reliable grid requires generating units to meet certain performance requirements, so that they
can assist the control of voltage and frequency, and can continue to operate under abnormal conditions. This is
important to ensure that the TSO can control the system adequately at all times, and that the system remains stable
following major events such as the trip of a nuclear unit from full power. In many Member States such technical
performance requirements are contained in a published document called a‘ Grid Code'.

The technical requirements may not be the same for all types of generation, because of natura technical
differences between different technologies (e.g. different technical requirements for wind farms or for NPPs,
compared with conventional fossil fired power plants). However, where the electricity supply industry has been
deregulated, there may be legal obligation on the TSO to treat all generating companies equally, and place similar
technical requirements on all power plants asfar asis possible.

The TSO will normally require that a generating unit:

— Is able to operate continuously at full output for the normal range of variation of grid voltage and frequency
(for example +/-5% in voltage, +/-1% in frequency) as shown in Figure 1;

— Isableto continue to operate for alimited time, on afew occasions per year, perhaps at reduced output, for a
range of voltage and frequency outside the normal range (for example to —10% in voltage and +4%, 5% in
frequency) as shown in Figure 1;

— Has ‘fault ride-through’ capability, so it will remain in operation (not trip) for defined transient events on the
transmission system, (e.g. the transient voltage dip that occurs when there is a short circuit fault, due to a
lightning strike on the transmission system near to the power plant);
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— Isableto provide a specified range of reactive power to assist control of system voltage;
— Is able to continue operation for a defined value of harmonic distortion of the voltage waveform, or a defined
level of phase imbalance (negative phase sequence voltage).

The TSO may also require that a generating unit:

— Isableto operate continuously at any point between full load, and a defined minimum load. (for example 50%
of full load);

— Isableto increase or decrease output at a specified rate when instructed. (i.e. to be able to load follow);

— Has a speed governor with a specified performance characteristic, and to be able to operate in automatic
frequency control mode;

— Has agenerator excitation control system with specified performance characteristics, including a system able
to stahilize power and voltage oscillations (PSS);

— Isableto trip to *house load operation’ (as defined in Glossary) for specified faults;

— Has at least a specified value of inertia or simulated inertia.

Figure 1 gives an example of the frequency and voltage ranges for operation that the operating that the TSO
may require. (The detailed requirements will be different in different Member States; this is an illustration of the
general kind of requirements).

If generators do not have the necessary capabilities, then this limits the ability of the TSO to control the
system, and increases the risk to the security of the system after certain faults. For example, if some generating units
are not able to provide the range of reactive power that is expected, they may not be able to control voltage
adequately after faults. This has been a contributory factor to a number of blackout events around the world. If some
generating units, which are supposed to be operating in automatic frequency control mode, are not able to respond
as expected after the trip of a large generating unit then frequency may fall too low; this has also been a factor in
some blackout events.

The developer of a new NPP will need to consider whether the various capabilities of a generating unit that
are requested by the TSO are compatible with the available designs of nuclear units, and the requirements of the
nuclear regulatory body in the country. This applies particularly to the ability to load follow quickly, or to operate
in automatic frequency control mode, as this affects the design of the nuclear reactor and its control system. It has
already been indicated in Section 3.5 that the preferred mode of operation of nuclear plants is at steady full load,
and not providing automatic frequency control. The NPP developer and the TSO will need to agree on the capability
required for the nuclear unit; because of the special requirements for nuclear safety, it may be necessary for the
technical requirements for the nuclear unit to be different from the technical requirementsfor other generating units
in the country.

The requirements for voltage control and the provision of reactive power will impact the design of the
generating unit and the step-up transformer as follows.

— The reactive power capability of the generating unit itself;
— If the step-up transformer has an on-load tap changer, the tapping range required;
— If the step-up transformer has a fixed tap, the range of generator terminal voltage required.

Thefirst two points above should not affect the design of the nuclear island within the NPP. However, the last
point may affect the design of the nuclear island if the TSO wants a wide range of voltage control, because of the
effect on the voltage of the auxiliary supply buses within the NPP that are supplied from the generating unit. A
typical value of acceptable voltage variation is up to +/-5% of the terminal voltage to the generating unit, leading to
no more than +/-10% variation of the voltage supplied to the NPP's auxiliary equipment. It is important that the
range of voltage of the electrical supplies to the auxiliary equipment remains within the equipment’s design limits.
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4.8. STABILITY

There are various kinds of instability that can affect a transmission system, which must be considered by the
TS0, including dynamic stability and transient stability.

The system is said to be dynamically unstable if there are sustained oscillations of power between different
parts of the system. Such oscillations of the system (typically within the frequency range 0.2 Hz to 1 Hz) can occur
in transmission systems if two parts of the system are connected by a weak connection (for example a single long
transmission circuit), when the power flow through the connection exceeds a critical value. This may arise
following the introduction of a new NPP, if the NPP islocated far from aload centre, or if it causes an increasein
power flow between two parts of the system that are weakly connected. The transmission system operator should
carry out the necessary computer studies at the design stage to establish if thisislikely to be a problem.

Transient stability refers to the stahility of the system following a fault or transient. For example, consider a
lightning strike causing ashort circuit on one of the transmission circuits connecting a generating unit to the rest of the
transmission system. This short circuit fault will be cleared by the electrical protection that will disconnect that circuit
but leave other transmission circuits in service. During the time that the short circuit is present, generating units close
to the fault will accelerate with respect to other generating unitsthat are connected farther from the fault. If the system
istransiently stable then after the fault is cleared the generating units near to the fault may oscillate with respect to the
rest of the system for afew seconds, but remain in synchronism with the rest of the system. If the system istransiently
unstable, one or more generating units will lose synchronism with the rest of the system (* pole-dlip’) after the fault is
cleared. Such loss of synchronism may affect a single generating unit on its own, or a number of generating unitsin
one part of the system may remain in synchronism with each other, but lose synchronism with the rest of the system.
The transmission system operator will need to carry out computer modelling studies to check the proposed design of
the transmission system with the NPP in operation to confirm whether there is a problem with transient stability.

If there are problems with dynamic and transient stability, then the remedial measures can include: limiting
the power flows on the transmission circuits that give rise to the instability; or strengthening the system by
installing additional transmission circuits. It is possible to monitor power flows to give an early warning of the
onset of dynamic instability, so that the TSO will know when the power flows need to be reduced. Dynamic
stability can also be improved by installing power system stabilisers (see glossary) in the excitation systems of
some generators. Problems with transient stability may also be avoided by reducing the fault clearance time on the
transmission circuits involved by using faster protection, and by increasing the performance of the excitation
systems of the generators involved (e.g. make the excitation system faster, with a higher maximum voltage).
However, afast excitation system has the disadvantage that the generator voltage when islanding can initially be
very high asin the event described in Section 13.4.

4.9. ELECTRICAL PROTECTION

The function of electrical protection on the grid isto rapidly disconnect a part of the grid that has an electrical
fault. For example, if thereis alightning strike on an overhead line, a common consequence is an arc between two
phase conductors or between a phase conductor and ground. The large current that would flow is detected by the
electrical protection relay, which would send a signal to the two circuit breakers at each end of the circuit with the
fault; the circuited breakers would open, to remove the faulted circuit from service. The aim of the protection design
isto remove the faulted circuit from service rapidly before permanent damage is caused but to leave other circuits
in service. With modern circuit breakers and protection systems, the circuit breakers can open to clear the fault
within around 100 milliseconds. The transmission system operator has the responsibility to design the electrical
protection on the transmission system, and to ensure that the electrical protection on generating units connected to
the system is coordinated correctly with the transmission system protection.

The addition of an NPP to the system with alarge generating unit may require improvements to the existing
protection system, so that the protection has a shorter operating time (shorter fault clearance time) to ensure
transient stability as mentioned in Section 4.8.

Asmentioned in Section 4.6, it is common practice for protection systems to provide auto-reclose, so that the
circuit breakers that have tripped are closed shortly after clearing the fault to return the faulted circuit to service,
provided that the fault has been cleared. If auto-reclose is to be used on circuits near a NPP then the transients
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caused by the reclose action should be investigated to determine that they do not cause damaging torque transients
to the turbine shaft. In some Member States, the practiceisto first attempt auto-reclose of the circuit breaker at the
far end of the circuit (not the end nearest to the NPP) so that the NPP is not subjected to an additional transient if the
fault has not been cleared.

4.10. CONTROL OF FAULT LEVEL

When there is afault on a transmission circuit, then the electrical protection will detect the increased current
and send a signal to circuit breakers to open to remove the faulted circuit. This requires the circuit breakers to
interrupt the fault current, which could be very large. Circuit breakers are designed and tested for a maximum
current, and it isimportant that the maximum fault current through the circuit breaker islessthan thisvalue. As part
of the design and operation of the transmission system, the transmission system operator has to establish and
monitor the maximum ‘fault level’ (as defined in the glossary) at each part of the network.

Adding a new power plant to a network will increase the fault level in the network near the power plant.
Adding additional transmission circuits to accommodate the new power plant will also increase the fault level inthe
network near to the points where those circuits connect. Thismay cause the fault level at some pointsin the network
to exceed the fault rating of the existing circuit breakers and associated equipment. Hence the addition of aNPP to
a network may require measures to deal with the increased fault levels. The remedial measures for a problem with
increased fault levelsinclude:

— Replace the circuit breakers and other transmission equipment aff ected with new equipment of higher rating,
or modify the equipment to increase its rating;

— Change the standard running arrangement of the transmission system, for example by splitting a substation;

— Use high voltage transformers with higher impedance;

— Install series reactors (inductors) in some circuits to increase their impedance.

There is also the opposite problem of ensuring the minimum fault level (short circuit power) is not too low.
The short circuit power of the connection to a NPP must be sufficient to permit the starting of the big motorsin the
plant and to power the plant during shutdown and startup conditions without the voltage falling too low.

4.11. CYBER-SECURITY

The control and operation of atransmission system requires alot of communication and control actions from
a distance. Many modern data, communication, and control and protection schemes use digital technology or
interface with network based systems or other communication protocols. Hence it is possible for an incorrect or
corrupted data signal sent via the communication system to cause incorrect operation of equipment. An incorrect
data signal may be sent by accident, or be due to an equipment fault, but may aso result from a deliberate attempt
to cause damage (cyber attack). Cyber security refersto arrangements to ensure that digital equipment isreasonably
secure against accidental or malicious actions that may change the intended operation of digital electronic
equipment. Since the NPP safety and control systems generally do not interact with network based systems outside
the plant, susceptibility for external malicious attack is limited. The design diversity and redundancy provide
reasonable protection against this susceptibility.

Cyber attacks can affect the integrity and the availability of the grid connection to the NPP. The vulnerability
for such attack is higher because the signal s are often communicated through networks or the digital equipment can
be accessed in substations that are not physically secure. Therefore, arrangements for cyber security are necessary
in control and communication systems of the transmission system.

Some examples of possible cyber attacks from the grid to the plant:

— Fake signals coming from the grid asking the plant to trip or to reduce output;

— Transmission of wrong voltage set points that could make certain voltage sensitive equipment inoperable or
cause premature trips,
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— Wrong power and voltage measurements,
— Other changes to plant parameters or plant status that could initiate undesirable behaviour.

Cyber attacks also have the potential to cause major damage to connected electrical equipment. In particular,
transmission and distribution systems that have circuit breakers that can open and reclose within 12 to 15 cycles
have the potential to cause considerable damage to rotating plant (generators, motors) as a result of a cyber attack
that caused such operation. This is because the rotating plant is likely to speed up or slow down during the brief
time that the circuit breaker is open, so that the rotating plant will be out of phase with voltage on the grid at the
instant of reclose; this will cause a large transient torque on the plant which can cause physica damage. This
potential vulnerability could be exploited through digital protection and control devices such as protective relays,
programmable logic controllers, bay controllers and other digital devicesthat can control circuit breaker operations.
These devices are common protection and control devices found in process control systems and electricity grid
substations. Vulnerability testing has demonstrated certain digital protective relays in specific locations can cause
destructive damage to rotating plant, by using them to open and close circuit breakers. The electrical generators,
motors and pumps could suffer significant damage if this vulnerability is successfully exploited and as a
consequence nuclear safety could be compromised. Electrical equipment in a NPP could be impacted if the
substations in the zone of influence of the nuclear power plant are not secure. It may be possible to gain access to
digital equipment in the substation to execute such malicious control either through communication networks, or
through local portals at substations intended for computer connectivity.

The security of digital safety systems involves addressing potential security vulnerabilities as part of the
system development process and maintaining the security of the system after it is installed. The NPP operator and
the TSO need to identify critical assets and take protective and mitigating actions to ensure that the digital system
development platforms that are anticipated for use in transmission systems are designed and tested for all known
vulnerabilities.

Security assessments of cyber vulnerabilities should be periodically performed to determine if digital systems
used at the NPP and in the control of the transmission system have any inherent susceptibility to malicious activity
based on known security information.

4.12. PREVENTION OF MAJOR BLACKOUTS AND BLACKOUT RESTORATION

From time to time electricity grid systems experience a major event that causes a loss of electricity supply (a
blackout) in alarge part of a country or region. For example, in 2003, there were major blackouts as follows:

— USA and Canada, 14 August 2003;
— Sweden and Denmark, 23 September 2003;
— Italy, 28 September 2003.

The blackouts in the USA and Canada and in Sweden and Denmark caused prolonged loss of off-site power
(LOOP) at a number of nuclear power stations.

Some blackouts result from a period of extreme weather, (e.g. a hurricane) which causes multiple faults on the
transmission system or significant damage to the transmission system in a short period of time. However, many
blackouts have resulted from less severe causes, and grew from one or two relatively minor events. The analysis of
anumber of mgjor blackouts [16] has found that there have been a number of common factors that caused an event
to grow from asmall grid disturbance to a magjor blackout, and which were not directly related to severe or extreme
weather. These were:

— Overhead line conductors contacting trees;

— Overestimation of dynamic reactive output of system generators (i.e. of the ability of generators to control
system voltage);

— Inability of system operators or coordinators to visualize events on the entire system (e.g. because the grid
control centre did not have sufficient graphic displays of the state of the system, or did not have on-line
security analysis capability to identify potential vulnerabilities);

21



— Failure to ensure that system operation was within safe limits; (e.g. inaccurate modelling, no reassessment of
system conditions following the loss of a circuit);

— Lack of coordination on system protection (which resulted in failure to operate or incorrect operation of one
or more relays as an event devel oped);

— Ineffective communication, particularly between different grid control centres,

— Lack of *safety nets' (e.g. automatic load shedding or automatic tripping of generation);

— Inadequate training of operating personnel, particularly for practicing emergency situations.

The TSO needsto pay attention to all of these issues to reduce the likelihood of such major blackouts.

TSOs aso need to have well-devel oped procedures for recovery from ablackout condition. To recover from a
blackout condition requires the grid system to have a sufficient number of power stations that are able to start up
quickly and operate reliably without the normal electricity supplies from the grid. Where the grid system is
connected to other grid systems under the control of other TSOs, then the blackout restoration procedures need to
be coordinated with other TSOs. As blackout recovery can be complicated and requires quick actions, the person
directing the actions should have the most current wide-area view of the power system and have suitable tools to
identify the best solution. The recovery procedures should be practiced regularly.

For an NPP, the priority in a blackout situation is to have the off-site supplies restored as soon as possible.
However, the main priority for the TSO would be to re-establish the grid system and restore electricity supplies to
customers, particularly priority customers. Hence in a blackout event the TSO will wish to reconnect as quickly as
possible any power plant that is able to start generating immediately to assist the recovery of the system. A nuclear
unit that has tripped off is generally not able to restart generation in less than 24 hours, so from the grid operator’s
narrow point of view it would not be a high priority to restore supplies to a nuclear unit that has been disconnected
from the grid if it has tripped. For this reason, it will be necessary for the NPP operators to enter into agreements
with the TSO to ensure that appropriate priority is given to restoring grid supplies to nuclear power plants during
recovery from a blackout. The recovery time would be of great significance to nuclear safety.

4.13. CONTROL AND COMMUNICATION ARRANGEMENTS

Reliable operation of the grid system during normal and abnormal events, the avoidance of major blackouts,
and rapid restoration of power after a blackout, requires effective arrangements for monitoring and control of the
system and for secure communications.

In most countries with NPPs, the main grid control centres have facilities such as:

— Indications of the status of all transmission circuits, circuit breakers etc;

— Indications of the status of all large generating units;

— Indications of voltage at key points on the system, and power flows through main circuits;

— Secure communication routes to al large power stations, very large loads and other control centres;

— Alarm indications when faults occur, or when voltages, power flows etc. go outside planned limits;

— Computer software tools that continuously monitor and analyse the status of the grid system and warn the
operatorsif there are reduced margins.

The control centre should be physically secure and have secure and diverse electrical supplies, to make it
resistant to environmental hazards such asfire, hurricane, etc., or malicious acts. It should also have arrangements
for cyber security of its communications and controls. It is also normal to have arrangements for a backup control
centre which is available to preserve the essential controls of the grid system when the primary control centre
cannot be used for any reason.

The staff at the grid control centre must have the authority to instruct generating units to change output, or to
startup and shutdown. They should aso have the authority to instruct load shedding when necessary. If there are
several control centres controlling different parts of the network in a country, there need to be arrangements to
ensure good communications between the control centres at al times, and agreed procedures for actions to take
when eventsin one grid control area can affect another grid control area. If the grid in the country is aso connected
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to the grid systems of neighbouring countries, there must also be good communications with the grid control centres
in those countries and agreed procedures for joint operation.

The communications arrangements need to have adequate reliability and diversity to allow secure and reliable
communications between the TSO grid control centres, power plants, distribution system operators and the TSOsin
neighbouring countries, under al conditions. This requires redundant and diverse communication arrangements
because in severe weather and environmental events such as hurricanes, tornadoes, earthquakes, fires, etc. and
during blackouts, normal public communication channels may become disabled. For example, a local fire could
immobilize telephone lines, preventing the communication between an NPP and the TSO’s control centre if there
are not diverse channels of communication; diverse channels can include private wire telephone systems, cellular
phone systems, carrier wave systems, radios, etc.

There also need to be agreed procedures for the command structure between control centres and power plants
for decision making and communications in emergency conditions such as extreme weather conditions, a major
blackout or loss of grid connections to neighbouring countries.

5. SIZE OF THE NUCLEAR UNIT

5.1. INTRODUCTION

It was mentioned in Section 3.4 that the designs of nuclear unitsthat are currently available from international
nuclear plant vendors are large, generaly greater than 1000 MW. As a conseguence, a new nuclear unit is almost
certain to be the largest single generating unit on the system to which is connected. Thisis significant because there
isapractical limit to the size of generating unit that can beinstalled in an electrical power system if the systemisto
remain stable and secure after the unplanned disconnection of that generating unit.

From the point of view of the NPP, atrip of a nuclear unit should not cause the transmission system voltage
and freguency at the point of connection of the NPP to go outside the acceptable range, so that the grid system can
continue to provide areliable electrical supply to the NPP after the trip. From the point of view of electricity users,
atrip of the nuclear unit should not lead to load shedding or to a high risk of system collapse or blackout.

Experience with existing NPPs is that unexpected reactor trips can be quite frequent in the first one or two
yearsfollowing the commissioning date (from afew to adozen). Later the frequency of reactor trips reducesto once
per two years or fewer.

The generation from a nuclear unit may be lost to the system as the result of an event on the transmission
system that disconnects the generator of the nuclear unit from the grid, or from an event within the NPP that causes
atrip of the nuclear unit. Whatever the cause, the main issues for the transmission system operator are:

— To control the rapid fall in system frequency after a reactor trip, to prevent the frequency falling below the
minimum acceptable level (if frequency falstoo far, it is likely that other generating units will also trip off,
leading to a system blackout);

— To control the step change in voltage that occurs on the transmission system near to the point of connection of
the nuclear unit immediately after the reactor trip;

— To restore power flows to desired levels, and return system frequency to its normal value as soon as
practicable after the fall in frequency has been controlled.

5.2. CONTROLLING THE FALL IN FREQUENCY

A stable frequency situation (50 Hz or 60 Hz) corresponds to a good balance between demand and generation.
After areactor trip, the total generation on the system is suddenly lower than the demand and the frequency drops.
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Therate at which frequency fallsimmediately after areactor trip depends on:

(@ Theamount of generation lost;

(b) Theinertia of the system as a whole (i.e. the inertia of all the generating units and motors connected to the
system);

(c) Thenatural tendency of the demand to reduce as frequency falls (due to the motors present in the load on the
system).

Factor (a) above means that the larger the amount of generation loss, the faster the frequency falls. Factors (b)
and (c) mean that for a given loss of generation, frequency will fall much faster on a small system (i.e. the total
system demand is small), than on alarge system (total system demand islarge). Frequency will also fall faster on a
given system at the time of minimum demand than at times of maximum demand. This makes frequency control
more difficult on a small system, especidly at the time of minimum demand. The problem is to limit the fall in
frequency after a unit trip to an acceptable figure. If the frequency falls by 5% or more, it is very likely that most
generating units would trip off on their own low frequency protection, and there would be a country wide blackout.

The fal in frequency can be contained by a combination of increasing the generation and decreasing the
demand:

— Generating units operating at less than full load, in automatic frequency control mode, that will increase their
power output automatically under the control of their speed governors when frequency fals;

— Disconnecting some demand by a trip signal from the nuclear unit (an example of this is described in
Section 13.3);

— Disconnecting some demand using low frequency relays,

— The natural tendency of the demand to reduce as frequency falls (due to the motors present in the load on the
system).

There is a practical limit to the rate at which a generating unit can increase its output when operating in
automatic frequency control mode, and there is a limit to the maximum increase that can be achieved. As a
consequence there is a practical limit to the size of the largest generating unit that can be instaled, if system
frequency is to be controlled reliably after atrip of that generating unit. This practical limit is around 10% of the
system load, unlessit is acceptable to disconnect a large amount of demand immediately after areactor trip. Thisis
demonstrated by the results of asimulation presented in Appendix Il. If it is planned to connect a nuclear unit that
is closeto or greater than 10% of minimum system load, it will necessary to carry out detailed studies to establish
whether it is possible to achieve acceptable control of frequency after a reactor trip.

5.3. THEBENEFITS OF INTERCONNECTIONS

Where several countries or regions are interconnected to form a larger system, it is feasible to have a single
nuclear unit which is larger than 10% of the minimum load in a country, provided it is less than 10% of the
minimum load of the total system. However, this will require the interconnections between the countries to be
sufficiently reliable and to have sufficient capacity to carry the increased power flow after the trip of the nuclear
unit. This arrangement will also require suitable legal and commercial agreements between the countries involved
to ensure they will cooperate to operate their grid systems with sufficient generating units in automatic frequency
control mode at all times.

Thisisillustrated by a simple example shown in Figure 2, where a country with a demand of 5 GW and a
1000 MW nuclear unit (Country A) is connected a neighbouring country (Country B) with a demand of 20 GW.
Hence the nuclear unit represents 20% of the demand of country A, but only 4% of the combined system. Although
the nuclear unit would be too large for country A by itself, it is acceptable for the combined system.

The amount of frequency response that each country provides will be the subject of agreement between the
countries. A common arrangement is that the amount of response each country provides is approximately
proportional to the generation or demand in the country [17]. If that arrangement is used then if the 1000 MW
reactor in country A trips, only around 200 MW of the response will be provided by country A and around 800 MW
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of 1000MW
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Demand =5 GW
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FIG 2. Two countries interconnected by a circuit of limited capacity.

would be provided by country B. Hence, after areactor trip the power flow on the interconnector from country B to
country A would increase by up to 800 MW. This would be acceptable, provided that the power flow from B to A
before the reactor trip was less than 200 MW, so that the power flow after the reactor trip does not exceed the
capacity of the tie line. However, if the power flow from B to A before the reactor trip was greater than 200 MW,
the power flow after the reactor trip would exceed the capacity of thetieline, so that the tie line would probably be
tripped out of service by its overload protection. Country A would then have a large generation deficit, its system
frequency would collapse, and country A would suffer a national blackout.

Operation of the NPP in country A at full power would require the tie line be in service at all times. For a
reliable system, and comply with an ‘N-1" standard, it would be necessary to install a second tie line of similar
capacity, or install tie lines to other neighbouring countries.

5.4. RESTORING POWER FLOWSAFTER A REACTOR TRIP

Countries that have interconnections, as in Figure 2, will usually have commercial and legal agreements that
dictate the normal power flows between them. In the example described above, once the frequency has stabilized, it
will be necessary for country A to increase generation in order to restore the power flow between the two countries
to alevel that has been agreed. To do this, country A will need to be ableto rapidly reduce electrical demand or have
sufficient other generating units (either spinning reserve or standing reserve, as defined in the glossary) that are able
to increase generation to restore the power flows to the desired level within the desired time, in order to comply
with the agreements between the two countries. The practicality of providing sufficient reserve generation is
another limit to the size of nuclear unit that can be installed in a country.

55. CONTROLLING VOLTAGE

The trip of any generating unit islikely to cause a change in voltage on the grid system near to the generating
unit. If alarge nuclear unit isalong distance from centres of demand and from other generating units, thereislikely
to bealargefal in the grid voltage near the nuclear unit after areactor trip. In order to keep the grid voltage within
the acceptable range after a reactor trip it may be necessary to install reactive compensation equipment (as
described in the glossary) on the grid system close to the NPP. The amount of compensation required does not
necessarily impose alimit on the size of nuclear unit.
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6. DEVELOPMENT ACTIVITIES

6.1. INTRODUCTION

This section summarizes the basic activities to be performed by the NPP developer and by the transmission
system operator, for connecting a NPP to the grid system, once a decision has been made to build a NPP.

It is recommended, from the very launch of the project to install a NPP, to encourage team efforts and
agreements between the NPP development teams and the design teams in the TSO, in order to address the main
issues introduced below. Such a team effort is recommended because in genera there is no existing company or
organization that integrates, in a single entity, all the engineering and operational skills for a specific nuclear plant
design, and the competencies of grid planning, design and operation.

6.2. TRANSMISSION SYSTEM OPERATOR’'SACTIVITIES

Because they are responsible for grid planning and operation, TSOs have to consider the need for the
development of the transmission system, and the need to balance generation and demand in the short, medium and
long term. From this point of view, the TSO has to:

(1) Consider new generation units in terms of availability relative to the forecast demand (for example the
variation in demand between summer and winter) and to identify the likely generation reserves or shortfalls;

(2) Ensure that there will be sufficient reserves of generation capacity at all times to prevent frequency collapse
and avoid the need for load shedding in case of loss of alarge generating unit, such as a nuclear unit;

(3) Check the dynamic and transient stability of the system for a wide range of system conditions, especially the
most severe situations, usually at the times of maximum and minimum demand; the purpose is to avoid
instabilities such as oscillations of power flow and loss of synchronism following faults;,

(4) Check thevoltagelevelsat al points on the transmission system, with particular attention to the voltage levels
on the system near the NPP, for awide range of system conditions including immediately after a reactor trip;

(5) Define and plan the necessary reinforcements of the network, so that energy can be exported from power
plants and transmitted across the system without significant restrictions, and avoiding overload of
transmission circuits that might lead to unwanted tripping or limitations to generation;

(6) Design new substations to accommodate new power stations, which for nuclear units will be in agreement
with the NPP developer, so that the substation design is compatible the requirements for reliable off-site
power supplies to the NPP and to satisfy the requirements of the nuclear regulatory authority;

(7) Designthe electrical protection schemes for substations to which power plants connect, and to coordinate the
substation protection schemes with the protection schemes of the power plants to ensure that only the
necessary circuits are disconnected following grid faults;

(8) Revise and adapt defence plans and grid blackout recovery procedures in order to restore power as soon as
possible, and considering the NPP as a priority load centre;

(9) Consider the effect of different generation patterns for power plants near to the planned NPP, as this may
affect grid conditions (voltage, reliability etc.) at the NPP connection point.

The above activities are normal for other power plants, but will require more consideration for NPPs because
of the longer project duration, the larger unit size, the need for very reliable connections to the NPP with good
control of voltage and frequency, and the possible need for greater network reinforcements.

6.3. NPPDEVELOPER'SACTIVITIES

The NPP developer has to run a project to ensure that the NPP being developed will meet al the safety
requirements and also meet the requirements of the transmission system, which may be specified by the TSO or in
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the nationa ‘grid code’, and remain within the planned costs and schedule. The NPP developer and its engineering
support teams should therefore run activities aiming to:

(@) Evauate the feasibility of the grid connection in the site assessment, looking at qualitative and quantitative
aspects of transmission capacity, the robustness of the connection, the risk of loss of off-site power (LOOP),
the required grid reinforcements and the costs of connection;

(b) Liaise at the right moment, with the transmission system operator to make aformal request for connection to
the grid at the chosen site; validate the technical solutions proposed by the TSO for the connection and
protection schemes, including the best possible independent connections to the generator and the station
transformer;

(c) Carry out analysis to assess the compliance of the NPP with the TSO’s technical requirements such asin the
local grid code; if thereis non-compliance, develop astrategy either to change the plant design or to negotiate
changes to the technical requirements or the grid code;

(d) Assessthe frequency and the duration of events of loss of off-site power, as required by the nuclear licensing
process, to calculate the criteriafor availability of external power sources;

(e) Provide proof for the nuclear regulatory authority that the plant iswell protected against all external electrical
disturbances arising in the network. These disturbances could be in the form of events that cause very fast
voltage transient (e.g. lightning), abnormal voltages (brownouts) and frequency, temporary or prolonged loss
of offsite power;

(f) Consider the way the new nuclear unit units will be integrated into the energy market. This could include the
capability for load following or the capability for automatic frequency control or load following, and the
minimum operating level;

(g) Liaisewith the system operator in the long term to guarantee during the operational period the availability of
the transmission capacity, and the quality and availability of offsite power sources, during the operation of
the NPP.

6.4. CONSTRAINTS

The activities described above should be integrated into the project development in the early stages, and
should be continuously coordinated and managed with external parties (the TSO, energy sector regulators,
construction companies, plant designers and safety authorities) in order to minimize the constraints for the
transmission system operator and for the plant owner.

The principal constraints for the transmission system operator include the design of the connection
arrangement for the new nuclear unit, designing the grid reinforcements and line construction so that these can be
implemented in the timescal e required without affecting grid operation. The constraints also include planning the
arrangements for the management of new large units, and ensuring there will be sufficient automatic frequency
control capability in future to control frequency after the trip of alarge nuclear unit.

The principal constraints for the plant owner include the reliability and robustness of the grid connection
scheme, demonstrating the adequacy of the grid arrangements to the nuclear regulatory authority and ensuring
compliance with the technical requirements of the TSO or grid code.

Figure 3 indicates the different phases and their associated activities, with the main project milestones,
assuming a 10-year fast track development.

6.5. MODELLING
6.5.1. Transmission system modelling

As a part of the NPP development process, it is important to consider the quality and robustness of the
transmission system when selecting potential sites for newly proposed NPPs. To perform such studies, one needs to

model the existing transmission system and generators in the NPP and other power plants nearby. The studies will
cover both steady state operations and transients such as atrip of the nuclear unit or faultsin the substation or on the
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Project Milestones ) & & ) 4 Z
Project Site Bidding Investment Power station Operation
decision selection decision energization
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D |Off-site power reliability 4—{ Nuclear Licence\
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F |Integration in energy market <4 >
G [Long term agreement with TSO < >

FIG 3. Transmission system operator and plant developer activities.

transmission lines. In order to carry out such studies, it is necessary to develop models for relevant system
components and integrate those models within a simulation environment to examine the system behaviours under
various scenarios.

To fully understand the behaviours of each component in the transmission system and the interactions
between them it is necessary to use mathematical models to describe the characteristics of these system components
and their interactions.

To examine the system at steady state conditionsit is necessary to carry out aload flow analysis. Steady state
models are sufficient for such purpose. To understand the behaviours of the system during transients, full dynamic
models of the system components have to be used. For small disturbance, small signa models, essentialy
linearized models, can be used. However, for large transients, such as faults, full nonlinear models are needed to
capture the true system behaviours. To be more specific to the grid and a grid connected NPP, the following studies
are usually required:

— The steady state performance of the system when the NPP is working normally;

— The transient behaviours on the electrical grid when the NPP is tripped;

— The ability of the electrical grid to supply sufficient off-site power to maintain safety of the tripped NPP,
— The effects of grid disturbances on the safe operation of NPP.

There are a number of well-established computer software packages that incorporate the necessary
mathematical models, which can readily be used to carry out the mgjority of the analysis and simulations that are
required. These software packages were developed by large utility companies, engineering consultancies or
universities; many are commercially available.

6.5.2. Seady state operation (load flow analysis)

The objective of the load flow analysis is to determine the grid voltage distributions for a specific grid
configuration, and thus to calculate the active and reactive power flows.

In the context of grid requirements for aNPP, the load flow analysis has to be performed to study the impacts
of connecting a NPP unit to the overal grid at different locations. This technique is also useful in studying
contingency conditions, such as the effect of the trip of a nuclear unit on the voltage profile, whether it causes any
transmission lines to become overloaded, and whether other generators can supply suitable power and voltage to the
nuclear unit.

Because load flow analysisis for steady state operations, assuming that the system has reached a steady state,
the analysis involves algebraic equations only. Because of the constraints on the generators, these equations are
often nonlinear. Iterative solution techniques are often used.
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6.5.3. Power transfer capabilities

During steady state operation, the generated power is delivered to the load over transmission lines. The
maximum power that can be transferred depends on the thermal capacity (rating) of the lines, which is a physical
constraint. At the modelling stage, the amount of power (MW) being transferred over a transmission line is
determined by the voltage at each end of the transmission line, the impedance of the line, and most importantly, the
phase angle difference at each end of the line. The maximum phase shift must be much less than 90° for stable
system operation. When the phase shifts among all generators are small enough, the generators are said to be in
synchronism and the power system is stable.

The power transfer capability is avery important consideration in the site selection and grid design phase of
new NPP. Often, a NPP is located away from major load centres. It is important to ensure that transmission lines
have sufficient capability.

6.5.4. Transient stability

Even though steady state load flow analysis can show that the grids with associated system components
satisfy all the steady state operation, it does not mean that the entire system can reach a new equilibrium at the
steady state following some severe disturbances, such as short-circuit of the transmission lines, or trip of one or
more generating units.

Transient stability is particularly important for safety reasons if a NPP is connected to the grid. To examine
the transient stability of a power system, one has to use models involving time to describe the dynamic behaviours
of the system. The models are often in the form of differential equations.

The critical period for the grid to achieve transient stability is a few tens of seconds after the disturbance. If
the generators can maintain synchronism in this period, the transients will diminish gradualy. The transient
oscillation can last as long as a few minutes. During this period, automatic frequency control and voltage control
loops will regulate system frequency and voltage to help generators to maintain synchronism.

6.5.5. Frequency stability

Because the speed of rotation of synchronous generators depends on the net difference between the load and
the supplied mechanical power, the frequency will fluctuate around the nominal values (50 Hz or 60 Hz). It isvery
important to maintain the system frequency within a narrow band, as many loads are frequency dependent,
including pumps and fans that are designed for maximum efficiency at a particular operating speed. The power
electronics based inverters used for grid connection of renewable energy sources are also sensitive to the system
frequency. Dynamic simulations can be performed to investigate the frequency stability under various contingent
conditions. This calls for detailed dynamic models of system components, such as the speed governors and power
controllers on the turbines in power plants.

6.5.6. Voltage stability

The voltage profile on the transmission system is also critical to sustain reliable operation; the voltage at al
point on the transmission system should be kept within the allowed range. There are several ways to regulate the
voltage profile; oneis by controlling the excitation level of the field winding in the generator through the automatic
voltage regulator of the generator; another way is to use on-load tap-changer at the transformer side. On the
transmission line side, the voltage can also be controlled using reactive compensating devices, such as static var
compensators (SVCs).

The steady state voltage profile can be obtained by load flow analysis. However, dynamic voltage stabilities
still need to be investigated.

If the NPP islocated far away from the load centre, voltage profile of the transmission lines from the NPP to
the load centre should be examined, and it isimportant to examine the voltage levels when an unplanned trip occurs
at the NPP to ensure that the voltage remains adequate for providing off-site power for safe reactor shutdown. It
may be necessary to use reactive compensation devices to regulate the voltage within the desired range.
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7. SITE CHOICE AND ASSESSMENT

7.1. INTRODUCTION

The choice of location for installation of a nuclear power plant is a complex process that is specific for each
project. The range of choice may include the entire country, limited only by technical specification, public policy
and local environmental laws. To ensure a successful project, a key parameter — but out of the scope of this
publication — isto secure as wide a public acceptance as possible.

The criteria for the choice of a site for the NPP include many factors as given in Ref. [1]. The cost and
practicality of connecting to the existing grid systemisan additional criterion, but probably not the dominating one.

This section focuses on the technical and economic aspects involved in the siting process that are related to
the electrical grid. The procedure and methodology described here follow guidelines in Ref. [18] and similar
guidelines in one of the IAEA's safety standards [19]. At the beginning of the site selection process, little
information is available, so the process generally requires severa iterations before the final decision to launch the
project.

The site selection process comprises three steps:

Sep one: Regional analysis: The main purpose of this step is to eliminate unsuitable areas and to highlight
candidate sites. The analysis is based on all existing documents (geographical, geological, hydrological, seismic
data, satellite photos, land register, etc.). The single conclusion is a decision of acceptable or not acceptable for
further consideration.

Sep two: Screening of potential sites. The purpose is to select suitable candidate sites from among the potential
sites, and to reduce the number of sites where detailed investigations have to be carried out. In addition to the
information available for step one, preliminary investigations are performed. A set of criteriamust be established to
draw a preliminary comparison between the sites by identifying those that have significant disadvantages in one or
more aspects. This second step primarily is qualitative, but a quantitative approach may aso be used. At the end of
this step several candidate sites will remain.

Sep three: Comparison and ranking: During this step, a comprehensive assessment is made for each candidate
site with the goal of selecting the most suitable from a short list. On-site investigations may be required to be able
to provide more accurate information, and provide more confidence in the conclusions. Another fundamental aspect
is the public acceptance of the project.

7.2. STEP ONE: REGIONAL ANALYSIS
7.21. Energy market and demand

Increasing electricity demand is the obvious prerequisite for deciding to construct a power plant. A strategic
analysisis necessary to check the adequacy of the project, taking into account that as a nuclear project takes along
time, power demand must be considered on along term basis. To satisfy this demand, the price risk due to existing
power plant and short term and long term entrants to the market have to be considered.

The market may be regulated or free, and the energy price trend will affect the profitability of the project. If a
power purchase agreement (PPA) is possible, it secures project revenue.

The assumptions made at the beginning of the project should be updated periodically and if further changesin
the assumptions threaten the project, the means to mitigate its consequences should be defined. At the state or
regiona level along term plan is generaly defined to develop an adequate supply of power. Knowledge of the
governmental (federal, regional, etc.) plan and how the project fitsinto this plan is one of the key issues of the siting
decision.
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7.2.2. Land availability

Typicaly a NPP with a single nuclear unit and its auxiliary buildings will require about 40 ha; an additional
area of around 30 hais needed for the construction zone. If it is planned to construct two nuclear units then alarger
area will be required, around 50 ha for the plant, and 45 ha for the construction zone if the units are to be
constructed at the same time. In addition an area of 10 ha more will be required nearby for atypical high voltage
substation of the outdoor type.

A preliminary layout should be drafted at an early stage to locate buildings, structures, power station and
outgoing power lines to permit checking suitability of the proposed perimeter.

7.2.3. Grid capacity and grid connection

Suitable high voltage power lines are required to export the electrical power from the NPP to the grid. A large
NPP available from international vendors (1000 MW or more per unit) typically a transmission voltage of 400 kV
line or more will be required. After defining where the plant will be connected, the grid capacity must be assessed
not only in terms exporting the power from the plant but also in terms of grid stability. To ensure grid capacity and
stability it may be necessary to carry out significant grid reinforcements far from the NPP site.

In addition, the construction of alarge NPP of the type available from international vendors will require an
electrical supply with a capacity of a few tens of megawatts to be available at the NPP site throughout the
construction period.

New transmission lines will require agreement for rights-of-way. If a site is to be included for further
assessment it is desirable to get agreement from government agencies at this stage, that suitable rights-of-way will
be granted. Thisis avery sensitive area, because public opposition to new line corridors could be strong.

7.3. STEPTWO: SCREENING OF POTENTIAL SITES

The site evaluation includes a qualitative approach and a tentative quantitative approach, giving a qualitative
score ranging from ‘very favourable' to ‘not acceptable’. This qualitative approach is used for each aspect that isto
be considered and should include both technical and socio-political aspects. The following section focuses on
aspects related to the grid connection.

Generation development opportunity: The evaluation should consider the need for generation capacity in the
region and the long term generation devel opment plan for the region.

Transmission lines: The evaluation should consider if the plant can be connected to existing transmission lines, the
license process for new transmission lines and any substation siting outside the plant area. Aspects that should be
considered include historical fault rate and predicted faults rates.

Grid connection and capacity: The evaluation should further detail the earlier studies on grid capacity and grid
stability. The number of transmission lines connected to the plant should be evaluated.

Grid enhancements: The evaluation should consider the need for strengthening the grid, based on the results from
the evaluation of transmission lines and grid capacity.

Reliable off-site power: The evaluation should consider the safety need of a stable and reliable off-site power
source to the NPP during all modes of operation and during different events, and maintenance activities, on the grid
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7.4. STEP THREE: COMPARISON AND RANKING

At this stage, candidate sites are ranked, and given a priority. The highest priority is given to those sites that
score ‘very favourable’ or ‘favourable’ for most criteria, and excluding sites that score ‘ unacceptable’ in one or
more criteria.

As part of this ranking a more detailed or quantitative assessment may be made of individua criteria. For the
issues related to the electrical grid this could include:

— The distance to the centres of demand;

— The number and length of new transmission lines, and their cost;

— The cost of other grid investments that may be needed (e.g. to provide reactive compensation, to deal with
increased fault levels etc.);

— Thedifficulty and cost of providing a secure and diverse power supply to the NPP site.

Thefinal ranking leading to a short list should integrate the socio-political aspects.

8. CONNECTING A NUCLEAR POWER PLANT TO THE GRID

8.1. REQUIREMENTSOF THE TSO

The TSO is responsible for planning and operation of the transmission system, and has to consider short,
medium and long-term planning for the balance of generation and demand, as well as the need to develop and
extend the grid to accommodate changes in generation and demand.

In order to carry out the necessary studies of the grid system, the TSO will require the NPP developer to
provide all the information necessary to carry out such system studies. This information will include the size (in
MW) of the nuclear unit, and a large number of electrical parameters. At the beginning of the project to install a
nuclear unit, it will not be possible to provide all the detailed parameters, as the design of the nuclear unit may not
have been selected or finalised. Hence initial studies will need to be done using typical values, but can be refined
when actual plant datais available.

The TSO will also need to specify the technical characteristics or performance requirements the nuclear unit
will need to have to meet the needs of the transmission system. Where the electricity market has been deregulated
the TSO may be under an obligation from the energy regulator or market regulator in the country to impose the
similar technical requirements on the nuclear units as on other generators. The technical requirements are likely to
be similar to those summarized in Section 4.7.

The TSO will need to agree with the NPP operator the details of the grid connections to the planned NPP,
including the number of connections and the high voltage substation design, to satisfy the requirements for security
of grid connections that are needed by the NPP.

8.2. CALCULATION OF THE RELIABILITY OF THE OFF-SITE POWER

The NPP developer will need to arrange the calculation of the expected reliability of off-site power. The grid
reliability datawill be needed to assist the probabilistic safety assessment to be presented into the pre-construction
safety report. This calculation would normally be performed by the TSO, but the NPP Developer would need to
specify the studies that are needed.

The calculation of the reliability of offsite power will need to use historic data on grid faults and events
involving loss of grid connection, such as the information summarizedsummarized in Section 4.2. It will aso
require a provisional design for the proposed connection scheme for the future NPP. The analysis should consider
all the possible causes of LOOP, and it would be useful to provide information on which are the main causes of the
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LOOP events, to alow corrective actions to reduce risks. The causes could include faults within the NPP that affect
the connection between the NPP and the grid, and the many types of faults on the grid summarized in Section 4.6
and listed in detail in Appendix I.

The non-site and site specific data provided should be analyzed and summarized; Table 1 gives an example of
such a summary. The report on the reliability of offsite power needs to be consistent enough so it can be relied on
for the nuclear site licence application.

Table 1 includes two types of data: the frequency of events that result in loss of off-site power (LOOP); and
the probability that reactor transients will lead to LOOP. For each type of event, both duration and frequency shall
be considered by dividing the different events into duration categories, as suggested in the table.

8.3. REQUIREMENTS OF THE NPP FOR TWO INDEPENDENT CONNECTIONS

In order to provide a reliable off-site power source to the NPP's safety systems, general design criteria
normally call for at least two independent connections between the nuclear unit and the grid, for example Ref. [11].
Thefirst connection is the connection for export of power from the nuclear unit’s generator to the main grid viathe
generator transformer. The second connection provides a supply to the nuclear unit viathe station transformer if the
first connection is not available. Some nuclear units have more than one station transformer; a few nuclear units
have more than one generator, and so have more than one generator transformer. The connections to the generator
transformer(s) and station transformer(s) should be designed in such a manner that one fault cannot render all
connectionsinoperable. One way is to connect the generator and station transformers to separate substations; where
this is done the substation for the station transformer could be at a lower voltage than the substation connected to
the generator transformer. Alternatively, both the generator transformer and station transformer may be connected
to the same substation, but there must be suitable separation between these connections. Thisis discussed further.

A reliable off-site supply also requires a sufficient number of transmission circuit connections from the local
substation or substations to the rest of the transmission system, and measures to ensure the substations and
transmission circuits are sufficiently robust to withstand extreme events such as hurricanes, tornados, earthquakes
or flooding.

Figure 4 shows a simplified single line diagram of the electrical network of an NPP and its grid connections.
The output from the generating unit is fed to the grid via the generator transformer. One or more unit transformers
are supplied at generator terminal voltage, and provide the electrical power to the plant auxiliaries for start up and
during normal operation. There is a circuit breaker in the connection to the generator terminals, so that the
auxiliaries in the NPP can be supplied from the grid when the generator is shut down, by opening this circuit
breaker. (Older NPPs did not generally have a circuit breaker at the generator terminals). One or more station
transformers provide the second connection to the grid and provide an independent supply to the electrical auxiliary

TABLE 1. EXAMPLE OF RESULTS OF ASSESSMENT OF THE GRID RELIABILITY

Event Value Reasoning

Short LOOP (<2 h) Frequency: The most frequent grid failures, with a short recovery time.
6.0 x 107 per year

Long LOOP (2—4 h) Frequency: Usually due to less frequent faults between the plant and the
2.0 x 107 per year transformer and by line faults due to bad weather in the
vicinity of the plant (without destruction of equipment).

Very long LOOP (24-192 h) Frequency: Caused by faults that need exceptional means to be cleared
1.0 x 107 per year (e.g. destruction of equipment such as collapse of
transmission towers or damage from flooding in substations).
Conditional LOOP after reactor transient Probability
(e.g. after areactor trip) 1.0 x 10 per event
1/3 short LOOP
2/31ong LOOP
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FIG. 4. Electrical connections to two substations.

equipment. In this arrangement one station transformer is connected to a different substation from the generator
transformer. In this figure the station transformers and unit transformers are each shown as three-winding
transformers (with two low voltage windings); some NPP designs use two-winding transformers (with only onelow
voltage winding).

Figure 5 shows an alternative arrangement of the connections to the transmission system, where the generator
transformer and station transformer are connected to the same substation. Figure 6 shows yet another arrangement
that is to be used for some new large nuclear units. In this case, the unit transformers are connected to the grid
voltage alongside the connections to the generator transformer. There is still an independent station transformer
connection.

The normal arrangement in most NPPs is that all the station auxiliaries are supplied via the unit transformers
during reactor start up, during normal operation and during normal shutdown, with the station transformer available
on standby. In the event of a fault that causes a loss of the supply via the generator transformer, an automatic
changeover arrangement transfers the electrical auxiliaries to the supply from the station transformer. This
changeover causes a very brief interruption to the electrical supply to the auxiliaries.

Some NPPs use a different running arrangement, where in normal operation about half of the electrical
auxiliary equipment is supplied from the unit transformers and half is supplied via the station transformer. In this
case, if there is a loss of supply to either the generator transformer or the station transformer, there is not an
automatic change over, and about half of the electrical auxiliary equipment losesiits electrical supply, while the rest
of the auxiliary equipment continues to receive a supply without interruption.

For any of these designs, it is necessary to make provisions to prevent common cause failures i.e. those that
simultaneously affect the two or more external connections to the grid system. This could include flooding of the
substation, catastrophic failure of a piece of equipment that damages other equipment, or a failure of the low
voltage supply or batteries within the substation. (If such acommon cause failure occurs the nuclear unit would be
shut down using the on-site supplies such as diesel generators.)

One way to reduce the risk of common cause failures is to connect the generator transformer and station
transformer to separate substations operating at different grid voltage as shown in Figure 4. This practiceisused in
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many of the existing unitsin the USA, and on the unitsin France up to 900 MW. Therisk of common cause failures
can be further reduced if the two substations are not directly connected and have independent overhead lines to the
rest of the grid transmission towers.

If the generator transformers and station transformers are connected to the same substation, the substation has
to be arranged so that there is sufficient separation between the two connections. For example, if the substation has
two bus bars with four circuit breakers, the substation is divided into four nodes. The connections to the generator
transformer and to the station transformer are on opposite nodes so that they are separated by at least two circuit
breakers. Thisisillustrated in Figures 5 and 6.

In addition, the earth wires in the substation are arranged so that a fault on one of them will not affect the
voltage of the opposite node. Anti-blast walls are built between circuit breaker bays in the substation to prevent an
explosion of acircuit breaker on a generator connection from affecting the connection to the station transformer on
the same unit. The lower voltage supplies in the substation for the connections to the generator transformer and the
corresponding station transformer are not in the same building and are supported by different batteries.

8.4. GENERATOR TRANSFORMER DESIGN AND SIZING

The transformer rating must be compatible with that of the generator, including a small allowance for the
additional power export that occurs during test running of the on-site power sources (diesels or gas turbine
generators). It is an advantage if the transformer rating will allow for likely future uprates of the reactor power, or
reductions in auxiliary load from future efficiency improvements.

Theimpedance of the transformer must be large enough that the transformer is not physically too large, and to
[imit maximum fault currents, but it must also be small enough that it does not introduce stability constraints. The

35



Overhead Lines

v

L]
| Substation
Generator %_Jn't . _Sl_tatlo?
Transformer ransformers ransformer
Generator

FIG 6. Unit transformers connected at high voltage.

impedance of the transformer must also be compatible with the reactive power capability of the generator. In
practice this means that the transformer impedance is usualy in the range 10-18% of the transformer rating.

The standard practice for tap changers is different in different countries. In some Member States, the
generator transformer has an off-load tap changer, and is operated on a fixed tap position, once the tap position has
been established and agreed with the TSO. In other Member States the TSO may require that the generator
transformer has an on-load tap changer. In either case, the choice of tap changer and tap position must take account
of the reactive power absorbed by the transformer (which depends on the impedance of the generator transformer),
and of the need for the generator to supply reactive power (grid voltage low) or absorb reactive power (grid
voltage high).

8.5. UNIT TRANSFORMER DESIGN AND SIZING

The size (rating) of the unit transformer should be chosen so that it can supply the maximum continuous load
of the auxiliaries including the load of battery chargers and an allowance for future increases in the auxiliary load,
and permit the starting of the largest motors. The maximum auxiliary load of current reactor designs is typically
around 5-8% of the rated electrical output. The design of the unit transformer must satisfy two conflicting
objectives that the impedance should be high enough to limit the short circuit current to an acceptable level, but be
low enough to limit the voltage drop through the transformer, including the additional voltage drop that occurs
when starting large motors.

The unit transformer may have an on-load tap changer or an off-load tap changer. Whichever tap-changer is
chosen, it must be possible to maintain the voltage to the electrical auxiliaries within the necessary range for the full
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range of auxiliary load, and the full range of variation of the grid voltage or generator terminal voltage. This should
include the ability to allow reactor start up when the grid voltage islow. Computer studies should also be carried out
to verify the dynamic behaviour of the auxiliary motors for the transformer design that has been chosen.

In practice, the design and sizing of the unit transformer may be carried out as follows:

(1) Establishthe largest power loading, which normally corresponds to the nuclear unit at full power;

(2) Decidethe number of windings (for example two-winding or three winding transformer) and hence the power
rating of each winding;

(3) Carry out acalculation of short-circuit currents to check that the rating of the circuit breakers is compatible
with various operations considered;

(4) Deduce the maximum vaue of the reactance of the unit transformer, starting from the tolerances on the
impedances of power transformers;

(5) Use computer transient studies to check that the rating of the unit transformer is compatible with various
events on the transmission system (close short-circuit, voltage dip, islanding following a grid fault).

The results of calculations of short-circuit currents or electrical transients, and changes in the input data may
require the design and sizing of the unit transformer to be re-assessed. If it is necessary to change the sizing of one
element of the electrical supply chain then the validation studies must be repeated.

8.6. STATION TRANSFORMER DESIGN AND SIZING

As for the unit transformer, the design of the station transformer must satisfy two conflicting objectives that
the impedance should be high enough to limit the short circuit current to an acceptable level, but be low enough to
limit the voltage drop through the transformer, including the additional voltage drop that occurs when starting large
motors. The size (rating) of the station transformer should be chosen so that it can supply the maximum continuous
load of the auxiliaries including the load of battery chargers and an allowance for future increases in the auxiliary
load, and permit the starting of the largest motors.

As explained in Section 8.3, in most nuclear units the normal supply to the auxiliaries is via the unit
transformer, so for these nuclear units the station transformer spends most of the time energized from the grid but
carrying no load.

The station transformer may have an on-load tap changer or an off-load tap changer. The choice of tap-
changer must ensure that the voltage supplied to the auxiliaries is within the normal range when the auxiliaries are
supplied via the station transformer, and that the voltage on the low voltage winding of the station transformer is
compatible with its continuous voltage rating when it is energised from the transmission system but not supplying
load. These conditions must be met for the full range of variation of transmission system voltage.

The design and sizing of the station transformer may be carried out similar to the unit transformer as described
in Section 8.5.

8.7. GENERATOR DESIGN AND SIZING

The generator size and rating should be chosen so that the generator is able to accept the full power supplied
by the reactor, including an alowance for possible future power increases.

The TSO may specify the range of power factors, and hence the range of reactive power that the generator
should be capable of supplying or absorbing. The wider the range of reactive power is that is required, the larger
will be the physical size of the generator. The range of reactive power required may also influence the design of the
generator transformer.

The TSO may specify the performance required from the generator excitation system (AVR), in order to
ensure transient and dynamic stability. This may include the requirement for the excitation system to be fast acting
and have a high ceiling voltage. The NPP operator should carry out studies to establish the maximum voltage that
may occur after aloss-of-load event, as this will be affected by the speed of the AVR and the ceiling voltage. This
maximum voltage must be compatible with the allowable voltage range of the electrical supplies via the unit
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transformer to the auxiliary equipment. A special attention has to be paid to the control of the high voltage transient
situations when rejecting load and/or when losing the excitation systems, because high voltage transients may be a
severe common mode failure for all electrical components. Such events have occurred in several NPPs generating
voltage overshoot higher than 150% of the nomina voltage during about half second. An example of such
overvoltage is described in Section 13.4.

9. CONSIDERATION OF UNUSUAL OR ABNORMAL EVENTS

The preceding sections have described the normal variation of grid conditions, including those due to
commonly occurring faults. Problems may arise following more unusual faults, or when two or more faults occur
together. The nuclear regulatory authority will require the NPP developer to demonstrate that for any credible
combination of grid faults, or a grid fault combined with a fault in the NPP, a nuclear reactor can be safely shut
down, using its own on-site emergency supplies if necessary, and that the combination of faults should not damage
safety systems, or prevent their proper operation for the safe shutdown of the NPP. The nuclear regul atory authority
will also require that the control room operating staff at the NPP are properly trained to deal with such events, and
practice dealing with simulated events. It is recommended that the plant simulator that is used for training the NPP
operating staff has facilities to simulate a variety of abnormal grid conditions as described bel ow.

The design of the NPP and its onsite power system should take into consideration steady state, short term
operation and transient conditions originating from the grid that can happen whether the NPP is operating or at
shutdown [7]. These include:

— Switching surges;

— Lighting surges;

— Voltage sags and swells in conjunction with clearing of faults on the grid;

— Brownout events,

— Frequency variations and transients,

— Voltage and frequency variations and transients when the grid (and main generator) is affected by faults;
— Prolonged loss of all off-site supplies from the grid.

The protection scheme of the NPP should be designed in such a manner that safety electrical systems are
shielded against adverse effects caused by such off-site events.

Figure 7 shows an example of on-site voltage and frequency variations during fault clearing on the
transmission system, where the NPP stays connected to the grid. Starting from nominal voltage and frequency, the
voltage drops when the fault occurs and returns when the fault is cleared, reaching a maximum during the first
voltage swing. During the 180 ms fault time the turbine speed is increasing (shown as frequency in the figure) and
will after some oscillations come back to stable synchronous operation. During these speed oscillations the output
power will also change.

Table 2 presents some examples of abnormal grid events, or events where two or more faults occur together,
that might affect operation and challenge safety systems if proper protection is not present. It is not necessary to
design the NPP to be able to continue generation despite such abnormal events, but the safety assessment should
consider the possibility of such events, to provide confidence that the NPP could either operate safety through such
events, or could shut down in a safe manner, without the risk of losing the correct operation of the safety systems.
The nuclear regulatory authority would require such studies to be done to support the application for the operating
licence.
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FIG. 7. Example of on-site voltage and frequency variations during fault clearing on the transmission system (3 phase fault cleared in

180 ms, NPP stays connected to the grid).

TABLE 2. EXAMPLES OF GRID EVENTS AND ON-SITE CONSEQUENCES

Event

Comment

Abnormally high or low grid frequency
for more than afew minutes

Rapid changein grid frequency

Long period of abnormally high or
abnormally low grid voltage

A reactor trip, or turbine trip due to agrid event,
when the generator is at high reactive power

Pole slipping (loss of synchronism)

Severe phase unbalance
(negative phase sequence)

Severe harmonic distortion of the voltage
on the grid

May cause vibration problems on the generator and large motors. High frequency
may affect reactor internals; low frequency may decrease safety system flow
performance.

Can occur when the NPP is disconnected from the grid (‘islanded’) with some
local load. Freguency increase might cause increase in thermal power. Abnormal
frequency when the NPP's turbine governor is controlling frequency in an ‘island’
might have the same adverse effects as when frequency is abnormal on the grid as
awhole.

May lead to overheating of motors. Low voltage might cause cascade overload
tripping of motors (safety and non-safety). Low voltage will affect starting torque
and hinder start of rotating machinery. High voltage might lead to overheating of
transformers. Off-normal voltages will affect the operability of motor-operated
valves.

The trip may cause the grid voltage to fal further. The consequence in the plant
will be the same as given for abnormally low grid voltage above.

Thismay occur if agrid fault close to the power station is not cleared quickly by
primary protection, or two or more circuits to the power station are tripped out by
separate faults. Pole slipping will cause the local grid voltage to swing between a
high value and alow value, with a period of afew of seconds that gradually gets
faster until the generating unit is disconnected from the grid.

This could be caused by a short circuit on asingle phase that is not cleared by the
electrical protection, or an event that disconnects one electrical phase conductor.
(Origin mainly in switchyard or in connection to generator or transformer.) Severe
phase unbalance can damage the main generator and large motors.

Can cause overheating of the generator and large motors.
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TABLE 2. EXAMPLES OF GRID EVENTS AND ON-SITE CONSEQUENCES (cont.)

Event Comment

A grid fault near to the NPP, which causes Small electrical auxiliaries connected viaelectrically held contactors (fed from the
atransient depression of the grid voltage AC distribution system) are likely to trip off if the on-site voltage goes low

to avery low value (probable during shutdown). Some el ectronic equipment may see the voltage

depression as aloss of supply and stop operating.

A grid fault near to the NPP, whichiscleared = The generator AVR will boost the generator excitation during the fault, but when

very slowly because of incorrect or faulty thefault is cleared and the plant isislanded, the generator voltage will be

electrical protection abnormally high, causing an abnormally high voltage to the electrical auxiliaries.
The rapid voltage decrease and increase on the onsite system might cause voltage
excursions in semi-conductor devices output. (An example of such an event is
described in more detail in Section 13.4).

Prolonged loss (several days) of al offsite On-site power sources (batteries, diesel generators or gas turbine generators) may
power from the grid be required to operate continuously for longer than assumed in original design.

10. ARRANGEMENTSBETWEEN THE TSO
AND THE NPP OPERATOR

10.1. INTRODUCTION

Before a NPP starts operation the NPP Operator will need to establish agreements with the TSO to ensure that
the TSO will operate and maintain the transmission system in away that is consistent with the safety requirements
of the NPP and that the NPP Operator and TSO will exchange al the information that is necessary for the continued
safe and secure operation of the NPP and the grid. The operating procedures and arrangements for exchange of
information must continue throughout the operating life of the NPP. The NPP operator should ensure that the TSO
staff continue to understand the special requirements of nuclear plant. The importance of this relationship between
the TSO and the NPP operator throughout the operating life of the NPP is explained and emphasised in Refs
[20-22].

There may be legal obligations on the TSO to take many of the actions that the NPP operator requires. If there
are not, then the NPP operator should establish appropriate legal agreements with the TSO to ensure the necessary
actions and behaviours by the TSO. The topics that should be considered for inclusion in such an agreement
include:

— Acceptable ranges of grid voltage and frequency (for NPP operation, and for supplies to the NPP when shut
down or during nuclear incidents);

— Arrangements to ensure that the capacity of the connections to the NPP are always sufficient to provide
supplies for post-trip cooling;

— Arrangements for rapid repair and reconnection of grid connections to the NPP following disconnection due
to grid faults;

— Priority for restoration of supply to the NPP during a blackout recovery (black start);

— An obligation on the TSO to notify the NPP control room promptly if there are problems on the grid system
that may affect the reliability of the grid supply (e.g. expected very severe weather that will cause multiple
grid faults);

— An obligation on the TSO to notify the NPP owner/operator of al planned grid outages that may affect it (to
allow the coordination of outages on the transmission system with planned maintenance in the NPP);
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— An obligation on the TSO to notify the NPP control room promptly of fault outages on the transmission
system that may affect the NPP,

— Agreement on the ownership and responsibilities for equipment in the substation(s) to which the NPP is
connected, including the arrangements for its maintenance;

— Arrangements for enhanced maintenance if necessary on transmission system components that significantly
affect the reliability of grid connections to the NPP,

— An obligation on the TSO to notify the NPP owner/operator of any planned modifications to the grid system
near the NPP, and to seek agreement from the NPP owner/operator before the modifications are carried out;

— Arrangements for the physical security and cyber security of the transmission circuits to the NPP as discussed
in Section 4.11.

There should also be obligations on the NPP operator to supply certain information to the TSO. It islikely that
these obligations will be similar to the obligations on al power plant operators, and will include notifying the TSO of:

— Planned generation levels from the plant;

— Dates of future plant outages/shutdowns;

— Any planned changes to the plant design, configuration, operations, limits, protection systems, or capabilities
that would impact the ability of the TSO to control the system, or may affect other users of the transmission
system.

Some particular examples of the necessary behaviours and communications are given below.

10.2. NOTIFICATION AND COORDINATION OF OUTAGES

Thereisaneed for close cooperation between the grid operator and the NPP operator in maintenance planning
as well as outage planning. Experience has shown that a formal agreement on coordination of planning, including
definition of responsibilities, is beneficial in ensuring the reliability of the offsite power from the grid. It is
particularly important to coordinate maintenance activities on plant safety systems with transmission maintenance
activities.

The TSO may aready have an established procedure for exchanging outage information with other power
plants but this procedure may need to be modified to provide extra information to the NPP operator. In some
Member States, knowledge of transmission system outages may provide commercial advantage to certain power
plants, so for this reason the TSO restricts the amount of information that it releases to power plants. If thisis the
case, the NPP operator may need a special agreement to ensurethat it receives all the necessary outage information.
The NPP operator may also need agreements with the TSO that certain transmission circuits are not taken out of
service for planned maintenance while the NPP is in operation. This would apply particularly to transmission
circuits that would provide auxiliary power to the NPP after a reactor trip.

The NPP's operating rules should include the detail s of such restrictions on transmission system outages, and
the NPP's operating procedures should include the routine checking of the schedules of transmission system
outages for any outages for which there is a restriction. As maintenance activities can cause power reliability
problems, NPP staff should carry out a risk assessment on grid maintenance to manage the risk within acceptable
limits.

Occasionally, it may be necessary for the grid operator to take a transmission circuit out of service at short
notice (within hours or afew days), because of a developing problem. This could include problems such as agrid
transformer overheating because of afailure of cooling, high voltage arcing across insulators because of pollution,
or failure of the suspension insulators on overhead lines. The agreed procedures for communication between the
grid operator and the NPP should include communication about such emergency situations. The NPP's * operating
rules' or ‘abnormal operating procedures should include guidance to the NPP operating staff so that they can
respond quickly and correctly to such emergency situations.
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10.3. NOTIFICATION OF LOSS OF CONTINGENCY

In order to ensure that the transmission system is secure, it is normal practice in developed countries for the
transmission control centre to operate areal time computer system that continuously monitors the condition of the
system, and alerts the control centre operating staff if changing conditions on the system mean that there has been a
reduction in the required redundancy against unplanned events. The TSO should notify the NPP operator if thereis
aloss of contingency that could affect the NPP.

For example, a transmission system fault may weaken the system so that although the transmission system
voltage at the NPP connection may be adequate, a subsequent trip of the NPP would result in alow grid voltage that
is below the NPP design requirements for offsite power (i.e. the system does not meet one of the criteria for N-1
security, as described in Section 4.6.). In this case, the TSO control centre should notify the NPP of the loss of
contingency. The NPP operating staff should then declare the offsite power not available and follow the operation
requirements for inoperable offsite power source(s) in accordance with the plant-specific operating specifications.
This is so that the risk to the plant can be reduced by making sure that other safe shutdown emergency power
sources are available, and staff take actions to prevent performing any maintenance and testing on systems that are
needed for accident mitigation and safe shutdown.

11. ROADMAP FOR CONNECTION OF AN NPP

11.1. INTRODUCTION

The other sections of this publication discuss various conditions that need to be met in order to successfully
connect a NPP to a transmission system and achieve safe and reliable operation of the NPP and the grid, and the
activities that need to be completed to achieve this. This section is aroad map for the development of a NPP with
regards to the development of the transmission network and the interaction between the NPP and that network. It
presents a summary of the activities required, under a number of headings, and the order in which these activities
are carried out.

For aMember State that does not yet use nuclear power, it islikely that activities to consider the feasibility of
starting a nuclear power programme will be led by an agency set up by the government such as the NEPIO
described in Refs [1-2], although matters related to the transmission system may be undertaken for the NEPIO by
the existing TSO. The matters related to the electrical grid will be among many inputs to the feasibility study that
will be used as the basis for an informed decision by the government whether to proceed with a nuclear power
programme. Once the decision to start a nuclear power programme has been made, the responsibility for the
activities related to the development of the grid and the NPP will transfer to the TSO and the NPP devel oper. For a
country that already has NPPsin operation, the decision to start a project to build anew NPP will probably be taken
by an existing NPP operator.

After adecision has been made to start a project to construct a NPP, it is strongly recommended that the NPP
developer and the TSO should have regular collaborative meetings. Initially, a firm decision has to be made on the
location of the planned NPP, and the TSO will carry out studies to design the grid additions and modifications that
will be needed to connect the NPP and maintain or improve the security and reliability of the grid. The NPP
devel oper will need to agree with TSO those aspects of the technical specification for the NPP that relate to the grid,
and gather al the information needed to be able to issue a bid invitation specification (BIS) to potential NPP
vendors, and to submit an application for the construction licence to the nuclear regulatory authority in the country.
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11.2. OVERALL GRID STUDIES

Thefeasibility study that is carried out before a decision is made to start a nuclear programme should include
a consideration of the main technical issues related to the operation of the grid system with NPPs, to demonstrate
that the introduction of nuclear power is practicable. This is an extension of the long term planning and system
studies that should be carried out routinely by the transmission system operator in the country. It should include
studies of interconnections to other countries or networks, if such interconnections exist or are planned. The
analysis of the grid system for the inclusion of nuclear generation should include the topics that are summarized in
Section 4 of this publication.

The studies of the grid system will include:

— Analysis of the growth of load, and the effect of adding new power stations;

— Studies to ensure that there will be enough power reserve;

— Load flow studies to demonstrate that acceptable power flows can be achieved, with an acceptable voltage
profile for avariety of grid operating conditions including at maximum or minimum system load with NPP at
full power or shut down;

— Stahility studies to check the dynamic stability of the system in normal operation (i.e. the system does not
have inter-area oscillations);

— Stahility studies to check the transient stability of the system (i.e. following a fault on a transmission circuit,
thereis not loss of synchronism);

— Studiesto calculate the fault levels at all pointsin the grid system, and to check against the fault ratings of the
installed equipment.

These studies should identify the general modifications and reinforcements to the grid that are required to
accommaodate the NPP, and to ensure a secure and reliable grid when the NPPisin operation. Thelikely cost of such
modifications should be estimated, and a decision made on how they are to be funded.

Once the decision has been made to build an NPP, it will be necessary to carry out more detailed studies, in
order to assist with the final decision on the location of the NPP, and to design the necessary grid reinforcements
and the transmission connection to the NPP site.

The TSO should review and update the system studies during the time that the NPP is being built, to take
account of continuing changes to the grid system, for example if load growth has been significantly different from
earlier predictions or if generation patterns have changed. Such studies should also continue during the life of the
nuclear plant.

11.3. GRID RELIABILITY AND PERFORMANCE

The feasibility study should consider the performance and reliability of the electricity supply system in the
country because of the NPP's requirement for a stable and reliable grid. This requires the TSO to have records for a
number of years of grid performance as summarized in Section 4.2. If the TSO has not been keeping and analysing
such data, this should be started immediately, and such recording and analysis should be continued into the future.

One outcome of the feasibility study is whether the general performance of the electricity supply system is
adequate. Thetypical performance requirements are summarized in Section 4.1. If the performance is significantly
worse than this, then the feasibility study should include credible plans that could improve the performance and
reliability of the grid before the NPP is connected, including the likely cost of such improvements and how they are
to be funded. It is desirable that the government establishes a policy that the grid system should be reliable; thisis
necessary for the NPP, but is also a commercia benefit to the country as awhole.

Once the NPP project has started, it will be necessary to establish the grid performance sufficiently well to
provide information to be included in the bid invitation specification, and later in the application for a construction
or operating licence. The nuclear regulatory body will need to be satisfied that the grid performance characteristics
are adequate or that planned improvements will provide adequate performance by the time that the NPP is due to
start operation.
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11.4. UNIT SIZE

The feasibility study should consider the issue of the size of nuclear units that are available and the current
and forecast electricity demand in the country, for the reasons described in Section 5. If the size of the nuclear unit
is likely to be close to 10% of the minimum €electrical demand in the country, the feasibility study should include
outline plans for ensuring that frequency and voltage will remain within acceptable limits after atrip of the nuclear
unit, and for meeting the electricity demand in the country when the nuclear unit is shut down.

When the NPP project starts, the TSO will need to start to make arrangements to implement those plans. This
could include building or strengthening electrical connections to neighbouring countries, and entering into the
necessary legal and commercia agreements with those countries. These arrangements need to be fully in force
before the NPP is ready to commission.

11.5. NPP OPERATING CHARACTERISTICS

The analysis of the options for an NPP should consider whether there is any need for the NPP to have the
capability for flexible operation, as described in Section 3.5, and the maximum amount of flexibility that may be
required. This should include a consideration of whether flexible operation may be required at some time in the
futureif there are changesto the grid system.

Once a decision has been made to start the NPP project, then the NPP devel oper will need to cometo an early
agreement with the TSO on the technical performance requirements of the NPPR, including the requirements for
flexible operation. These characteristics will need to be compatible with the capabilities of existing nuclear units,
and will need to be included in the bid invitation specification, and the application for a construction licence.

The TSO may require that during commissioning the NPP operator demonstrate that the nuclear unit complies
with the technical performance requirements.

11.6. SITE ASSESSMENT AND GRID CONNECTIONS TO THE NPP SITE

Thefeasibility study undertaken before the start of a NPP project should consider the possible candidate sites
for an NPP, from the point of view of the connection to the grid, as described in Section 7 of this publication. This
should include the practicality and cost of making sufficient number of suitable grid connections to these sites and
any associated grid reinforcements, the difficulties of building new transmission circuits and the difficulty of
getting rights of way for those circuits. It should also include consideration of the arrangements for the physical
security and for the cyber security of the grid connections, their electronic control and protection systems, and the
systems for communicating with the grid control centre. An outcome of the feasibility study is the selection of a
small number of suitable candidate sites.

Once the decision has been made to start an NPP project, a final decision should be made fairly soon on the
siteto be used for the NPP. A more detailed design and assessment of the necessary grid connections to the site, and
any associated grid reinforcements, can then be carried out. The assessment of the planned connections, together
with the data on historic fault rates, should alow a reliable estimate of the likely future reliability of the grid
connections to the planned NPP site, which can be included in the BIS, and in the application for a construction
licence.

The electrical supply to the NPP construction site (typically with a capacity of afew tens of megawatts) needs
to be available before the major construction work can start. The final details of the main grid connections at the
NPP site, such asthe layout of the substation, may not be finalised until after the contract for the construction of the
NPP has been awarded to a vendor because of the differencesin electrical requirements of different NPP designs.

The grid connections to the NPP site that are required for operation of the NPP do not need to be completed
until shortly before the NPP is ready to commission, but the progress of this work should be monitored during the
construction of the NPP.



11.7. POWER SYSTEM STANDARDS

As indicated in Sections 4.6 and 4.7, in order for a grid system to be reliable, it needs to be designed and
operated to have sufficient redundancy that common faults to not have significant consequences. The feasibility
study should consider the current codes, standards or technical rulesif any that are used for the design and operation
of the transmission system in the country and whether it is necessary to modify any existing standards or to create
new ones, to achieve a standard that is similar to or better than the *N-1' standard described in Section 4.6.

The feasibility study should also consider the performance characteristics of the existing generating unitsin the
country, and whether there is a code or standard that specifieswhat is required, and if it is monitored and enforced.

Once adecision has been made to start the NPP project, arrangements should be made to introduce or improve
the grid and generator standards identified in the feasibility study, and to start to use these standards for the design
and operation of the grid and for specifying the performance of generating units.

11.8. GRID CONTROL AND COMMUNICATION ARRANGEMENTS

Asindicated in Section 4.12 and 4.13 of this publication, for a grid system to be reliable, there needs to be
suitable control and monitoring from a well equipped grid control centre, with sufficient well trained staff. The
feasibility study should consider whether there is a need to upgrade the control centre, whether the communications
arrangements have adequate diversity and reliability to withstand abnormal events, and the arrangements for a
back-up control centreif the primary control centre cannot be used. It should a so consider the need for measures to
improve the cyber security of their electronic control, protection and communication systems.

If the feasibility study has identified the need to upgrade the control centre, the communications
arrangements, or the backup arrangements so that they comply with best practice as described in Sections 4.11—
4.13, then this work should be planned once the NPP project starts, and be completed before the NPP is due to start
commissioning.

Before the NPP is due to commission, the operator should ensure that the grid control centre’s operating
procedures have been updated to deal correctly with the nuclear unit and that control room staff have been trained
in those procedures. The procedures should ensure that auxiliary power supplied to a nuclear unit (for example
while a nuclear unit is shut down) is not part of any emergency load-shedding scheme; that the procedure for
energizing circuits connecting to the NPP site after a circuit outage or fault does not pose arisk to the nuclear units,
and that the blackout restoration plans will treat the NPP as a high priority |oad.

Where the grid control arrangements rely on connections to grid networks in neighbouring countries or
regions to control frequency after events such as an unplanned disconnection or trip of a nuclear unit, then extra
attention must be paid to the joint control arrangements with those countries or regions. The necessary agreements
and procedures should be in place before the NPP is ready to commission.

11.9. INTERFACE BETWEEN NPP OPERATOR AND TSO

Thefeasibility study that is carried out before the decision is made to start a nuclear power programme should
consider whether the government or energy ministry needs to impose additional legal obligations directly on the
TSO, or place an obligation on the TSO to enter into binding agreements with the NPP operator, so that the TSO
will be obliged to operate the grid system in a way that is compatible with the safe and secure operation of a NPP
and the requirements of the NPP’s operating licence. Once a decision has been made to start construction of an NPP,
the government or energy ministry should make arrangements to establish such obligations.

As soon as a decision has been made to construct a new nuclear unit, the NPP developer needs to establish a
good working relationship between the NPP development teams and the design teams in the TSO. This working
relationship needs to continue throughout the preparation of the BIS, the submission of the application for the
construction licence, and subsequently during the construction of the NPP, the substation and the grid connections.
Many issues are likely to arise that will require close cooperation between the NPP devel oper and the TSO.

Before the NPP is ready to commission the NPP operator will need to establish the necessary interfaces with
the TSO for future operation of the NPP operation. Section 10 of this publication summarizes the necessary
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agreements between the TSO and the NPP operator, if there are not equivalent legal obligations placed on the TSO
from the government or energy ministry in the country.

11.10. READINESS TO COMMISSION

Thefeasibility study may have identified various additions and enhancements to the grid that were needed for
the connection of the NPP. After the start of the NPP project, the NPP devel oper and the TSO would have discussed
and agreed to the design of the substation for the NPP and its connection to the rest of the grid system, and other
additions to the grid system that were needed. During the construction of the NPP, the NPP developer should
monitor that the construction projects for the additions and enhancements are progressing to schedule, so that they
will be ready before the NPP is due to start commissioning. A final check should be made before the NPP is due to
start commissioning that all these works have been completed, and that they are consistent with what was included
in the bid invitation specification, and the applications for construction or operating licences.

The NPP developer should aso confirm that any additions or changes to TSO's operational procedures that
were required for the NPP have been completed, and that the TSO’s operating staff have received the necessary
training in any new or revised procedures.

12. EFFECTSOF CLIMATE CHANGE

12.1. INTRODUCTION

It iswell established that the concentration of carbon dioxide in the atmosphere has increased during the last
few centuries, and the concentration is still increasing at an accelerating rate, due to human activities and the use of
fossil fuels. The international scientific consensus is that this increase in the concentration of carbon dioxide, and
some other gases, in the atmosphere is causing global temperatures to rise as a consequence of the greenhouse
effect, and thiswill cause changes in climate that may change the frequency and severity of extreme weather events.

12.2. EFFECT ON NPPS AND TRANSMISSION SYSTEM RELIABILITY

NPPs that are being planned or constructed now, have planned operating lives up to 60 years, so thereis the
potential for significant changeto climate and weather conditions during the life of the plant. The change in weather
conditions may lead to more frequent periods of severe weather, or weather events that are more extreme. These
events may affect the reliability of the grid system, so this should be considered during the design of the NPP and
its grid connections. The effects of severe weather events on the transmission system are summarized here.

12.2.1. Strongwinds

Experience worldwide is that strong winds can cause considerable disruption or damage to lower voltage
distribution networks, because of falling trees, but generaly do not have a significant effect of higher voltage
transmission circuits, because of the greater height of transmission towers. Transmission circuits are generally only
affected by extreme high winds, which cause physical damage to transmission towers. Therisk of such damage can
be reduced by designing the towers for higher wind loading.

Strong winds from a salty seawill also pollute insulators on overhead lines and in switchyards situated in the
vicinity of the coast and increase the risk for flashover.

Civil structures at the NPP, including exhaust stacks for onsite power sources, should be designed for extreme
high winds.
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12.2.2. Cold weather, ice and snow

Heavy snow can cause failure of overhead lines by the weight. The extreme event is the ‘ice storm’ when
super cooled rain combines with high winds, to rapidly build up an ice layer on overhead line conductors. The
remedial action is to design for higher static loading, although it may not be possible to protect against the most
severeice storms.

Extreme snow should also be considered for the civil structures of the NPP. Heavy snow could clog the air
intakes for onsite power sources. Extreme cold weather might affect intermediate cooling water system temperature
for onsite power sources, especialy if the NPP is at shutdown.

12.2.3. Thunderstorms

Thunderstorms with lightning are the most common cause of faults on overhead linesin some Member States,
so that if thunderstorms become more common, the number of faults will increase significantly. It is probably not
possible to make a significant change to the likelihood of lightning strikes by changes to the tower design, but
attention should be paid to measures to prevent significant damage from lightning strikes, such as proper earthing
of transmission towers, correct maintenance of spark gaps and surge arresters, etc.

12.2.4. High temperatures

If high air temperatures are combined with high power flows on overhead lines, the temperature of the
overhead lines will be maximum, so the sag of the line will be greater, causing an increased risk of flashover faults
to trees growing near or under the lines. The remedial measures are to increase the current rating of the lines by
using a conductors of greater cross-section or increase the temperature rating of the lines by increasing the line
tension, and to trim of trees under the overhead lines more frequently.

Prolonged high temperatures may also lead to increased risk of forest and grass fires. In addition to the normal
measures for avoiding forest fires, the overhead lines should be routed away from forest areas where thisis possible.

Prolonged high temperatures might also lead to high intake temperatures or high discharge temperatures for
any of the cooling systems at the NPP, so that the temperatures are above permissible limits. This could be taken
care of in the design phase in order to accommodate a wider range of temperature limits.

12.2.5. Floodsand rising sea levels

The main risk to the transmission system from floods due to heavy rain or rising sealevelsisto electrical and
control equipment mounted at ground level in substations. The main remedial action isto avoid building substations
on low ground in areas susceptible to flooding.

13. CASE STUDIES OF PLANNING
AND OPERATING EXPERIENCE

13.1. INTRODUCTION

This section summarizes some particular experience of Member States for the planning of new NPPs, or the
operation of NPPs and the grid systems as follows:

China: The planning that took place for the connection of the first nuclear units.

Finland: The arrangements that are planned because the new nuclear unit being built is much larger than the
existing nuclear units on the system.
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Sweden: Description of an event at a NPP when an unusual fault in the substation beside an NPP had serious safety
consequences on a nuclear unit.

USA: Description of an event where asimple fault on the grid system caused | oss of offsite power to several nuclear
units because of adeficiency in the design of the electrical protection arrangements on the grid.

United Kingdom: Discussion of the causes of loss of off-site power (LOOP) to the NPPsin the UK based on many
plant-years experience.

Japan: Brief description and discussion of the grid aspects of the serious accident at Fukushima Daiichi NPP in
March 2011, based on currently available information.

13.2. CHINA

The government of China started economic reform and opening the country to the outside world in 1978. This
economic development caused a very fast increase in electricity demand. There was a significant shortage of
electricity in the Guangdong province of Southern China— demand exceeded generation capacity by as much as
30%. Guangdong lacked primary energy resources; coal had to be imported and the transport capacity could only
provide about 50% of what was needed at that time. The hydroelectric resources were very limited in the coastal
and low-lying area. Nuclear power was the best choice for additional generation capacity.

In 1980, the Guangdong grid had an installed capacity 1870 MW, and a peak demand of 1450MW. The
transmission network operated at a voltage of 220 kV, and the electrical interconnections were weak. The grid
structure could not alow a large generating unit to connect. The Guangdong grid often kept the balance of
generation and demand through mandatory load shedding , the quality of frequency and voltage was not good.

After the second oil crisisin the 1970s, energy prices had risen very much, and CLP (China Light and Power,
the main electric power supplier in Hong Kong) was seeking along term cheaper source of electricity. In 1977, CLP
started to build a large coal-fired power plant (Qingshan) instead of the oil-fired units that it had used before. The
IAEA had finished afeasibility study for CLP of construction of aNPP in Hong Kong; this study concluded that the
cost of nuclear power generation would be cheaper than coal-fired power in the long term, but Hong Kong is too
small to have enough space to develop aNPP. The Hong Kong transmission system operated at 400 kV, theinstalled
capacity was 3470 MW and the maximum demand 2800 MW. The grid performance was good with strong
electrical connections and sufficient reserve capacity.

Guangdong is adjacent to Hong Kong and had the land available, but lacked the capital to develop a NPP.
Hong Kong had the market with foreign currency earnings that could be used to repay the loan for the project. There
was a common benefit to establish ajoint venture to have a NPP in Guangdong.

The load in Guangdong was expected to grow by 10.8% per year between 1980 and 1990, while the load on
CLP grid was expected to grow by 8.8% in the same period. The maximum load demand was expected to reach
4040 MW in Guangdong and 6470 MW in CLP by 1990, so the total load of the two grids would be around
10 500 MW, which would be large enough to allow a single unit of 1000 MW to be connected to the grid by 1990.

The 10-year plan for developing electric power in Guangdong was worked out one year before the Daya Bay
project was approved. Four coal fired power plants and seven small hydroel ectric power stations were to be built in
Guangdong, and a500 kV transmission grid would be established in 1990 to connect to those new coal fired power
plants and NPP. By 1990, the Guangdong grid would be connected with that of the three west provinces, Guangxi,
Yunnan and Guizhou to establish aregional electrical network.

The government of China approved the construction of DayaBay NPP (2 x 984 MW) in Guangdong province
at the end of 1982, and the negotiations for the joint venture were completed in 1985. Seventy per cent of the NPP
output goes to CLP grid and 30% to Guangdong. Construction started with first concrete at Daya Bay NPP in
September of 1987; unit 1 was put into operation in February of 1994 and unit 2 in May of the same year.

The decision was made in 1987 to construct a 4 x 300 MW Guangzhou pumped storage power station
(GPSPS); this would increase the NPP load factor and deal with load following in the limited capacity system. The
construction of this power plant started on 25 May 1989, the first unit was put into operation on 29 June 1993, and
all four units were completed by 12 March 1994.
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The Guangdong and CLP grid system was small when Daya Bay NPP units were first connected. There was
alarge daily variation of demand and alarge variation with season aso. There was inadequate system reserve. The
interconnection with the neighbouring grids was very weak. Daya Bay NPP has maintained safe and stable
operations since its commercial operation. The three key elements of good performance in this power system were
asfollows:

I nterconnection with neighbouring grids: A 500 kV transmission line of 1240 km was put into operation at
the end of 1993 to transfer hydropower from the west to Guangdong, which connected the three west ern provinces
with Guangdong and CLP grid. The load of the western three provinces was approximately 6600 MW. The grid
scale was expanded from thistie line before the NPP big unit operation. This was one of the foundations for the grid
stability.

I nterface between grid and NPP: A coordination mechanism was set up between the grids and the NPP. An
Interconnection Operational Management Committee (IOMC) was formed, consisting of the Guangdong grid, the
CLP grid, the Daya Bay NPP and the GPSPS. There were regular meetings to coordinate grid and NPP
construction, operation, maintenance and testing. The IOMC drew up the Nuclear Interconnection Operational
Management Rules (NIOR), which were observed by all the parties. The NPP specifications and grid requirement
were made compatible with NIOR. The NIOR played a very important role for system safety and reliability during
the construction and early operation of Daya Bay NPP. The NIOR provided common standards, and defined the
responsibilities of all parties in the operation of the interconnected system, in order to lessen the possibility of
misunderstanding among operators in both normal and emergency conditions. The NIOR ensure that the NPP
operators understand and observe the rules and policies of the grid for dispatch, operation and management of the
interconnected system. NIOR also ensure that the power system operators have a clear conception of NPP
characteristics and limits, emergency handling procedures, and maintenance coo rdination requirements.

Guangdong pumped stor age power station (GPSPS): In apower system of limited capacity with large NPP
units, atrip of NPP unit could create a big disturbance on the grid. The NPP units were a so difficult to operate at
base load mode since there was the great variation between peak and off-peak demand on the grid. The GPSPS
flattened out load variations on the grid permitting the NPP to operate at base load. It can respond to sudden
changesin electrical demand and generation caused by the trips of NPP or transmission lines within seconds. It has
contributed alot to the grid stability and the load factors of the NPP units.

The Guangdong grid has continued to expand along with the economica development: peak load increased
from 6900 MW in 1994 when Daya Bay NPP was put into operation, to 78 000 MW in 2011. The interconnection
with the western grids has been greatly strengthened: the Guangdong grid receives power of 23 000 MW through
10 AC and 5 DC circuits from externa grids, and now has 5 nuclear units of 1000 MW each in operation, and
9 unitsin construction on 3 sites.

13.3. FINLAND

Finland has two NPPs in operation, comprising four nuclear units, (two units of 510 MW and two units of
870 MW), in a country with a maximum demand of 12 500 MW. But Finland is part of the Nordic grid system
(Norway, Sweden, Finland, Eastern Denmark), which is a synchronized system with a maximum demand of around
60 000 MW. There are other nuclear unitsin Sweden.

The next reactor to be built in Finland is Olkiluoto 3, with a planned capacity of 1630 MW. Theinstallation of
such alarge unit requires close cooperation between the NPP owner and Fingrid, the transmission system operator,
for development of the transmission system. The new unit has to comply with the technical requirements of the
Nordic Grid Code, which establishes a set of common rules for planning, connection, operation and data exchange
in the Nordic countries. Thisincludes the need for the system to remain stable for afault such as a 250 millisecond
short-circuit fault on the high voltage side of the generator step-up transformer. This requirement is crucial for the
Nordic network, which has long transmission distances and arisk of voltage collapse.

Various parameters were considered for their effect on the stability of the planned nuclear unit, including the
moment of inertia of the turbine-generator unit, the electrical parameters of the generator, and the performance of
the automatic voltage regulator and the excitation system, the speed governor and the possible use of fast valving.

The planned Olkiluoto 3 is significantly larger than the largest existing unit of the Nordic grid, so it is a
challenge to provide adequate reserves for frequency control after an event that trips or disconnects the unit. To
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accommodate the larger generation loss from atrip of Olkiluoto 3, it has been decided to install a tripping scheme
that will automatically disconnect 300400 MW of large industrial load immediately after a reactor trip. This load
islocated in Finland but at several sites remote from the NPP site. The requirement is that the tripping scheme is
reliable and fast (tripping time less than 200 milliseconds). To ensure reliability it requires redundant equipment
and telecommunication signals. The effect of this tripping scheme is that atrip of 1630 MW at Olkiluoto is seen as
aloss of around 1300 MW by the power system as a whole, which is no larger than the largest loss from tripping
one of the existing NPPsin Sweden. The tripping scheme can be activated or de-activated by remote control, and
the amount of load that can be tripped by the protection scheme will be under rea time control. Disturbance
recorders will beinstalled to monitor and verify the speed of tripping.

13.4. SWEDEN

An incident occurred at 13.20 on Tuesday 25th July 2006 at unit 1 of Forsmark NPP, which was then in
operation at full power, 990 MW. This incident demonstrates the importance of considering the possibility of
unusual events on the grid when designing and operating a NPP.

The TSO was carrying out some work in the 400 kV substation next to Forsmark NPP, and had misjudged the
need to interlock an earth fault protection. An incorrect switching operation resulted in a disconnector opening,
causing an arc across the disconnector and a two-phase short circuit on the 400 kV network, with aresulting voltage
drop. Because the earth fault protection had been interlocked, the short circuit fault was not cleared rapidly by the
bus bar protection, but was cleared slowly.

The generator excitation systems responded automatically to the voltage drop by boosting the generator
excitation, so that when the protection automatically disconnected the two turbine generator units of Forsmark Unit
1fromthe grid, therewas abrief but substantial overvoltage on the generating units, and hence on the power plant’s
internal electrical network.

The reactor output power was then automatically reduced to 25% as the result of a reduction in the water
inflow rate to the reactor, and because some of the control rods had been inserted. The plant therefore changed to
house load operation, i.e. generating electricity only for the power station’s own needs.

Within the plant there are four independent electrical subsystems, (A, B, C and D) which can provide power
to safety systems. Each of these four subsystems contains an uninterruptible power supply (UPS) system, which
contains rectifiers, batteries and inverters, to provide an uninterruptible supply of alternating current to important
safety systems. The initial voltage drop during the fault forced the battery chargersin the UPS system to open their
thyristors fully. Then when there was a substantial overvoltage after the fault was cleared, there was an overvoltage
on the DC side of the chargers and inverters. This high voltage caused the inverter to trip the UPS systems in
subsystems A and B. Fortunately the UPS systems in C and D subsystems continued to operate which meant that
equipment supplied from them operated as intended.

The transfer to house load operation did not succeed and power to the 500 V AC safety buses was lost. Start
commands were issued automatically to the four diesel driven generators (one in each subsystem) that supply
standby power to the power station. All the diesel generators started automatically. However, the connection of their
electrical outputs to the subsystems is dependent on the availability of power to their supervision circuits from the
uninterruptible AC system. Hence two of the generators failed to connect. The two other diesel generators, in
subsystems C and D, supplied power to the internal network throughout the entire incident.

The AC network aso supplies the equipment that measures the water level and pressure in the reactor
pressure vessel. This, too, is divided up into four subsystems. Astwo of the four instrumentation systems were not
working, this resulted (as intended) in an automatic scram of the reactor. Much of the instrumentation, recording
and supervisory facilitiesin the control room (including indications of the positions of control rods) were also lost,
as they are supplied from subsystems A and B in the no break 220 V AC system.

After 22 minutes the offsite power was restored manually, after which the two other diesel units were started.
The result was that supervisory facilities were restored in the control room, motor powered insertion of the control
rods was completed in subsystems A and B, accompanied by indication that all the rods were inserted, and greater
capacity was available for pumping water into the reactor pressure vessel, so that the normal water level was
quickly restored. After extensive checks, the control room personnel were able — 45 minutes from the initial event
— to enter a brief record in the logbook that “ The reactor is safely sub critical and operational statusis stable”.
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This event demonstrated a series of errors that challenged the concept of ‘defence in depth’:

(1) The short circuit in the 400 kV substation and the long time to clear the fault were due to the fact that work
there was not carried out in the correct manner. The short circuit in the substation resulted in a more severe
disturbance to the electrical systemsin the power station than the systems had been designed for.

(2) The under frequency protection of both turbine generators did not operate correctly. New under frequency
protection systems had been installed in 2005 and their initial testing had been inadequate.

(3) The battery backed no break AC system isintended to supply equipment that is essential for safe shutdown of
the reactor. The UPS systems were installed at Forsmark 1 and 2 over ten years before, as a replacement for
older equipment based on mechanical technology, which was more resistant to electrical disturbances. The
transient voltage variation that occurred during this event was much greater than that for which the equi pment
was tested; this resulted in UPS units in subsystems A and B being knocked out.

(4) Although al four diesel generator units started automatically, the A and B diesels failed to connect to their
respective 500 V bus bars, as they required auxiliary power from the no break AC systems. This shows how
vital the no break systems are for plant safety, but also shows that there was afunctional relationship between
the distribution systems that meant that they could be knocked out by a common cause failure.

The lessons that can be learned from this event are discussed in Ref. [23].

13.5. UNITED STATES OF AMERICA

The following significant operating event demonstrates a grid reliability issue that resulted from inadequate
design of arelay protection on atransmission system [13].

Externa fouling on a 230 kV insulator resulted in the de-energizing of a 500 kV substation, removing all
sources of power to three nuclear units. The initial fault was across the 230 kV insulator with external fouling.
Protective relaying detected the fault and isolated the line from the remote substation. The protective relaying
scheme at the other substation received a transfer trip signa actuating an auxiliary relay in the tripping scheme for
two breakers connected to the faulted line. The relay had four output contacts, all of which were actuated by asingle
lever arm. The tripping scheme used two contacts in redundant trip coils for each breaker.

One breaker tripped, demonstrating that the relay coil picked up, and at |east one of the relay contacts closed.
The other breaker did not trip. Bench testing of this type of relay showed that, even with normal voltage applied to
the coil, neither of the tripping contacts for the failed breaker closed. The breaker failure scheme for the failed
breaker featured a design where the tripping contacts for the respective redundant trip coils also energized
redundant breaker failure relays. Since the tripping contacts for the failed breaker apparently did not close, the
breaker failure scheme was not activated, resulting in a persistent uncleared fault on the 230 kV line.

Various transmission system event recorders show that, during approximately the first 12 seconds after fault
inception, several transmission lines on the interconnected 69 kV, 230 kV, 345 kV, and 500 kV systems tripped on
overcurrent. Also during the first 12 seconds, three cogeneration plants tripped, two with combustion turbines and
one with a steam turbine, and the fault alternated between a single-phase-to-ground fault and a two-phase-to-ground
fault, apparently as aresult of afailed shield wire (earth wire) bouncing on the faulted line. After 12 seconds, the
fault became a three-phase-to-ground fault and additional 500 kV lines tripped. Approximately 17 seconds after
fault inception, the three transmission lines between the NPP substation and the nearby 500 kV substation tripped
simultaneously due to the action of their negative sequence relaying, thereby isolating the fault from the several
cogeneration plants connected to that substation. Approximately 24 seconds after fault inception, the last two
500 kV lines connected to the NPP substation tripped, isolating the NPP substation from the transmission system.
At approximately 28 seconds after fault inception, the three NPP generators were isolated from the substation and,
by approximately 38 seconds, all remaining lines feeding the fault had tripped and the fault was isol ated.

Thetripsresulted in atotal loss of nearly 5500 MW of local electric generation. Because of the loss of offsite
power, a‘Notice of Unusual Event’ was declared for al three units at the NPP. The Unit 2 train A emergency diesel
generator started but failed early in the load sequence process due to a diode that short-circuited. The subject diode
had less than 70 hours of run time in the exciter rectifier circuit. As a result, the train A engineered safeguards
features busses de-energized, limiting the availability of certain safety equipment for operators. Because of this
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failure, the emergency declaration for Unit 2 was elevated to an Alert at 7:54 am. All three units were safely shut
down and stabilized under hot shutdown conditions. Units 1, 2 and 3 were without offsite power for approximately
4 hours and 9 minutes, 1 hour and 46 minutes, and 2 hours 15 minutes, respectively.

The primary cause of the cascading blackout was the susceptibility of atransmission line protection system to
asinglefailure. The insulator degradation caused by external fouling did not, by itself, represent a concern about the
reliability of the insulators on the 230 kV transmission system. Nevertheless, the failed relay and the lack of a
robust tripping scheme raised concerns about the maintenance, testing, and design of 230 kV system protective
relaying. The 230 kV substation where the relay failure occurred was subject to annual maintenance and testing.
Following the event, the failed relay was visually inspected. No apparent signs of contamination or deterioration
were found.

Thetripping scheme lacked redundancy that could have prevented the failure of the protective schemeto clear
the fault. The review of the design of the substations connected to the substation indicated that two transmission
lines at the subject substation featured a tripping scheme with only one relay of this type. The newer lines had two
relays of these relays. However, the review found that the bus-sectioning breakers at the subject substation
contained only one trip coil instead of two trip coils.

To improve reliability, the tripping schemes for the two identified lines were modified to have two of the
relays energizing separate trip coils for each breaker. The utility is considering installation of two trip coilsin al
single-trip-coil breakers. Thetie lines that connected the 500 kV and 230 kV substations did not have overcurrent
or ground fault protection. The installation of overcurrent protection for these tie lines was completed in a later
modification.

13.6. UNITED KINGDOM

A total of 19 commercial NPPs have been built in the United Kingdom, comprising 41 reactors, although the
older ones have now ceased generation. These 19 NPPs provide a sufficient number of plant-years operation to
provide some useful statistics concerning events of loss of off-site power. With one exception, the NPPs had more
than one nuclear unit, with the possibility to provide electrical supplies to auxiliaries from one unit to another.
Hence the significant LOOP events are those that disconnect the electrical power from the NPP as awhole, and not
those that disconnect supplies from just one nuclear unit.

The NPPs were connected to the transmission system at 132 kV, 275 kV or 400 kV, depending on their size.
The magjority of the NPPs had all their grid connections to a single substation. Some had their station transformers
and generator transformers connected to different substations as different voltages, but in each case the lower
voltage substation was fed from the higher voltage substation, so was not really independent. The mgjority of the
NPPs had four or more transformer connections between the NPP and the substations. The connections from the
substation to the rest of the grid system comprised four different arrangements:

(8 For the majority of the NPPs, the substation was connected via four circuits, on two rows of transmission
towers (double circuit towers) which ran over separate routes for most of their length to two or more different
substations at the far ends;

(b) For three of the NPPs, the substation was connected by just two circuits to a higher voltage substation that was
nearby (much less than 1 km away), which in turn was connected to the grid similar to (a);

(c) For three of the oldest NPPs, the substation was connected by more than four circuits (five or six);

(d) For two of the NPPs, the substation was connected by just two circuits, running on the same row of
transmission towers (double circuit towers), to asingle substation at the far end.

Historic data on grid eventsis available for the full plant life of nearly all these NPPs. A study carried out in
2009 collected the data for approximately 630 plant-years of operation (corresponding to approximately
1460 reactor-years). This included some plant-years after some NPPs ceased operation but remained connected to
the transmission system. In the 630 plant-years of operation there were 55 identified events in which a NPP
experienced a complete loss of off-site power (LOOP). Only one of the LOOP events was due to the loss of all
connections between the NPP and the substation, and a small number were due to faultsin the substation. The large
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majority were due to faults that caused the loss of grid connections between the substation and the rest of the grid
system.

The frequency of LOOP events varied between the different NPPs; it was approximately once in three years
for two NPPs, and there have been none in the plant lifetime for three NPPs. The two NPPs with frequent LOOP
were the two NPPs with the connection arrangement (d), with just two connecting circuits. Excluding these two
NPPs, the average rate of LOOP for the all other NPPs was about once in twenty years.

More than half the LOOP events were of short duration (less than 30 minutes). The longest duration of LOOP
was about 12 hours, and was due to the * Great Storm of 1987’ in which high winds caused a great deal of damage
to built structures. (Thisis considered to have been the most severe storm in the UK in more than 250 years).

The main cause of the mgjority of the LOOP events was bad weather (severe storms with frequent lightning
strikes, freezing fog or heavy snow) during which there were multiple faults on the transmission system near the
NPP during a period of a few hours, and some of the fault outages overlapped (i.e. severa circuits were out of
service simultaneously following faults). About 15% of LOOP events were attributed to salt pollution, which is to
be expected as al except one of the NPPs is located on the sea coast or close to the coast, and the transmission
circuits to them run close to the coast for a significant distance. About 10% of the events had human error as the
main cause, and only 6% were caused by equipment failure.

The number of faults per year on the transmission connections to the NPP's substation varied very much from
year to year. In some years with periods of very bad weather, there were ten times as many faults as in other years,
but the large majority of transmission system faults did not lead to LOOP events.

The general conclusion is that the main cause of LOOP eventsin the UK isaperiod of unusually bad weather
or environmental conditions (salt pollution) that affects the transmission lines connecting the NPP's substation to
the rest of the transmission system. The use of four connecting circuits with two independent routes significantly
reduces the risk of LOOP compared with using just two connecting circuits on asingle route. However, even where
an NPP has four connecting circuits, one or two L OOP events can be expected during the life of the NPP.

For comparison, an analysis of recent LOOP eventsin the USA is presented in Refs[9, 12].

13.7. JAPAN

On 11 March 2011 the strongest earthquake in Japan’s modern history (magnitude 9) occurred under the
seabed of the Pacific Ocean approximately 70km from the north-east coast of the main Japanese island of Honshu.
The intensity of the earthquake (the ground accel eration) along the coast of Honshu was great enough to cause all
the nuclear unitsin that part of Japan to shut down automatically, based on their seismic trip settings.

At Tokyo Electric Power Company’s Fukushima Daiichi NPP, the measured maximum intensity of the
earthquake (the magnitude of the horizontal acceleration) was close to or slightly above the reference maximum
earthgquake that had been used in the design of the plant. The earthquake itself did not cause significant damage to
the nuclear plant, but did cause loss of off-site supply, because of loss of al seven grid connections to the site. The
earthquake caused alot of damage in the switchyards at the NPP, at the nearby Shin-Fukushima substation to which
it is connected and to the circuits between them, including:

— Caollapse of one transmission tower, built on sloping ground, because of alandslide caused by the earthquake;
— Damage to underground cables by subsidence;

— Caollapse of several high voltage circuit breakers,

— Distortion, damage or collapse of several line switches (disconnectors);

— Failure of suspension insulators;

— Failure of an overhead earth wire (ground wire) which fell on the equipment below it.

Because of the loss of al offsite power, the emergency diesel generators started and initialy provided the
necessary electrical power for the cooling of the reactors.

However, approximately one hour after the earthquake, the tsunami, which was caused by the earthquake,
reached the coast. The height of the tsunami at the Fukushima Daiichi plant was much greater than the maximum
height for which the plant had been designed. As a result the site was flooded, and the equipment that was damaged
by the flooding included most of the high voltage switchyards and high voltage distribution boards at the NPP. The
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flooding also damaged all except one of the emergency diesel generators. Hence there was a station blackout, with
electrical power available for alimited time only from the plant’s emergency batteries. Because of the extent of the
damage caused by the earthquake and flooding, it was not possible to restart the diesel generators, nor was it
possible to restore electrical power from the grid for several days, and the batteries were completely discharged
after afew hours. Without electrical power available, there was significant overheating of the reactor cores and the
fuel in the spent fuel storage ponds. Some of the fuel in three of the reactor cores melted and hydrogen was
generated, which led to some hydrogen explosions and major releases of radioactive contamination to the
environment.

This was clearly a beyond design basis accident, and the accident management that was achieved was not
sufficient to prevent the escalation of the event into a severe accident. There are many lessons to be learnt from this
event involving al aspects of design, operation, and safety management. With reference to the grid connections
some initial conclusions are:

(8 Plans for severe accident management should include consideration of beyond design basis accidents which
result in the loss of all off-site power from the grid for an extended period, combined with extended
unavailability of on-site emergency supplies;

(b) Plans for accident management should include actions to be taken by the transmission system operator for
emergency repair and restoration of grid connectionsto an NPP;

(c) Whileitis prabably not feasible to design an entire grid system to be robust against severe earthquakes, the
design of the substations and grid connectionsin the zone of influence of an NPP should include consideration
of their ability to withstand earthquakes of the intensity used for the design basis accidents of the NPP,

(d) Electricity substations and grid connections that are in the zone of influence of an NPP should be located
away from areas of flood risk, or be designed to be resistant to flooding.

14. SUMMARY AND CONCLUSIONS

This publication has described the ways in which the electrical grid system can affect a NPP, and the NPP can
affect the operation of the grid.

Although the NPP operator has the prime responsibility for the safety of the NPP, the actions of the TSO can
have an effect on the NPP's safety because the design of the high voltage transmission system and the way it is
operated and controlled will affect its performance in both normal circumstances and following faults. Hence the
TSO's actions can affect the reliability of electrical supplies from the grid to the NPP. Similarly, the NPP can have
asignificant effect on the grid system, mainly because of the large unit size of modern nuclear units. This particular
issueisdiscussed at length in Section 5 of this publication, and illustrated in Appendix 2.

Because of this interaction between the NPP and the grid, this publication has indicated the importance of
close collaboration between the NPP developer and the TSO from the very beginning of the design stage of the
NPP. This collaboration needs to continue during the construction of the NPP and its grid connections, and
subsequently the NPP operator and TSO must collaborate during the operation of the NPP for the full life of the
NPP. The need for collaboration is emphasised in this publication because changes in electricity markets in many
Member States mean that that now and in the future the NPP operator and the TSO may be different companies or
organizations with different commercia and legal obligations, and it may be necessary for the government of the
country to pass legislation to permit or require such close collaboration.

To assist in the collaboration between the TSO and NPP operator, this publication has attempted in Section 3
to explain to TSO staff the issues that are important to an NPP; similarly Section 4 explains, from an NPP operator,
to staff the issues of importance to the TSO. Other sections in this publication describe the information that has to
be exchanged and matters that must be considered and agreed jointly between the two organization s at various
stages such as site selection, design of the grid connections to the NPP, and during operation of the NPP.

For a country that does not yet have nuclear power, there may be a need for considerable expenditure for
improving the control of voltage and frequency, and for improving the reliability and robustness of the transmission
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system in order to accommodate a new nuclear unit. This can include building new transmission connections
including connections to neighbouring countries. However, although the performance and reliability of the
transmission system can be improved, it will always be vulnerable to unusual or extreme weather, environmental
and other events, such as those listed in Appendix |. For this reason, the NPP operator will need to consider the
possible effect of such unusual events or combinations of events on the NPP, as discussed in Section 9, to satisfy the
nuclear regulatory body that the NPP can be operated safely or shut down safely if such events happen. The NPP
operator and TSO should also consider the possible effects of climate change during the operating life of the NPP,
as summarized in Section 12.

Section 13 describes some experience of Member States of planning for new nuclear units, and of events on
the transmission system that led to loss of electrical suppliesto NPPs, or other undesirable consequences. The most
serious example was the severe accident at Fukushima Daiichi NPP in Japan that happened while this publication
was being prepared.

To assist Member States in ensuring that all the issues related to the grid system are considered at the various
stages of development of an NPP, Appendix 111 provides a checklist of questions for self-assessment.
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Appendix |

EXAMPLESOF GRID FAULTS

Many grid faults are due to weather events. It is useful to distinguish three basic weather conditions as
follows: ‘normal’, *severe’ and ‘extreme’.

Normal weather is the condition that occurs perhaps more than 99% of the time. Faults due to weather effects
during normal weather are comparatively rare and isolated events. As a consequence of operating the transmission
network in accordance with an ‘N-1’ reliability standard and protection with auto-reclose, the weather related faults
in normal weather will generally not cause a NPP to |ose off-site supplies.

Severe weather is the condition when there are multiple weather related faults on the transmission network in
ashort period of time, but the weather is not so severe as to cause significant damage to the network. When multiple
faults occur on the transmission network, an NPP can lose off-site supplies for a time when circuit outages due to
faults overlap, even if there are multiple circuits connecting to the NPP. However, the period for which off-site
power lost isgenerally short (afew minutesto afew hours) and the system can return to normal operation soon after
the return to normal weather. Examples of severe weather are severe thunderstorms, or storms with high winds and
very heavy rain.

Extreme weather is the condition where there are not only multiple faults, but also significant physical
damage is caused to parts of the transmission network. As a consequence of the damage, the system cannot return
to normal operation soon after the return to normal weather. Some overhead line circuits, etc., may be out of service
for days or weeks until they can be repaired. Hence there is a risk that a NPP could lose off-site power for an
extended period of time. Extreme weather implies conditions significantly beyond the design limits of some of the
grid system components, so should be rare events. Extreme weather conditions would include hurricanes, tornados,
ice storms and flooding.

Table 3 summarizes the various causes of grid faults.

TABLE 3. CAUSES OF GRID FAULTS

Fault type Description

Weather (lightning) Lightning strikes an overhead line conductor, or the associated earth wire or transmission tower, and causes
aflashover fault between live conductors or between alive conductor and earth. The voltage surge caused
by the lightning strike may cause internal faults in transformers.

Weather (wind) Debrisis blown against the overhead line conductors by high wind, creating a short circuit between high
voltage conductors, or between conductors and the earth wire.

Weather (wind) Overhead line conductors swing or oscillate in high winds (* galloping’) so that live conductors touch or
come close enough to allow aflashover. This can be worse in freezing conditionsif alayer of ice builds up
on the conductors.

Weather (wind) Very high winds blow trees over, so trees growing beside the overhead line damage the overhead line. Thisis

and maintenance likely to cause significant damage to lower voltage distribution networks carried on wooden poles or low steel
towers, but islesslikely to cause damage to high voltage transmission lines carried on taller steel towers.

Extreme weather Extremely high winds cause mechanical damage to overhead lines, transmission towers, or substation

(wind) structures (e.g. conductors become detached; transmission towers buckle).

Weather (high Trees near or under the overhead line grow so that in warm weather the overhead line conductor can come

temperature) and too close to the trees, or makes contact, and allows an electrical flashover to the trees.

maintenance

Weather (rain) Water getsinside a high voltage circuit breaker or high voltage bushing following heavy rain, and causes a

and maintenance short circuit that causes a catastrophic failure of the circuit breaker or bushing.

Weather In freezing conditions, ice builds up on insulators on overhead lines, switchgear or transformers, creating a

(icy conditions) conduction path, alowing flashover from live conductors to ground.
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TABLE 3. CAUSES OF GRID FAULTS (cont.)

Fault type Description
Extreme Wesather Inicy conditions, super cooled rain, often in combination with strong winds, freezes on overhead lines,
(ice storm) towers, etc. and rapidly builds athick layer of ice. Overhead lines or towers collapse due to the extraweight

Equipment failure

Equipment failure

Protection failure

Protection failure

Environmental
and weather

Environment
and weather

Environmental

Environmental

Environmental

Environmental

Human error

Human error

Human error

Human error

Malicious damage

Malicious damage
(cyber attack)

or the added wind |oading.

Catastrophic failure of a piece of equipment such as an internal electrical fault in atransformer or high
voltage bushing, or mechanical failure of acircuit breaker. Such failure can destroy the piece of equipment,
so that it cannot be used or repaired, and must be replaced.

A defect in equipment causes it to be tripped by itsinternal protection system without significant damage.
For example, atransformer tripped off by its Buchholz alarm or winding temperature alarm, or a circuit
breaker tripsif it losesair pressure. It may be possible to return the equipment to service after suitable repair
or adjustment.

An item of electrical protection equipment and/or the associated circuit breaker(s) operates spuriously to
switch out acircuit, when there is no fault.

An item of electrical protection equipment and/or the associated circuit breaker(s) fails to operate correctly
to switch out a circuit that has a genuine fault, leading to cascade failure.

Salt or other pollution builds up on insulators (especially during prolonged periods of high winds from the
sed). If thisisfollowed by damp/humid wesather the damp salt etc. creates a conduction path across the
surface of the insulators, and electrical flashover from live conductor to earth.

Flooding dueto very heavy rain, storm conditions at time of high tide at acoastal location, or atsunami after
an undersea earthquake, causes damage to electrical or electronic control equipment installed at ground level
in substations etc.

Smoke and combustion particlesfrom aforest or brush fire passes across the live conductors on an overhead
line, alowing aflashover between live conductors, or between live conductors and earth.

Flashover fault caused by asmall animal or bird, for example by climbing on or landing on an insulator on
ahigh voltage line.

A geomagnetic storm in the upper atmosphere induces large low frequency currents in overhead lines,
leading to fluctuating voltages, overheating of transformer earth connections, and spurious protection
operation. Thisisacomparatively rare event, and ismorelikely at high latitudes at times of sunspot maxima.

An earthquake damages overhead lines or substation equipment directly, or overhead lines or substationsare
damaged by landslides, falling buildings, trees etc. Ceramic high voltage bushings on transformers or
switchgear are particularly vulnerable. Underground cables may be damaged by subsidence.

The setting on grid system electrical protection equipment is done incorrectly during installation or
maintenance. Thiscan lead to unintended operation of the protection equipment, or the protection equipment
does not operate for afault.

Grid operator opens the wrong circuit breaker or switches the wrong circuit out of service, or incorrectly
switches acircuit or piece of equipment into service whileit still has safety earth connections attached.

Tall vehicle or machinery such asacraneisdriven under or operated near an overhead line and comeswithin
the safety clearance distance, or makes contact, causing aflashover from alive conductor to earth. A light
aircraft or hot-air balloon is flown into an overhead line.

An underground cable is damaged by a third party during excavation or building work.

Deliberate damage to transmission equipment causing failure, or theft of items of equipment (such as copper
earthing mats), so acircuit has to be switched out of service for safety reasons.

An electronic relay or an item of electronic control equipment, which has the facility for remote electronic
access, operatesin an unintended way following an accidental or malicious action via electronic
communications.
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Appendix 11

MAXIMUM UNIT SIZE

[1.1. INTRODUCTION

Operational experience shows that in most systems the sudden loss of 5% of the generation capacity will not
cause unacceptably low system frequency while the loss of 20% of the generating capacity will almost certainly
cause a system collapse. A practical limit to the sudden loss, and hence of the maximum capacity of a single
generating unit, is around 10% of the minimum system demand. To illustrate the issue of maximum unit size, this
appendix presents the results of a ssimulation of system frequency in a simple system with system demand of
10 000 MW when a single unit of 1000 MW islost.

[1.2. THE MODEL AND ASSUMPTIONS

In this calculation, the electromechanical oscillations between generating units will be neglected, so that the
instantaneous rotational speed of all generating units is the same. It will aso be assumed that the spinning reserve
is distributed equally among generating units operating below maximum output power. The generating units that
will pick up the load after the loss of the biggest unit may be gas turbines, hydropower units or steam turbines. Well
designed modern gas turbines and hydropower units can have a faster response than steam turbine units, but this
simulation assumes that the automatic frequency control isall provided by typical conventional steam turbine units
operating below rated output power.

The power system under study is assumed to consist of the biggest generating unit, the rest of the power
supply system, and the load.

The system frequency f Hz is given in equation (1).

d(f/fn)zpm_Pe

2H
dt S

(1)

Here H MWSMVA is the equivalent inertia constant of al the generating units that are synchronised to the
power system after the loss of the biggest generating unit; in this smulation H is assumed to be 5 MWs/MVA, which
istypical of modern steam turbine units. f, Hz isthe nominal system frequency (50 or 60Hz), P, MW isthe sum of the
mechanical (shaft) power of the turbines of al the generating units that are synchronised to the power system after the
loss of the biggest generating unit, P, MW is the total system load after the loss of the biggest generating unit
(including auxiliary power load of the generating unit that has been tripped), and SMVA isthe sum of therating of all
the generators that are synchronised to the power system after the loss of the biggest generating unit.

The total system load P, MW is given in equation (2).

k
P, =P, [fi] )

n

Here B; MW isthe total system demand at nominal system frequency, f Hz is the system frequency, and f, Hz
isthe nominal system frequency (50 or 60 Hz).

The turbine governors are assumed to be conventional droop-type governors without frequency dead-band.
The deviation of mechanical output power from the steady state mechanical output power at nominal power system
frequency AP, = P,,—P,,, MW isgivenin equation (3).

AP =—-S_ 0 3
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Here P, MW isthetotal response available from generators, d is the average droop of the turbine governors of
all the generating units that are synchronised to the power system after the loss of the biggest generating unit. In the
simulations the droop has been assumed to be equal to 0.05. This means that the deviation in steady state will be
equal the rated mechanical output power if the system frequency deviates 5% from the nominal value.

The control valve servo is described by the following nonlinear first order differential equation.

dAP,, AP —AP, 1. 1
= max(min(———&, =), —— 4
o (min( T T ) T ) (4)

S 0 C

Equation (4) models the change of valve position as afirst order linear system with atime constant T, saslong
as the output of the turbine governor is small. When the control valve servo gets a command to open or close the
control valve very rapidly the rate of change is limited. The small signal constant is assumed to be equal t0 0.2 s,
which is sometimes stated by turbine manufacturers. The opening time T, is assumed to be equal to 10 s and the
closing time T.is assumed to be equal to 0.6 s, which is based on typical information from turbine manufacturers.

The steam turbines are assumed to be single reheat turbines consisting of a high pressure turbine (HP turbine),
areheater, amedium pressure turbine (MP turbine), and low pressure turbines (L P turbines). The mechanical power
from the HP turbine is assumed to be proportional to the position of the control valve. The sum mechanical power
from the MP turbine and the LP turbines are assumed to be given by afirst order linear differential equation with
the position of the control valve as an input signal. The mechanical power from the turbine P,, MW isthen given by
equation (5).

P = Prp + Puip ®)

Here P, MW is the mechanical power from the HP turbine MW and Py, , MW is the sum of the mechanical
power from the MP turbine and the L P turbines.
The mechanical power from the HP turbine is given by equation (6).

Prp = Kpp P (®)
Here k. is the fraction of the power developed in the HP turbine. In the simulations presented here it is

assumed that this fraction is 0.4.
The sum of the mechanical power from the MP turbine and the LP turbinesis given by equation (7):

dl:)MLP

TRH dt

z(l_kHP)Ps_PMLP (7)

Here T, sisthe time constant of the reheater. In the simulations below it is assumed that the time constant is
equal to 10s.

A simple under-frequency |oad-shedding scheme has been integrated into the simulation. The total amount of
load that can be shed, Py, has been divided into four equal steps: 25% of Py, is disconnected immediately the
frequency falls below 49.0 Hz; another 25% is disconnected at 48.5 Hz; a further 25% is disconnected when the
frequency has been below 49.0 Hz for 10 seconds; and the final 25% when the frequency has been below 48.5 Hz
for 10 seconds.

[1.3. RESULTSOF THE SIMULATIONS
The system that has been studied has atotal demand of 10 000 MW, which is provided by a 1000 MW nuclear
unit, and 9000 MW of other generators, which are able to provide up to 1000 MW of additional power under

automatic frequency control, with the characteristics described above. It is assumed that none of the generatorstrips
off. Several simulations are presented, some without load shedding, and some with load shedding.
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Figure 8 shows the calculated system frequency assuming that the maximum amount of response available
from the generatorsis equal to 0, 500, or 1000 MW, and thereis no load shedding. The 1000 MW nuclear unit trips
when the time is 5 seconds. If the generators provide no response (the 0 MW line), frequency falls very fast; with
500 MW of response, frequency reaches a steady value below 47.5 Hz. In areal system, some generators are likely
to trip off on low frequency protection once the frequency fals below 47.5 or 47.0 Hz; this would cause the
frequency to fall very rapidly and there would be a system blackout. When 1000 MW of response is available, the
frequency stabilises around 48.0 Hz. This is acceptable behaviour as long as al the generators providing response
behave as expected. If some have problems and fail to provide the expected response, frequency would fall lower,
with arisk of generators tripping on low frequency protection.

Figure 9 shows the calculated system frequency with load shedding, where the total amount of load that can
be shed is 0, 500, or 1000 MW. The maximum response from generation in this case is 1000 MW. Shedding a
maximum of 500MW of load allows frequency to be controlled to about 48.5 Hz.

Figure 10 shows the calculated response of the generators, when the maximum response is 1000 MW and
there is no load shedding. This corresponds to the 1000 MW line in Figure 8 or the 0 MW load shedding line in
Figure 9.

The simulations indicate that a typical system with a demand of 10 000 MW can withstand the loss of a
1000 MW unit with a reasonable margin against system collapse, provided that there is around 1000 MW of
response available from typical thermal generating units, and some load shedding may be used. It is clear that if a
significant number of the generators do not provide the expected response, and load shedding is not used, thereisa
high risk that frequency will fall to low level, leading to tripping of generating units and system blackout. If more
than 1000 MW of generation islost, then it will be difficult to prevent such low frequency and system blackout.
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FIG 8. Freguency after aloss of 1000 MW for three values of response with no load shedding.
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Appendix 111

CHECKLIST OF QUESTIONSAT VARIOUS STAGES OF AN NPP PROJECT

[11.1. INTRODUCTION

This appendix gives a series of questions that may be used as a checklist for self-assessment at various stages
in the development of a new NPP. The first section after this introduction presents questions to be considered for a
feasibility study or pre-feasibility study, before afirm decision has been made to build aNPP. The following section
presents questions to be considered by the NPP developer in the period for the preparation of the bid invitation
specification (BIS) and the application to the nuclear regulatory authority for a construction licence, before
construction starts. The final section presents questions to be considered when construction of nuclear unit is nearly
complete, and the NPP devel oper is planning the commissioning of the nuclear units. Some of these questionsrelate
to information that may need to be supplied to the nuclear regulatory authority to support the application for an
operating licence.

1.2, FOR A PRE-FEASIBILITY STUDY OR FEASIBILITY STUDY

— Isthere along term energy policy for the country, including the electricity system?

— Has there been an analysis of the inclusion of nuclear power in the electricity system to demonstrate that it is
feasible?

— Isthe present behaviour of the electrical grid system well understood?

— Does the transmission system operator collect sufficient data on the behaviour of the system, and analyse
major grid events such as blackouts?

— Isthe current electrical grid system stable and reliable, with well controlled voltage and frequency?

— If not, isit feasible to improve the reliability of the electrical grid system by the timethat a nuclear plant might
be brought into service?

— Has the cost of improving the grid been considered as part of the feasibility study for the inclusion of nuclear
power?

— Arethere technical specifications or standards that define the requirements for the design and operation of the
electrical grid system and for the performance characteristics of generating units? And if not, are there plans
to develop such standards?

— Are there agreed procedures for emergency situations such as system blackout, and are these procedures
practiced?

— Has a decision been made on the preferred size of nuclear unit?

— If s0, isthis size significantly less than 10% of the minimum electrical system load?

— Isthereaplan for how the system could be controlled after an unplanned trip of anuclear unit so that there would
not be an uncontrolled fall in system frequency, leading to system collapse and blackout of the whole country?

— Has the choice of potential sites for the nuclear power plant considered the difficulty and costs of areliable
connection from the site to the grid system?

— Doesthefeasibility study for the inclusion of nuclear power assume that the nuclear unit will operate flexibly
(i.e. change output frequently)?

— If s0, can plans be changed so that the nuclear unit is able to operate at steady full load for most of the time?

— Arethefacilities at the grid control centre typical of current international best practice, and if not can they be
improved?

— Isthere a secondary control centre available at a separate secure location, which is able to carry out essential
actions to control the system if the main grid control centre is unavailable for any reason? If not, are there
plans to develop a secondary control centre.

— Are the arrangements for communications between the national grid control centre and other control centres
and power stations robust, diverse and reliable so they will continue to operate during a national blackout, or
extreme events such as hurricanes?
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[11.3. BEFORE THE START OF CONSTRUCTION

— Have all necessary grid studies have been carried out?

— Have all necessary grid modifications and reinforcements been identified?

— Arethe current performance and characteristics of the grid known, and can the future performance of the grid
be predicted with confidence?

— If the future performance of the grid is a significant improvement on current performance, do firm plans exist
to ensure this performance will be achieved?

— Isthe future performance of the grid acceptable for safe operation of the NPP designs being considered?

— Isthere adesign for the grid connections to the NPP site?

— Has the likely reliability of the grid connections to the NPP been estimated, and is this reliability good
enough?

— Has the design of the grid connections included consideration of their robustness, physical security and cyber
security?

— Is there sufficient information on the grid characteristics and reliability to include in the bid invitation
specification (BIS) and the application for a construction licence?

— Is there a credible plan and schedule that would alow all the grid modifications and the connections to the
NPP site to be completed before the NPP is ready to commission?

— Isthegrid operated in accordance with published standards or technical specifications, and are these standards
adequate?

— Are generating units required to meet defined technical specifications and standards?

— Have the performance characteristics of the planned nuclear plant been agreed with the transmission system
operator and are they compatible with the capability of NPP designs being considered?

— If the feasibility study identified the need to improve the facilities at the grid control centre or to improve the
robustness of communications, is there a plan to do this?

— Have the grid control arrangements been considered from the point of view of adding a NPP to the system,
and do plans exist to modify or improve the grid operating procedures to take account of the future connection
of the NPP?

— Is there a plan for ensuring that system frequency and system voltage will remain within acceptable limits
after an unplanned disconnection or trip of the nuclear unit from full power?

— Arethere plansto train grid operational staff in the specia requirements of nuclear plant?

[11.4. BEFORE COMMISSIONING THE NPP AND THE START OF OPERATIONS

— Have the earlier grid studies carried out by the transmission system operator been reviewed and updated for
any changes that have occurred since the studies were carried out?

— If there are any material changes to the grid that affect the NPP, has the TSO notified the NPP operator, and
has the NPP operator naotified the nuclear regulatory authority?

— Have all required grid enhancements and the grid connections to the NPP site been completed?

— Arethe necessary arrangementsin place for physical security and cyber security of the grid near the NPP, and
are these arrangements well defined and documented?

— Are al the planned enhancements to facilities at the grid control centre and the secondary control centre
complete and in operation?

— Are any necessary codes, standards or technical rules related to the grid being complied with?

— Do other generating units comply with their necessary technical performance requirements?

— Have grid operational procedures been modified where necessary to include the operation and have the grid
operational staff been fully trained in these modified procedures?

— Arethere established procedures for communications and command structure for use in emergency situations
on the grid, and do they take proper account of the requirements of nuclear plants?

— Arethe arrangements complete for control of system frequency and system voltage after an unplanned reactor
trip?



— If the grid system is interconnected to other countries, are there legal and commercial agreements and
operating procedure in place for proper control of system frequency after areactor trip and for grid emergency
situations?

— Have grid operating staff been trained in the new procedures and understand the special requirements of
NPPs?

— Has the NPP operator identified al areas where a legal obligation or binding agreement with transmission
system operator is required, and are such agreementsin force?

— Isthere sufficient information on the grid characteristics, reliability and operating procedures to include in the
application to the nuclear regulatory authority for the operating licence?

— There is an agreed maintenance policy for the grid system components that form the grid connection to the
NPP?

— Isthere an agreed procedure for exchange of information between the TSO and NPP operator concerning grid
outages or modifications to the grid?

— Does the NPP have procedures for ng the safety impact of grid outages and coordination grid outages
with maintenance on NPP safety equipment?

— Have the NPP operating staff been trained for the safe operation of the NPP in normal and abnormal grid
conditions and grid emergency situations?

— Do the NPP's plans for accident management or severe accident management include beyond design basis
accidents where there is loss of off-site power for a prolonged period because of damage to al grid
connections?
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GLOSSARY

This glossary provides definitions for arange of technical terms asthey are used in this publication. Different
terms may be used in some countries, and this is indicated for some terms. Where aterm is aready defined in an
IAEA glossary, thisisindicated, and that definition is given.

accident management. The taking of a set of actions during the evolution of a beyond design basis accident:
(a) To prevent the escalation of the event into a severe accident;
(b) To mitigate the consequences of a severe accident;
(c) To achieve along term safe stable state.
The second aspect of accident management (to mitigate the consequences of a severe accident) is also termed
severe accident management. [25]

ancillary service. A service that may be provided by generating units to assist the control of the grid system.
Ancillary services can include: provision of reactive power and control of system voltage; automatic
frequency control; load following; provision of spinning reserve; provision of standing reserve; provision of
black start capability. In electricity systemsthat have been deregulated, there would normally be a payment to
generators for providing ancillary services.

automatic fregquency control. A method of operating a generating unit, so that its output increases automatically if
the system frequency falls, and decreases automatically if the system frequency rises. Generating units
operating under ‘ automatic frequency control’ are part of the ‘ spinning reserve'.

automatic voltage regulator (AVR). Thisis part of the excitation system of the generator. It controls the output
voltage of the generator at a constant value, by controlling the current through the generator rotor winding.
The AVR isimportant for controlling the grid system voltage, and its dynamic performance is important for
ensuring the generator can remain synchronised to the grid system after grid faults. The AVR may include a
power system stabilizer function.

base load operation. Operation of a power station or generating unit at steady full load as far as possible, and not
‘load following' nor providing frequency control.

beyond design basis accident. Accident conditions more severe than a design basis accident. [25]

bid invitation specification (BIS). A detailed specification prepared by the prospective NPP operator to inform
bidders (prospective suppliers of the NPP) of the requirements for the NPP, which should include the main
characteristics of the electrical grid system in the country and the expected performance of the NPP. More
information on preparing aBISis provided in Ref. [24]

blackout. A condition in which all electrical power has been lost in all or alarge part of the grid system in the
country or region.

black start. (blackout recovery). Restarting the electrical power system from a blackout condition. The black start
process will be controlled by the TSO'’s grid control centre, but will require the co-operation of al the power
plantsinthe system. For ablack start to be possible, there must be a sufficient number of black start power plants.

black start power plant. A power plant that has the capability to start up fairly quickly from a shutdown condition
with no external source of power. NPPs do not have this capahility.

brownout. A condition in which the voltage on a part of the grid fallsto alow level following afault, and the voltage

control arrangements are not sufficient, so the voltage continues to fall over period of one or two minutes. If the
network operator does not start rapid remedial action, the voltage will continue to fall and lead to a blackout.
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ceiling voltage. The ceiling voltage is the maximum voltage that the generator excitation system can apply to the
generator rotor. A high ceiling voltage may be required to ensure that the generator does not lose synchronism
with the transmission system after afault, but poses arisk of overvoltage to the electrical auxiliariesin certain
fault situations.

common causefailure. Failure of two or more structures, systems and components due to asingle specific event or
cause. [25]

core damage probability. Core damage refers to an event in which the core of the nuclear reactor in a NPP suffers
significant damage. This may result from prolonged loss of cooling of the reactor core, so that the core
overheats, and parts of the core melt. Core damage probability is calculated as the likelihood per year of acore
damage event happening, based on fault studies. A core damage event may lead to a significant release of
radioactive material.

cyber attack. A deliberate attempt to cause abnormal operation or damage to a system with digital electronic
controls by signals sent viaremote communication links (internet connections or telephone lines), or by using
malicious embedded software.

cyber security. Many modern items of electronic control and protection equipment have the facility to be
controlled remotely, or have their settings changed remotely, via an internet or telephone line connection.
Cyber security refers to arrangements to ensure that such equipment is secure against accidental or malicious
actions that would change its intended operation i.e. to prevent cyber attacks.

design basis accident. Accident conditions against which a facility is designed according to established design
criteria, and for which the damage to the fuel and the release of radioactive material are kept within authorized
limits. [25]

distribution system. Those parts of the public electricity system operated at |lower voltages (typical voltages are 33
kV, 11 kV, 400/230 V, but this varies between countries). The distribution system connects the transmission
system to customers supplied at low voltage. The configuration and behaviour of the distribution systems are
not generally relevant to NPPs, which are normally connected only to the transmission system.

fault. Any unplanned event that results in atransmission circuit or item of transmission equipment being switched
out of service manualy or automatically by an electrical protection system. Examples include a lightning
strike on an overhead line causing a short circuit, or a short circuit between the windings in a transformer;
further examples are listed in Appendix Il. Faults are unplanned but are anticipated events i.e. faults are
expected to happen from time to time, and the transmission system should remain secure if a fault happens
(see ‘N-1 standard’).

fault level. A measure of the maximum current that could flow if there is a short-circuit fault at a point on the grid
system. It isimportant to know the maximum fault level at each point in the network, as circuit breakers and
other equipment on the transmission system each have a maximum fault current rating for safe operation.

fault ride-through capability. The ability of a generating unit to remain in operation (i.e. not trip) during and after
specified faults on the transmission system (e.g. the transient voltage depression caused by a short circuit on
the transmission system near to the generating unit.)

fast valving. A control arrangement for closing the governor valves on a steam turbine very quickly, if thereis a
sudden acceleration of the turbine rotor. The purposeis to rapidly reduce the steam supply to the turbine, and
hence reduce the rapid acceleration of the rotor that can occur during a short-circuit fault on the grid system
close to the power plant. This can assist in keeping the generating unit synchronised to the system after the
fault is removed.
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generator transformer. (Also caled ‘step-up transformer’). The transformer connected between the generator
(alternator) and the transmission system. The generator transformer is the route for export of generated power
from the NPP.

grid code. A document that describes the required technical characteristics, performance and operation of the
transmission system and generating units, as defined by the TSO or government agency.

grid control centre (dispatch centre). The control centre that provides high-level control of the grid system. It
issues instructions to generating units to increase or decrease output, or to shut down or start up in order to
bal ance generation with load. The control centre will also control the transmission system, switching circuits
into or out of service as necessary. A large grid system may have several control centres. Often the lower
voltage distribution systems and the high voltage transmission system will have separate control centres.

grid system. The grid system may refer to just the transmission system in a country, or in interconnected countries,
or include both the transmission and distribution systems.

house load oper ation. Operating a nuclear unit so that it is generating electricity only for the unit’s own needs (i.e.
supplying the electrical power to the auxiliary equipment, but not exporting power to the grid system).

inertia. Inertiais the energy stored in rotating machines because they are rotating. Large rotating machines have
stored energy due to the rotating mass of their rotor, driving turbine shafts etc. When a disturbance occurs e.g.
the unanticipated loss of a generator, the stored energy is released into the system and slows down the rate at
which the system frequency changes.

load following. Varying the output of a generating unit in a planned way, or in response to an instruction or control
signal from the grid control centre, reducing the output when the electrical 1oad on the system is reduced (for
example at night, at weekends and on public holidays) and increasing the output to maximum when the
electrical load is high.

load shedding. Arrangements for disconnecting some electricity customers to reduce load when there is a shortage
of generation and/or when system frequency is below a defined value. Load shedding is used in grid defence
plans to restore the balance of demand and generation in situations where demand is too high. Load shedding
may be automatic (initiated by low frequency relays) or by manual disconnection instructed by the grid
control centre.

loss of load. An event where the NPP loses the connection between the generating unit and the grid, so that the
generating unit is not able to export power, but the power supply from the grid via the station transformer or
other routeis still available.

loss of offsite power (LOOP). An event in which a nuclear unit loses al electrical power supply from the grid
system. This may be the result of events that disconnect all the connections between the NPP and the local
substation, or between the substation and the rest of the grid system, or because of atotal blackout of the grid
system in the country or region.

NPP operator. The company or organization that will be the operator of the nuclear power plant. This organization
has the primary responsibility for the safe operation of the NPP and will have to satisfy the requirements of
the nuclear regulatory body in the country.

nuclear unit. A nuclear unit comprises a nuclear reactor and all the auxiliary equipment (generator, transformers,

motors, pumps, electrical supplies, protection systems etc.) that are required for its operation. A nuclear
power plant (NPP) may have one or more nuclear units.
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N-1 standard. A common rule to describe the minimum level of security used in the planning and operation of the
transmission system. ‘N’ refersto the total number of transmission circuits that are in service at the time after
alowing for planned outages of circuits for maintenance, and the ‘-1’ refersto an unplanned event that causes
one of those circuits to be switched out of service. The ‘N-1' standard requires the system to have sufficient
redundancy that the unplanned loss of any one circuit in this way would not have unacceptabl e consequences.
Further explanation of an N-1 standard is given in section 4.6 of this publication.

off-load tap-changer. A transformer tap-changer that may only be operated when the transformer is isolated. (i.e.
has no voltage applied to any windings). To operate an off-load tap changer when the transformer is energised,
even if itisnot carrying any load, is almost certain to cause a dangerous catastrophic failure.

on-load tap-changer. A transformer tap-changer that may be operated while the transformer is energised.

power system stabiliser (PSS). Part of the automatic voltage regulator (AVR) that provides an additional control
function that helps to provide damping of potential oscillations of the power system.

pre-construction safety report. A report submitted by a NPP developer to the nuclear regulatory body, in order to
obtain a construction licence, which would allow the construction of the NPP to start.

probabilistic safety assessment. A comprehensive, structured approach to identifying failure scenarios,
constituting a conceptual and mathematical tool for deriving numerical estimates of risk [25].

reactive compensation. Equipment such as switchable capacitors that are used to balance the inductance of
overhead line transmission circuits, or switchable inductors that are used to balance the capacitance of
underground cable transmission circuits. Reactive compensation equipment may also include capacitors fitted
with power electronic controls to provide the effect of a continuously variable capacitance. Reactive
compensation equipment assists the control of the voltage on the transmission system.

reactive power. The product of the magnitude the voltage and current and the sine of the phase angle between
them, normally expressed in units of Mvar, which can be positive or negative. The inductance of overhead
lines and of motor load within consumer demand motors is said to “absorb” reactive power, while the
capacitance of underground cables is said to “produce” reactive power. Generating units and reactive
compensation devices need to produce or absorb varying amounts of reactive power as necessary to balance
this, which isimportant for controlling the voltage on the transmission system.

redundancy. Provision of aternative (identical or diverse) structures, systems or components, so that any one can
perform the required function regardless of the state of operation or failure of any other [25]. In the operation
of atransmission system, redundancy refers to the existence of spare capacity in the transmission system, so
that anticipated faults will not have undesirable consequences. For example, transmission circuits are
normally operated at less than their full load rating, so that afault on one transmission circuit does not lead to
overload of other circuits. Loss of redundancy refers to a circumstance where there is no longer sufficient
spare capacity; for example, if afault on one transmission circuit would lead to overload of other circuits.

severe accident. Accident conditions more severe than a design basis accident and involving significant core
degradation.

short circuit capacity. The short circuit capacity of a point on the grid is a measure of the strength of the grid. It
represents the current that would flow from the grid through a short circuit at that point. This is significant
when considering the electricity supply from the grid to the NPP for reactor start up or after areactor trip, and
for the connection to the station transformer. If the short circuit capacity istoo low (the impedance of the grid
is too high), the dip in voltage when large motors start will be too large. This may be an issue if the station
transformer is to be connected to a substation at a lower voltage than the connection to the generator
transformer
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spinning reserve. Generating units operating at less than full load that can rapidly increase or decrease output when
necessary, either when instructed by the grid control centre, or automatically when operated in ‘automatic
frequency control’ mode

standing reser ve. Generating unitsthat are in ashutdown condition, but are able to start up rapidly when necessary,
either automatically or when instructed by the grid control centre. NPPs do not provide standing reserve.

start-up transformer. See *station transformer’.
static var compensator (SVC): One form of reactive compensation equipment.

station blackout. A condition in which a nuclear unit loses all electrical power supply from the grid system
(LOOP), thereactor and generator have tripped, and the onsite AC power sources (typically diesel generators)
have al failed to start or have tripped off.

station transformer. (Also called ‘start up transformer’ in some countries). A transformer connected to a grid
substation that can provide a supply directly to the electrical auxiliaries in the NPP. The high voltage side of
the transformer may be connected to the same substation at the same grid voltage as the generator transformer,
or it may be connected to a different substation at a lower voltage. The low voltage side of the transformer
supplies the highest auxiliary voltage used in the NPP (typical values are 13.8 kV or 11 kV, but this varies
between countries). The station transformer provides the offsite electrical supply to the auxiliaries when the
supply viathe generator transformer and unit transformer is not available.

substation. Also called ‘switchyard’. An installation on the transmission system to which transmission circuits,
generating units and customer load may be connected, and which has facilities for switching. Equipment in a
substation can include circuit breakers and other switches, bus bars, transformers, and protection and control
equipment. A NPP would normally be connected to one or two substations located close to the NPP site.

switchyard. See ‘ substation’

system frequency. The frequency of the aternating voltage on the system. In an interconnected system, the
frequency is the same throughout the system at any instant in time. The nominal frequency in amost all
countriesis either 50 Hz or 60 Hz.

transmission system. Those parts of the public electricity system operated at very high voltages (typical voltages
are 400 kV, 275 kV, etc., but this varies between countries). The transmission system is used to interconnect
large power stations with centres of load, and to transmit large amounts of power long distances. NPPs are
normally connected to the transmission system, so the design and performance of the transmission system is
important to NPPs.

transmission system operator (TSO). The company or organization that is responsible for the transmission
system to which the NPP will connect. Further information on the typical responsibilitiesof aTSO isgivenin
Section 2.6 of this publication

trip. The unplanned disconnection or rapid shut down of atransmission circuit, generating unit, or nuclear unit. The
rapid emergency shutdown of anuclear unit also called a‘scram’ [25].

trip to house load. The ability of a nuclear reactor to remain at power (reactor critical) if there is an unplanned
event that disconnects the NPP from the electrical grid. The reactor continues to provide electrical power to
the “house load’ (all the auxiliary electrical load of the NPP), and the reactor control system reduces reactor
power to allow stable operation in thislow power condition.
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unit transformer. (also called auxiliary transformer in some countries). A transformer that provides a supply from
the generator to one or more busses that supply the main electrical auxiliary equipment of the reactor. Some
nuclear units have more than one unit transformer. In most NPP designs, the unit transformer(s) provide most
or al of the power to the auxiliary electrical equipment when the reactor is on load.
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AC
AVR
BIS
BWR
CANDU
DC
EDG
GPSPS
HVDC
IOMC
LOOP
NEPIO
NIOR
PSS
SBO
SvC
TSO

ABBREVIATIONS

Alternating current

Automatic voltage regulator

Bid invitation specification

Boiling water reactor

Canadian deuterium uranium reactor

Direct current

Emergency diesel generator

Guangdong Pumped Storage Power Station

High voltage direct current

Interconnection Operational Management Committee
Loss of off-site power (also known as LOSP)

Nuclear energy programme implementing organization
Nuclear Interconnection Operational Management Rules
Power system stabilizer

Station blackout

Static var compensator

Transmission system operator
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