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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT

The Organisation for Economic Co-operation and Development (OECD) is a unique forum where the governments of
34 democracies work together to address the economic, social and environmental challenges of globalisation. The OECD is
also at the forefront of efforts to understand and to help governments respond to new developments and concerns, such as
corporate governance, the information economy and the challenges of an ageing population. The Organisation provides a
setting where governments can compare policy experiences, seek answers to common problems, identify good practice and
work to co-ordinate domestic and international policies.

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, Estonia,
Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Luxembourg, Mexico, the Netherlands,
New Zealand, Norway, Poland, Portugal, the Republic of Korea, the Slovak Republic, Slovenia, Spain, Sweden,
Switzerland, Turkey, the United Kingdom and the United States. The European Commission takes part in the work of the
OECD.

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on economic,
social and environmental issues, as well as the conventions, guidelines and standards agreed by its members.

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists of
31 countries: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, Germany, Greece,
Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Poland, Portugal, the Republic of
Korea, the Russian Federation, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom
and the United States. The European Commission also takes part in the work of the Agency.

The mission of the NEA is:

— to assist its member countries in maintaining and further developing, through international co-operation, the
scientific, technological and legal bases required for a safe, environmentally friendly and economical use of
nuclear energy for peaceful purposes;

— to provide authoritative assessments and to forge common understandings on key issues, as input to government
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable
development.

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law
and liability, and public information.

The NEA Data Bank provides nuclear data and computer programme services for participating countries. In these and
related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it
has a Co-operation Agreement, as well as with other international organisations in the nuclear field.

This document and any map included herein are without prejudice to the status of or sovereignty over any territory, to the delimitation of international
frontiers and boundaries and to the name of any territory, city or area.
Corrigenda to OECD publications may be found online at: www.oecd.org/publishing/corrigenda.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee
made of senior scientists and engineers, with broad responsibilities for safety technology and research
programmes, as well as representatives from regulatory authorities. It was set up in 1973 to develop and
co-ordinate the activities of the NEA concerning the technical aspects of the design, construction and
operation of nuclear installations insofar as they affect the safety of such installations.

The committee’s purpose is to foster international co-operation in nuclear safety among the NEA
member countries. The CSNI’s main tasks are to exchange technical information and to promote
collaboration between research, development, engineering and regulatory organisations; to review
operating experience and the state of knowledge on selected topics of nuclear safety technology and safety
assessment; to initiate and conduct programmes to overcome discrepancies, develop improvements and
research consensus on technical issues; and to promote the co-ordination of work that serves to maintain
competence in nuclear safety matters, including the establishment of joint undertakings.

The clear priority of the committee is on the safety of nuclear installations and the design and
construction of new reactors and installations. For advanced reactor designs the committee provides a
forum for improving safety related knowledge and a vehicle for joint research.

In implementing its programme, the CSNI establishes co-operative mechanisms with the NEA’s
Committee on Nuclear Regulatory Activities (CNRA) which is responsible for the programme of the
Agency concerning the regulation, licensing and inspection of nuclear installations with regard to safety. It
also co-operates with the other NEA’s Standing Committees as well as with key international organisations
(e.g. the IAEA) on matters of common interest.
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EXECUTIVE SUMMARY

The March 2011 accident at Fukushima Daiichi triggered discussions about the significance of electrical
power hazards and their treatment in safety analyses. In order to address these issues and provide relevant
conclusions and recommendations to CSNI and CNRA, the Robustness in Electrical Systems
(ROBELSYS) Technical Working Group was established in 2012 under the leadership of the Institut de
Radioprotection et de Sdreté Nucléaire (IRSN) of France. The purpose of the ROBELSYS Technical
Working Group was to organize an international workshop to identify and discuss the lessons learned from
the Fukushima Daiichi accident. The workshop was focused on the provisions taken by various countries
concerning national requirements and modifications to the plant designs in order to enhance the robustness
of electrical systems, especially the protection against extreme external hazards.

After convening several organizing meetings the ROBELSYS workshop was held at the OECD
Conference Centre, 2rue André Pascal, in Paris, France, April 1-4, 2014. A total of 105 participants
attended the workshop representing industry and government organisations from 25 countries, as well as
international organisations. A total of 34 technical presentations were given in seven sessions. Full copies
of all the workshop presentations are available for download on the OECD Nuclear Energy Agency
website.

At the end of each session, a panel session was held allowing for more detailed discussions on any of
presentations in that session. On the last day, a general discussion session concluded the workshop.

Based on the discussions a strong interest for continuing efforts after this ROBELSYS workshop was
expressed by the participants of the workshop, leading the task group to recommend launching a more
permanent international working group.

The support to the identification of the need for new specific international standards was also
recommended regarding: system and component requirements for beyond design basis external events,
diversity in the onsite electrical power systems, relaxation of electric power protection features used in
emergency situations, qualification of existing and portable components to cope with AC station blackout.

The following issues were highlighted by the participants as topics of concern which needed further
development:

- Simulation of electrical transients in general and in particular of asymmetric 3-phase electrical
faults (one/two-open-phase issue)

- Development of standardised transient voltage wave forms for use in the qualification process of
onsite electrical equipment. (These wave forms may replace or supplement the currently used
lightning and switching impulse test wave forms.)

- Reliability and robustness of new battery designs regarding SBO scenarios.
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It was also noticed that it would be beneficial to continue information sharing with several other NEA
working groups and in particular with the Working Group on Risk Assessment (WGRISK) of CSNI with
which several topics for enhancing synergies have already been identified.
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1. INTRODUCTION

1.1 Background

The Defence in Depth of Electrical Systems (DIDELSYS) Project (2008-2011) was launched after a
switchyard-induced voltage surge event at Forsmark Nuclear Power Plant (NPP) in July 2006 which
caused the loss of two out of four safety-related AC buses along with all connected 1&C and support
systems. The DIDELSYS Project was focused on providing recommendations to address internal plant and
grid upset events and the ability to safely recover from these events. Due to the tsunami-induced AC and
DC station blackout accident at Fukushima Daiichi a loss of power associated with severe external events
which were beyond the scope of the DIDELSY'S Project were identified. The Committee for the Safety of
Nuclear Installations (CSNI) called a Senior Task Group on Robustness of Electrical Systems of NPPs in
Light of the Fukushima Daiichi Accident (ROBELSYS) to evaluate the safety implications of severe
external events on safety related electrical systems. The ROBELSYS task group is responsible for the
committee's programme work in the area of improving the robustness of safety related electrical systems in
nuclear power plants.

The main purpose of the ROBELSYS Project is to improve the robustness of nuclear power plant
electrical systems and defence in depth by comparing design practices, plant emergency and operating
procedures in member countries. Furthermore, the safety review process of nuclear power plant electrical
systems can be improved by learning from best practices in member countries and the cooperation among
member countries to improve safety can be promoted.

To deliver the aim of the task group, it was decided to convene a workshop at the OECD Conference
Centre in Paris between 1% and 4™ April 2014 where specialists from across the world could gather
together to share their own country or company responses to the event.

1.2 Objectives of the Workshop

The main objective of this international workshop is to provide a forum to exchange information on

simulation and design of safety related electrical systems in nuclear power plants. Key focus areas are:

- Simulation of the impacts of external events on NPP electrical systems and lessons learned from
the Fukushima accident.

- Evaluations of the coping capability of existing NPP electrical systems and components for
external events.

- Identification and simulation of limiting features such as batteries, switchgears and controllers.

- Design features to facilitate electrical system recovery from various types of AC station blackout
scenarios.
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1.3 Organisation of the Workshop
The workshop was organised into seven sessions as follows:

e SESSION 1: National Programmes on Evolution of Onsite and Offsite Electric Power Systems
e SESSION 2: Role of Electric Power in Severe Accident Management

e SESSION 3: Requirements for Robustness of Onsite Electric Power Systems

e SESSION 4: Simulation of Transients within NPP Plant Distribution Systems

e SESSION 5: Requirements for Equipment Used for Emergency Response

e SESSION 6: Margin Assessments for Modern Power Electronics

e SESSION 7: Digital Components in Power Systems

The detailed workshop agenda is provided in Appendix 2. The participation was open to experts from
regulatory authorities and their technical support organisations, research organizations, utilities, NPP
designers and vendors, industry associations and observers.

1.4 Topics of the Workshop
Items addressed in the workshop included:
o Review of the lessons learned from the Fukushima accident concerning the robustness of electrical
systems

e Review of the provisions already taken or planned after the Fukushima accident, regarding the
sources, the distribution systems and the loads, and documenting the technical basis for these
improvements

o Review of the possibilities to connect sources very close to the loads

¢ Review of the protection of distribution systems against external hazards
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2. SUMMARY OF THE WORKSHOP ROBUSTNESS OF ELECTRICAL SYSTEMS

The workshop included an opening session, seven sessions with participant presentations followed by
short discussions, and a facilitated discussion session. The contributions presented were devoted to
discussions of national post-Fukushima regulatory programme developments, methods to determine
allowable coping time for electric power recovery, electric power system simulation methods development
and benchmarking efforts, analysis of component capability, and approaches to facilitate electric power
system recovery from extended loss of AC power.

2.1 Opening Session

The workshop was opened by the ROBELSYS Workshop Chair, Pascal REGNIER (IRSN). A
keynote presentation was then held by Jacques REPUSSARD, IRSN Director General reminding the
participants of the importance of improved understanding of the role of electric power and defence against
external events in assuring nuclear safety in the world’s operating NPPs. John BICKEL, the DIDELSYS
Working Group Chair, briefly discussed the history of the CSNI sponsored DIDELSYS Project which
originated as a follow-up investigation to the 2006 switchyard fault at Forsmark plant in Sweden. The
scope of the DIDELSYS project did not include consideration of external events such as earthquakes,
tsunamis, or floods — and this required expansion in light of the experience at Fukushima Daiichi.

2.2 Session 1 - National Programmes on Evolution of Onsite and Offsite Electric Power Systems

This session was devoted to the programmes that many countries have engaged at the national level to
strengthen the robustness of either onsite or offsite electrical power systems in NPPs.

The following papers were presented:

= TEMPORARY AND LONG TERM DESIGN PROVISIONS TAKEN ON THE FRENCH NPP
FLEET TO COPE WITH EXTENDED STATION BLACK OUT IN CASE OF RARE AND
SEVERE EXTERNAL EVENTS, Patricia DUPUY, Carine DELAFOND, Alexandre DUBOIS
(IRSN, France)

= ELECTRICAL SYSTEM DESIGN APPLICATIONS ON JAPANESE BWR PLANTS IN THE
LIGHT OF THE FUKUSHIMA ACCIDENT AND HITACHI EXPERIENCE OF THE SOLID
STATE POWER EQUIPMENT IN JAPANESE BWR, Masashi SUGIYAMA (HITACHI, Japan)

= ELECTRIC POWER SUPPLY OF GERMAN NPPS: DEFENCE IN DEPTH, PROTECTION
AGAINST EXTERNAL HAZARDS AND RETROFITTING AS A CONSEQUENCE OF THE
FUKUSHIMA ACCIDENT, Sebastian A. MEISS (BfS, Germany), Robert ARIANS (GRS,
Germany)
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* ELECTRICAL SYSTEMS AT LAGUNA VERDE NUCLEAR POWER PLANT (LVNPP)
AFTER THE FUKUSHIMA EVENT, Jose Francisco LOPEZ JIMENEZ (CNSNS, Mexico)

= STATUS OF THE REVIEW OF ELECTRIC ITEMS IN SPAIN RELATED TO THE POST-
FUKUSHIMA STRESS TEST PROGRAMME, Manuel R. MARTINEZ MORENO and Alfonso
PEREZ RODRIGUEZ (CSN, Spain)

= EVOLUTION OF ONSITE AND OFFSITE POWER SYSTEMS IN US NUCLEAR POWER
PLANTS, Gurcharan MATHARU (NRC, USA)

Many presenters described the electrical arrangements on their sites before the events and how they
have been enhanced. They described the use of hardened structures to provide resilience for equipment
against specific hazards. Others discussed the revision of national safety guidelines for essential systems to
increase redundancy and segregation.

Amongst the various presentations the following common themes have emerged:

e European presenters talked about their activities in the EU Council Stress Test process, while those
from outside Europe also described how they had taken the format and applied it to understand the
‘Robustness’ of their plants to extreme events.

e There is an increased acceptance that plants should have mechanisms to cope with extreme hazards
that are well beyond the design basis.

e The general approach is that this should be achieved through supplemental mobile equipment

e Many speakers talked about enhancing battery autonomy through either upgrading battery systems
and/or through load shedding.

o Key regulations applied by the U.S. Nuclear Regulatory Commission, i.e., United States Code of
Federal Regulation 10 CFR Part 50 and its associated Regulatory Guides, are used by many countries. .
It is not clear how the respective countries have considered their suitability in their country or for their
own regulatory regime.

e There was a general consensus that installed backup equipment to mitigate a specific design basis, such
as flooding or seismic, should be resilient against the design basis event plus a suitable margin.
Furthermore, that margin needs to be based on individual plant knowledge and judgment. This could
be considered as Design Extension improvements.

Regarding the differences between national approaches, various speakers discussed the use of onsite
hardened facilities to store supplemental emergency equipment. Other speakers described the use of offsite
locations, using distance as a mitigation to the hazard and to minimize the occurrence of common cause
failures.

It was also observed that the various speakers used the phrases: Loss of offsite power (LOOP), Station
Blackout (SBO) and “extended SBO” with different meanings which would deserve some reflections and
possibly harmonization in order to prevent confusions and misunderstandings.

It was noted that France, UK and USA are implementing rapid response teams with cached supplies

(portable generators, quick connect cables, fuel and compressed nitrogen supplies) that can be deployed to
bring offsite support in the case of an emergency.

10
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At the end of the discussion, it was noted that while speakers talked about providing additional
permanent or temporary generators there was little information on any enhancements being made to
“switchboards” or the rest of the electrical infrastructure that could be the weak points in case of beyond
design events.

It was also unclear how DC system load shedding would be achieved in practice especially where
personnel switching was required.

Recommendations:

e Plants should have mechanisms to cope with extreme hazards that are well beyond the design basis.

e Enhancing battery autonomy through either upgrading battery systems and/or through load shedding
should be considered.

e The meaning of the phrases “LOOP”, “SBO” and “extended SBO” should be harmonised.

e Enhancement of the robustness of electrical systems in NPPs should not solely focus on additional
generators but also consider enhancement on switchboards and on the rest of the electrical
infrastructure.

2.3 Session 2 - Role of Electric Power in Severe Accident Management

This session was devoted to the role which electric power plays in the prevention of severe accidents
for different reactor types, and the time available to recover electric power to prevent different levels of
severe accidents.

The following papers were presented:

= [IMPLICATIONS OF EXTENSION OF STATION BLACKOUT COPING CAPABILITY ON
NUCLEAR POWER PLANT SAFETY, Andrija VOLKANOVSKI (JSI, Slovenia)

= DC LEAD ACID BATTERIES IN NPP, PRESENT AND FUTURE SOLUTIONS, Gery
BONDUELLE (ENERSYS, Sweden)

= CH-SOLUTIONS FOR PROVIDING ELECTRICAL POWER IN CASES OF LONG TERM
BLACK OUT OF THE GRID, Franz ALTKIND, Daniel SCHMID (ENSI, Switzerland)

= STRENGTHENING THE FIRST LINE OF DEFENCE: KEEP TURBINE RUNNING AT
SCRAM, Marcel VAN BERLO (KFD, The Netherlands)

Based on a US assessment during the last three years, six of the seven most important accident
sequence precursors in US NPPs were caused by multiple electrical related failures. Improving existing
electrical systems to prevent severe accidents may be even more important to improve the overall
robustness of electrical systems than to install additional systems to mitigate severe accidents

The vulnerability of the grid was illustrated by pictures of the damage done to the 400kV grid by an

ice storm last winter in Slovenia. An extra 400kV line that was recently installed prevented the LOOP for
the Krsko plant.

11
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The use of probabilistic safety analysis (PSA) was presented to evaluate a solution for improving
safety by adding diesel generators and/or batteries under some consideration of diversity.

Electrical batteries are important for addressing the coping time in SBO condition. An overview of
different types of batteries with their pros and cons was given. Today, lead acid type still seems to be the
most reliable technology. More information on common cause failures of batteries can be found on the
NEA website: ICDE PROJECT REPORT: COLLECTION AND ANALYSIS OF COMMON-CAUSE
FAILURES OF BATTERIES, September 2003, NEA/CSNI/R(2003)19.

Although not presented during the workshop, the Swiss paper described their 7 layers of defence in
depth of electrical power supply. The last layer consists of mobile generators available at a central storage.
Procedures are in place allowing shift operators to operate the ultimate emergency equipment.

A proposal was made to use the turbine and main generator after scram (when connected to the grid)
with an adapted pressure control system instead of dumping the steam to the condenser and/or the
atmosphere. This could possibly lead to a smoothing of the transient and the use of auxiliary feed water
and diesel generator power supply could be delayed. This proposal led to a lot of discussion where most of
participants disagreed based on fundamental safety considerations.

Recommendations:

e Given the evolution of battery technology it could be worthwhile to explore the reliability and
robustness of new battery designs. The ICDE project report is covering the period up to the year 2000
and could be updated.

e Further investigation on the use of PSA to improve insights in the role of different electrical power
sources in reduction of core damage frequency (CDF) or mitigation of severe accidents.

o Further investigation to determine the available coping time in case of SBO to know the time in which
critical functions are to be restored to prevent a severe accident.

2.4 Session 3 - Requirements for Robustness of Onsite Electric Power Systems

This session was devoted to the postulated environmental conditions due to extreme external events,
for example, seismic aftershocks, continuous ice storm, continuous flooding, and so on, which should be
considered in the specifications of the countermeasures or robustness.

The following papers were presented:

ELECTRICAL SYSTEM’S DESIGN APPLICATIONS ON JAPANESE PWR PLANTS IN
LIGHT OF THE FUKUSHIMA ACCIDENT, Tsutomu NOMOTO (MHI, Japan)

= EFFECTS OF COMMON CAUSE FAILURE ON ELECTRICAL SYSTEMS, Kevin PEPPER
(ONR, UK)

= A SURVEY OF THE HAZARDS TO ELECTRICAL POWER SYSTEMS, Gary JOHNSON
(USA)

12
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= MODERNIZATION OF UNIT 2 — MAIN OBJECTIVES, EXPERIENCE FROM DESIGN,
SEPARATION OF OPERATIONAL AND NUCLEAR SAFETY EQUIPMENT — LESSONS
LEARNED, Salah KANAAN (E.ON/OKG, Sweden)

» RCC-E A DESIGN CODE FOR I&C AND ELECTRICAL SYSTEMS, Jean-Michel HAURE
(EDF, France)

» OVERALL STRATEGY AND ARCHITECTURE FOR POST-FUKUSHIMA-MITIGATION
AND MITIGATION ON OTHER EVENTS IN THE ELECTRICAL SYSTEM, Waldemar
GEISSLER (AREVA, Germany)

= COMPARISON BETWEEN DIFFERENT POWER SOURCES FOR EMERGENCY POWER
SUPPLY AT NUCLEAR POWER PLANTS, Magnus LENASSON (Solvina/AB/Sweden)

= ADVANCING RUGGEDNESS OF NUCLEAR STATIONS BY EXPANDING DEFENCE IN
DEPTH IN CRITICAL AREAS, Thomas KOSHY (IAEA)

The purpose of this session was to share the technical information relevant for requirements on
equipment, components or systems which are established or planned to be established as countermeasures
for an SBO.

In addition, it was intended as an opportunity to share lessons learned from several electrical failures
in past.

The most significant discussions in this session were the following:

— How to establish the requirements against beyond design basis external events (e.g. flooding,
seismic, ice storm)

— Necessity of diversity for the electrical distribution system

— Safety and qualification requirements to the SBO countermeasure systems

— Continuous discussion and information sharing on the one/two-open-phase issue.

Recommendations

Through the discussion, it was found that there are still undefined areas related to electrical systems. It
will be very beneficial for all members to continue sharing the information on following items:

- Requirements for addressing beyond design basis external events

- Scope of diversity in electrical systems

- Qualification requirements to systems used to cope with AC station blackout
- Asymmetric 3-phase faults (one/two-open-phase issue).

2.5 Session 4 - Simulation of Transients within NPP Plant Distribution Systems

This session was devoted to the methods and simulation tools used to predict the performance of
components and systems in NPP electrical distribution systems and their ability to withstand internal and
external hazards that challenge the ability to maintain safety margins.

13
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The following papers were presented:

VERIFICATION OF SIMULATION TOOLS, Thierry RICHARD (EDF, France)

STANDARD PROCEDURE FOR GRID INTERACTION ANALYSIS, Bertil SVENSSON, Sture
LINDAHL, Daniel KARLSSON (Gothia Power AB, Sweden), Jonas JONSSON, Fredrik HEYMAN
(OKG AB, Sweden)

ELECTRICAL DYNAMIC SIMULATION ACTIVITIES IN FORSMARK, Per LAMELL
(Vattenfall, Sweden)

INTRODUCTION OF ELECTRICAL SYSTEM SIMULATION ANALYSIS USED IN
KOREAN NUCLEAR POWER PLANT, Sang Hak KIM (KEPCO, Korea)

COMPUTER SIMULATION OF COMPLEX POWER SYSTEM FAULTS UNDER VARIOUS
OPERATING CONDITIONS, Tanuj KHANDELWAL, Cedric BAYLE (ETAP, France)

The objective of this session was to focus on the methods and simulation tools used to:

predict the performance of systems and components of the power distribution of NPPs,
assess their ability to withstand internal and external hazards that could jeopardise the safety margins.

The presentations dealt with simulation tools and their use in slow transient studies of electrical
distribution systems in NPPs (including electrical auxiliaries). None of the presentations dealt with fast
transient phenomena studies (such as lightning).

A validation and verification process (V & V) of simulation tools used to support the demonstration
of nuclear safety studies was also presented.

A focus was made on the importance of the main user of a simulation tool and his scope and missions

the process of functional validation of the software,

training for inexperienced users,

maintaining the qualification,

gualification of new versions.

The required input data and methods and hypothesis used for these studies were also presented.
Although the presenting countries have their own specific adaptations, methodologies for slow transients
and current calculations of short circuit are close in terms of philosophy.

Based on feedback events observed on the grid and on Swedish NPPs, 13 different profiles (initiating
events) were introduced based on the following characteristics:

Three-phase or single-phase fault, solid or resistant, near or far
Surge and slow or rapid voltage collapse

Under-frequency.

14
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A focus on the various events taken place at Forsmark NPP and studies used to validate its basic
design were also presented. The results of these studies allowed to plan design changes and improve the
robustness of the electrical systems in Swedish NPPs.

Depending on the operating condition of the unit (plant start-up, normal operation, loss of coolant
accident, hot standby, cold shutdown, loss of offsite power and station blackout.) and the availability of
electrical sources (internal or external), different power balances were presented for Korean plants.

Different case studies included in the design were defined in a summary table through a combination
of load cases (power balance) and the availability of the power source.

To confirm the validity of simulation results, comparisons were made with the results of tests carried
out on site.

Finally, based on the case study of open phase conditions (Byron 2), a presentation was made:

» on the modifications applied to a simulation tool to take into account the asymmetrical aspects,

» on the validation and verification process, based on an inter-comparison between two simulation tools
including one already considered as qualified.

The discussions and exchanges also highlighted the fact that no benchmarking of simulation tools has
been made.

However, a format for the input data now exists and is gradually integrated into different simulation
tools, which should ultimately facilitate inter-comparisons between tools.

Some simulation tools have important data libraries. However, the use of such libraries requires
careful verification that the characteristics of the plant equipment match those of the library components.

To conclude, most participants agree on the following facts:

» Single simulation tool cannot be used to perform all studies (including fast and slow transient studies).
Indeed, the models used are different as well as the necessary input data.

» Simulation tools used for the studies supporting the safety case must be qualified and users properly
trained and supervised.

» Models representing the components of a single-line diagram must be representative for the studied
phenomena and should be adapted to the types of studies.

For example, for the bus transfer studies all buses (HV and LV) and transformers should be
represented.

The future studies to perform mainly concern asymmetric faults and:

» their detection,
« the behavior of the NPP auxiliaries,

» the means and logics which have to be implemented in order to identify them and cope with their
consequences.

15
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Recommendations:

Based upon the panel discussion at the end of the session a number of participants inquired about the
further efforts after the ROBELSYS workshop and particularly the importance of launching an
international working group on simulation tools and methods related to this type of studies.

2.6 Session 5 - Requirements for Equipment Used for Emergency Response

This session was devoted to the requirements for equipment used for emergency response in case of
loss of electrical power in NPPs. It addresses requirements on new equipment, whether fixed or mobile, as
well as requirements to facilitate rapid connection to existing equipment.

The following papers were presented:

= DESIGN PROVISIONS FOR STATION BLACKOUT AT NUCLEAR POWER PLANTS, THE
IAEA TECDOC, Alexander DUCHAC (IAEA)

= TIMING CRITERIA FOR SUPPLEMENTAL EMERGENCY RESPONSE EQUIPMENT, John
H. BICKEL (ESRT, USA)

= RESILIENCE IMPROVEMENTS TO UK NUCLEAR POWER PLANTS, Kevin PEPPER (ONR,
UK)

= EMERGENCY MITIGATING EQUIPMENTS - POST FUKUSHIMA ACTIONS AT
CANADIAN NUCLEAR POWER PLANTS PORTABLE AC POWER SOURCES, Jasmina
VUCETIC, Ram KAMESWARAN and Krishnan RAMASWAMY (CNSC, Canada)

» FUNDAMENTAL DESIGN BASES FOR INDEPENDENT CORE COOLING SYSTEM, Jan
HANBERG (SSM, Sweden)

» ULTIMATE ELECTRICAL MEANS FOR SEVERE ACCIDENT AND MULTI UNIT EVENT
MANAGEMENT, Xavier Hubert Rene GUISEZ (Electrabel, Belgium)

The first paper dealt with the already observed need to harmonise some basic definitions regarding
electrical systems, starting with the definition of SBO (station blackout). It presented the motivation and
current status of an IAEA technical document (Tecdoc) dedicated to SBO topic which should be published
in June 2015.

The following papers gave some feedback on studies and solutions implemented for emergency
response equipment for specific NPPs. The presentations and the associated discussions lead to the general
following remarks:

e The decision if supplement response equipment should be stored on site or in remote response centres
requires specific studies to establish the coping time. An example of such a study involving
computations on 80 scenarios and sensitivity studies was presented confirming that the envisioned on
site supplemental equipment (with adequate fuel and compressed Nitrogen gas storages) would be

16
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sufficient to prevent fuel damage even beyond the 24 h delay to have remote equipment brought to the
site.

e Improving the resilience of NPPs to SBO can be achieved through a significant enhancement of the
battery capacity (i.e. 40 min to 8 hours). This can be done by augmenting the battery capacity and
sometimes using load shedding. Additional mobile diesel generators are also currently installed on
many sites worldwide.

e Implementation of an independent core cooling system is also sometimes considered.

e Improving the resilience of NPPs to SBO is, however, not only having more diesel generators but
rather the ability to supply power through the distribution and down to the safety actuators. This leads
to the need to explore solutions such as suitable event qualified connection points and making prime-
mover-driver generators and pumps self-sufficient (i.e., not requiring shared support systems).
Additional specific requirements for emergency response systems may also include qualification to
extreme seismic events, proper initial and periodic testing as well as dedicated procedures.

e Limiting the size (and hence the power) of emergency response equipment should be considered as it
leads to equipment which is more likely to be self-sufficient and capable of being moved, installed, and
started up by hand.

e Emergency equipment is meant to operate when no other equipment may be operable. Hence, it may
be better to relax the types and/or thresholds of the electrical protections in order to favour operation of
the loads versus electrical protection (in particular not implementing overvoltage protections). The
extent to which the electrical protection could be relaxed was debated.

Recommendations:
e Further investigations are needed to develop more internationally consistent requirements for
emergency response equipment.

e Further investigations are needed to explore which types of electrical protection feature
requirements could be relaxed for emergency equipment.

2.7 Session 6 — Margin Assessments for Modern Power Electronics

This session was devoted to the safety implications and design margins associated with modern solid
state power electronics used in applications such as battery charger/inverter units and main generator
excitation systems. It is motivated by the increasing number of applications of modern electrical systems
important to safety making use of power electronics, e.g. thyristors and IGBTs. More precisely, recent
operating experience in NPP’s, e.g. TAEA IRS #7788 and #8294, has revealed that the design margins that
should have been applied to deal with uncertainties in the real stress values and the equipment capability
were inadequate.

The following papers were presented:

= RECENT OPERATING EXPERIENCE INVOLVING POWER ELECTRONICS FAILURE IN
KOREAN NUCLEAR POWER PLANTS, Jaedo LEE (KINS, Korea)
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= HOW TO SECURE UPS OPERATION AND SUPPLY OF SAFETY CRITICAL LOAD
DURING ABNORMAL CONDITIONS IN UPSTREAM SUPPLY, Joerg LAASER (GUTOR,
Switzerland)

= MODIFICATION TO BATTERY CHARGERS INVERTERS UNITS, Florent RAISON (AEG,
France)

The technology of power electronic systems and components is still evolving. Functionality gets more
complex and ratings of devices are increased. Design and knowledge of the design basis should be
transparent for both manufacturers and customers so that systems can be designed and maintained with
sufficient margins for electric transients and ageing.

Power electronics are susceptible to transients, both to power-frequency over voltages and switching
and lightning impulse voltages. A knowledge gap between what the equipment is subjected to in the real
word and what it is designed to endure still exists. This gap continues to represent a risk factor in reactor
safety as many safety features are dependent on power electronics.

In order to combat this risk further work has to be done in several fields. The session identified the
following items:

- strengthened design basis,

- improved standards for testing,

- diagnostics for transients,

- knowledge on ageing effects on silicon-controlled rectifiers (SCR) and
- improved knowledge through fault reports and statistics.

The session also identified that there is some customer reluctance to implement software based power
electronics in safety grade systems. However, this seems not to be driven by failure statistics but rather on
the issues of qualification, design knowledge, maintenance knowledge and obsolescence.

Hence, a life time perspective has to be included in the design (e.g. software lifecycle).
The presentations and associated discussions lead to the following findings:

e There are aging effects on SCRs (including device types of Thyristors, gate turn-off thyristors, and
insulated-gate bipolar transistor) used in power electronics such as rectifiers, inverters and variable
speed drives. Some manufacturers’ claim long life time for such devices. However, further knowledge
has to be gathered to support these claims.

e The measuring of the status and possible degradation on devices is not easily done. Simple
measurement of impedance and insulation status is not sufficient. The devices have to be measured
under load conditions (with current) based on the supplier’s recommendation, in order to provide
information for a correct assessment.

e Power electronics are susceptible to transients, both to power-frequency over voltages and switching
and lightning impulse voltages. The problems of power-frequency over voltages have been discussed
extensively in the DIDELSYS workshop. Impulse voltage is normally attenuated by surge arresters
close to the source but harmful residues of the impulse may travel down as a travelling wave into the
medium and low voltage systems hitting power electronics. Further modelling of voltage transient
phenomena has to be developed. Over voltage protection (e.g. arresters) are recommended also at
medium and low voltage systems and at sensitive components (e.g. power electronics).There is a need
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for developing improved standards for testing power electronics against power-frequency over voltages
and switching and lightning impulse voltages.

e Power distribution systems often lack instrumentation capable of verifying fast electrical transients.
The real over voltages to which these power electronics are subjected to can therefore not be recorded.
Hence, neither errors in design assumptions nor possible degradation can be discovered. Suitable
diagnostics have to be developed.

e The need for gathering more knowledge on power electronics from the failure reports collated by
international bodies such as the Institute of Nuclear Power Operations (INPO) or IAEA International
Reporting System (IRS) was identified.

e The technology of power electronic systems and components is still evolving. Functionality gets more
complex and ratings are increasing. There is a great interest and need for improving power electronic
systems and the knowledge of these systems, so that the systems can be designed and maintained with
sufficient margins for electric transients and ageing. A life time perspective has to be included in the
design. The design and knowledge of the design basis should be transparent for both manufacturers
and customers.

e Several customers have requested software free power electronics (e.g. containing no embedded
microcontrollers and software). The drivers for this request focus on the issues (from the customer’s
perspective) on design knowledge, qualification, maintenance knowledge and obsolescence. However,
there seems to be no failure statistics that indicate that software based power electronics have more
problems than non-software based equipment.

Recommendations:
e A periodic replacement programme for SCRs should be considered, based on the manufacturers’
recommendations.
e A proposal for new standardised transient voltage wave forms was suggested. These wave forms
could replace or supplement the present lightning and switching impulse test wave forms used.
e The need for gathering more knowledge from failure reports on power electronics.

2.8 Session 7- Digital Components in Power Systems

This session was devoted to the current and foreseen use of digital components in electrical systems
of NPPs, including operating experience, considerations for equipment selection, methods of qualification,
and qualification issues.

The following papers were presented:

* DIGITAL COMPONENTS IN SWEDISH NPP POWER SYSTEMS, Tage ERIKSSON et al.
(SSM, Sweden)

» OPERATING EXPERIENCE OF DIGITAL, SOFTWARE-BASED COMPONENTS USED IN
I&C AND ELECTRICAL SYSTEMS IN GERMAN NPPS, Stefanie BLUM, André
LOCHTHOFEN, Claudia QUESTER, Robert ARIANS (GRS, Germany)

= SMART DEVICES IN THE UK NUCLEAR SECTOR: A REGULATOR’S PERSPECTIVE,
Steve FROST (ONR, UK)
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= MASS ALARMS IN MAIN CONTROL ROOM CAUSED BY CONDENSATE ON THE
INSTRUMENTATION AND CONTROL CARDS IN TURBINE BUILDING, Cheol Soo GOO
(KINS, Korea)

This session had a consensus that digital components are increasingly replacing analogue devices for
control and protection in electrical systems as it becomes more and more difficult to obtain components
based upon analogue technology.

Digital components can provide increasing functionalities but show a higher level of complexity. Due
to the more complex structure, digital components show the potential for new failure mechanisms and an
increasing number of failure possibilities, including the potential for common cause failures. Failures in the
electrical systems have been challenging to analyse, often due to a lack of detailed information about the
systems, which has led to non-detectable, or non-identifiable, failure modes.

Operating experience has shown that the failures of digital components were mainly caused by parts
which are not related to the software. Nevertheless, new failure mechanisms in digital components were
identified (e.g. programming errors can have a major effect on the system). Due to the increased
complexity of digital components they will require a more thorough assessment than simple analogue
technology.

Therefore, digital components need to be rigorously qualified for their application depending on their
safety significance. The qualification should also include the evaluation of the manufacturer’s production
of excellence and independent confidence building measures.

Recommendations:

e Digital components should be assessed in depth to gain further insight in failure mechanisms and
failure possibilities.

e Digital components need to be rigorously qualified for their application depending on their safety
significance.

e The qualification of digital components can be time consuming which should be taken into account
when considering digital components for use in NPPs,

e When installing digital components, an appropriate design basis should be established. This should
take into account possible new failure mechanisms as well as an understanding of component
behaviour and sensitivities.

e In some circumstances the increased functionality and sensitivity or reduced response time of
digital components can give the best overall solution for protection arrangements. For example
phase unbalance may be difficult to measure accurately with analog devices.
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3. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are made based on workshop presentations,

discussions during particular sessions, and facilitated discussions:

Based upon the panel discussions at the end of the workshop, a majority of the participants suggested
the need for continuing efforts after the ROBELSYS workshop and particularly the importance of
launching a more permanent international working group on modeling tools and methods related to
nuclear power plant electrical power system studies. The working group would be modelled on
WGRISK. (It is recognized that creating such a permanent working group would require a multi-year
commitment of CSNI and the participants.)

It will be very beneficial to continue international information sharing of the following items,
eventually leading to development of suitable international electrical standards:
—  System and component requirements for addressing beyond design basis external events
— Recommended practice for incorporating diversity in the onsite electrical power system
— Recommended practice for relaxing electric power protection features used in emergency
situations (assuring margin against spurious electrical shutdowns)
— Recommended practice for qualification requirements for existing systems and portable
components used to cope with AC station blackout.

There is a need for further development and improvements in the analysis and simulation of the
following:

—  Simulation of asymmetric 3-phase electrical faults (one/two-open-phase issue)

— Development of standardised transient voltage wave forms for use in qualifying onsite electric
system components. (These wave forms could replace or supplement the present lightning and
switching impulse test wave forms used.)

— Reliability and robustness of new battery designs relied upon in SBO scenarios

In coordination with WGRISK the following developments in PSA modeling should be given priority
for improvement:
— Investigation on the use of PSA tools to improve insights in the role of different electrical
power sources in reduction of CDF or mitigation of severe accidents
— Improved and consistent methods to determine the available coping time in case of SBO to
know the time in which critical functions are to be restored to prevent a severe accident (to be
done also in coordination with the CSNI Working Group on Analysis and Management of
Accidents (WGAMA)).
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APPENDIX 1

WORKSHOP PROGRAMME

TUESDAY, 1 April 2014

08:00 — 10:00 Registration of the participants

10:00 OPENING SESSION

Session chaired by Pascal REGNIER — Workshop Chair (IRSN, France)

10:05/0.01 NEA WELCOME AND REMARKS
Andrew White, NEA Nuclear Safety Division

10:15/0.02 IRSN WELCOME AND REMARKS

Jacques Repussard, IRSN Director General

10:30/0.03 SEMINAR ORGANISATION & LOGISTICS
NEA Secretariat

10:40/0.04 ROBELSYS WORKSHOP BACKGROUND, OBJECTIVES, SCOPE, GOALS
John Bickel (Evergreen Safety & Reliability Technologies, USA)

Session 1 NATIONAL PROGRAMMES ON EVOLUTION OF ONSITE
AND OFFSITE ELECTRIC POWER SYSTEMS

11:00 Session chaired by Kevin PEPPER (ONR, UK)

11:05/1.01 TEMPORARY  AND LONG TERM DESIGN
PROVISIONS TAKEN ON THE FRENCH NPP FLEET TO COPE WITH
EXTENDED STATION BLACK OUT IN CASE OF RARE AND SEVERE
EXTERNAL EVENTS

Patricia Dupuy, Carine Delafond, Alexandre Dubois (IRSN, France)
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11:30/1.02 ELECTRICAL SYSTEM DESIGN APPLICATIONS ON JAPANESE BWR
PLANTS IN THE LIGHT OF THE FUKUSHIMA ACCIDENT AND
HITACHI EXPERIENCE OF THE SOLID STATE POWER EQUIPMENT
IN JAPANESE BWR

Masashi Sugiyama (Hitachi-GE Nuclear Energy, Japan)

11:55/1.03 ELECTRIC POWER SUPPLY OF GERMAN NPPS: DEFENCE IN
DEPTH, PROTECTION AGAINST EXTERNAL HAZARDS AND
RETROFITTING AS A CONSEQUENCE OF THE FUKUSHIMA
ACCIDENT

Sebastian A. Meiss (BfS, Germany), Robert Arians (GRS, Germany)

12:30 Lunch Break

Session 1 NATIONAL PROGRAMMES ON EVOLUTION OF ONSITE
AND OFFSITE ELECTRIC POWER SYSTEMS (contd.)

13:35/1.05 ELECTRICAL SYSTEMS AT LAGUNA VERDE NUCLEAR POWER
PLANT (LVNPP) AFTER THE FUKUSHIMA ACCEDENT

José Francisco Lopez Jiménez (CNSNS, Mexico)

14:00/1.06 STATUS OF THE REVIEW OF ELECTRIC ITEMS IN SPAIN RELATED
TO THE POST-FUKUSHIMA STRESS TEST PROGRAMME

Manuel R. Martinez Moreno, Alfonso Pérez Rodriguez, (CSN, Spain)

14:25/1.07 EVOLUTION OF ONSITE AND OFFSITE POWER SYSTEMS IN US
NUCLEAR POWER PLANTS

Roy Mathew (NRC, USA)

14:50 PANEL SESSION 1

Open discussion from the floor with all the presenters in the Session 1

15:05 Coffee Break
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Session 2

15:30

15:35/2.01

16:00/2.02

16:25/2.03

16:50/2.04

17:15

17:35

ROLE OF ELECTRIC POWER IN SEVERE ACCIDENT
MANAGEMENT

Chaired by Andre VANDEWALLE (NSSS, Belgium)

IMPLICATIONS OF EXTENSION OF STATION BLACKOUT
COPINGCAPABILITY ON NUCLEAR POWER PLANT SAFETY

Andrija Volkanovski (JSI, Slovenia)

DC BATTERIES IN NPP, PRESENT AND FUTURE SOLUTIONS
Gery Bonduelle (ENERSYS, Sweden)

SWISS SOLUTIONS FOR PROVIDING ELECTRICAL POWER IN
CASES OF LONG-TERM BLACK-OUT OF THE GRID

Franz Altkind, Daniel Schmid (ENSI, Switzerland)

STRENGTHENING THE FIRST LINE OF DEFENCE: DELAYED
TURBINE TRIP AT SCRAM IN WESTINGHOUSE TYPE NPPS

Marcel van Berlo (KFD, The Netherlands)

PANEL SESSION 2

Open discussion from the floor with all the presenters in the Session 2

End of the First Day
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WEDNESDAY, 2 APRIL 2014

Session 3

09:00

09:05/3.01

09:30/3.02

09:55/3.03

10:20/3.04

10:45

Session 3

11:15/3.05

11:40/3.06

REQUIREMENTS FOR ROBUSTNESS OF ONSITE
ELECTRIC POWER SYSTEMS

Session chaired by Shinji KAWANAGO (MHI, Japan)

ELECTRICAL SYSTEMS DESIGN APPLICATIONS ON JAPANESE
PWR PLANTS IN LIGHT OF THE FUKUSHIMA DAIICHI ACCIDENT

Tsutomu Nomoto (MHI, Japan)

EFFECTS OF COMMON CAUSE FAILURE ON ELECTRICAL
SYSTEMS

Kevin Pepper (ONR, UK)

A SURVEY OF THE HAZARDS TO ELECTRICAL POWER SYSTEMS
Gary Johnson (Independent Consultant, USA)

MODERNIZATION OF UNIT 2 AT OSKARSHAMN NPP - MAIN
OBJECTIVES, EXPERIENCE FROM DESIGN, SEPARATION OF
OPERATIONAL AND NUCLEAR SAFETY EQUIPMENT - LESSONS
LEARNED

Salah Kanaan (E.ON/OKG, Sweden)

Coffee Break

REQUIREMENTS FOR ROBUSTNESS OF ONSITE
ELECTRIC POWER SYSTEMS (contd.)

RCC-E A DESIGN CODE FOR 1&C AND ELECTRICAL SYSTEMS
Jean-Michel Haure (EDF, France)

OVERALL STRATEGY AND ARCHITECTURE FOR POST-
FUKUSHIMA-MITIGATION AND MITIGATION ON OTHER EVENTS
IN THE ELECTRICAL SYSTEM

Waldemar Geissler (AREVA, Germany)
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12:05/3.07

12:30/3.08

12:55

13:15

Session 4

14:15

14:20/4.01

14:45/4.02

15:10/4.03

15:35/4.05

16:00

COMPARISON BETWEEN DIFFERENT POWER SOURCES FOR
EMERGENCY POWER SUPPLY AT NUCLEAR POWER PLANTS

Magnus Lenasson (Solvina AB/Sweden)

ADVANCING RUGGEDNESS OF NUCLEAR STATIONS BY
EXPANDING DEFENCE IN DEPTH IN CRITICAL AREAS

Thomas Koshy (IAEA)

PANEL SESSION 3
Open discussion from the floor with all the presenters in the Session 3

Lunch Break

SIMULATION OF TRANSIENTS WITHIN NPP PLANT
DISTRIBUTION SYSTEMS

Session chaired by Thierry-Victorin RICHARD (EDF, France)

VERIFICATION OF SIMULATION TOOLS
Thierry Richard (EDF, France)

STANDARD PROCEDURE FOR GRID INTERACTION ANALYSIS

Bertil Svensson, Sture Lindahl, Daniel Karlsson (Gothia Power AB, Sweden),
Jonas Jonsson, Fredrik Heyman (OKG AB, Sweden)

ELECTRICAL DYNAMIC SIMULATION ACTIVITIES IN FORSMARK
Per Lamell (Forsmarks Kraftgrupp AB, Sweden)

INTRODUCTION OF ELECTRICAL SYSTEM SIMULATION
ANALYSIS USED IN KOREAN NUCLEAR POWER PLANT

Sang Hak Kim, Woo Sung Jeong (KEPCO, Korea)

Coffee Break
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16:30/4.06 COMPUTER SIMULATION OF COMPLEX POWER SYSTEM FAULTS
UNDER VARIOUS OPERATING CONDITIONS

Tanuj Khandelwal, Cedric Bayle (ETAP, France)

16:55 PANEL SESSION 4

Open discussion from the floor with all the presenters in the Session 4

17:35 End of the Second Day
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THURSDAY, 3 APRIL 2014

Session 5

09:00

09:05/5.01

09:30/5.02

09:55/5.03

10:20/5.04

10:45

Session 5

11:15/5.05

11:40/5.06

REQUIREMENTS FOR EQUIPMENT USED
FOR EMERGENCY RESPONSE

Session chaired by Pascal REGNIER (IRSN, France)

DESIGN PROVISIONS FOR STATION BLACKOUT AT NUCLEAR
POWER PLANTS

Alexander Duchac (IAEA)

TIMING CRITERIA FOR SUPPLEMENTAL BWR EMERGENCY
RESPONSE EQUIPMENT

John H. Bickel (ESRT, USA)

RESILIENCE IMPROVEMENTS TO UK NUCLEAR POWER PLANTS
Kevin Pepper (ONR, UK)

EMERGENCY MITIGATING EQUIPMENTS - POST FUKUSHIMA
ACTIONS AT CANADIAN NUCLEAR POWER PLANTS - PORTABLE
AC POWER SOURCES

Jasmina Vucetic, Ram Kameswaran (CNSC, Canada)

Coffee Break

REQUIREMENTS FOR EQUIPMENT USED
FOR EMERGENCY RESPONSE (contd.)

FUNDAMENTAL DESIGN BASES FOR INDEPENDENT CORE
COOLING IN SWEDISH NUCLEAR POWER REACTORS

Tomas Jelinek (SSM, Sweden)

ULTIMATE ELECTRICAL MEANS FOR SEVERE ACCIDENT AND
MULTI UNIT EVENT MANAGEMENT

Xavier Hubert Rene Guisez (Electrabel, Belgium)
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Session 6

13:30

13:35/6.01

14:00/6.03

14:25/6.04

14:50

Others

15:35

16:00
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PANEL SESSION 5

Open discussion from the floor with all the presenters in the Session 5

Lunch Break

MARGIN ASSESSMENTS FOR MODERN POWER ELECTRONICS

Chaired by Tage ERIKSSON (SSM, Sweden)

RECENT  OPERATING EXPERIENCE INVOLVING POWER
ELECTRONICS FAILURE IN KOREAN NUCLEAR POWER PLANTS

Jaedo Lee (KINS, Korea)

HOW TO SECURE UPS OPERATION AND SUPPLY OF SAFETY
CRITICAL LOAD DURING ABNORMAL CONDITIONS IN UPSTREAM
SUPPLY

Gert Andersen, Silvan Kissling, Joerg Laaser (GUTOR, Switzerland)

MODIFICATION TO BATTERY CHARGERS & INVERTERS UNITS
Florent Raison (AEG Power Solutions, Germany)

PANEL SESSION 6

Open discussion from the floor with all the presenters in the Session 6

RELATED ACTIVITIES AT CSNI/WGRISK

PROBABILISTIC SAFETY ASSESSMENT RELATING TO THE LOSS
OF ELECTRICAL SOURCES

Jeanne-Marie Lanore (IRSN, France)

End of the Third Day
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FRIDAY, 4 APRIL 2014

Session 7

09:00

09:05/7.01

09:30/7.02

09:55/7.03

10:20/7.04

10:45

11:00

11:30

DIGITAL COMPONENTS IN POWER SYSTEMS

Chaired by Gary JOHNSON (IEEE, USA)

DIGITAL COMPONENTS IN SWEDISH NPP POWER SYSTEMS
Mattias Karlsson, Tage Eriksson (SSM, Sweden)

OPERATING EXPERIENCE OF DIGITAL, SOFTWARE-BASED
COMPONENTS USED IN 1&C AND ELECTRICAL SYSTEMS IN
GERMAN NPPS

Stefanie Blum, André Lochthofen, Claudia Quester, Robert Arians (GRS,
Germany)

SMART DEVICES IN THE UK NUCLEAR SECTOR: A REGULATOR’S
PERSPECTIVE

Kevin Pepper on behalf of Steve FROST (ONR, UK)

MASS ALARMS IN MAIN CONTROL ROOM CAUSED CONDENSATE
ON THE INSTRUMENTATION AND CONTROL CARDS IN TURBINE
BUILDING

Cheol-Soo Goo (KINS, Korea)

PANEL SESSION 7

Open discussion from the floor with all the presenters in the Session 7

Coffee Break

CONCLUDING SESSION

Session chaired by Pascal REGNIER — Workshop Chair (IRSN, France) and co-chaired

by John BICKEL (ESRT, USA)

30



NEA/CSNI/R(2015)4

11:35 SESSION CHAIRS REMARKS, SUMMARY AND CONCLUSIONS

Kevin Pepper, Andre Vandewalle, Shinji Kawanago, Thierry-Victorin Richard, Pascal
Regnier, Tage Eriksson, Gary Johnson

12:10 DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

13:00 Closure of the Workshop.
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APPENDIX 2. PAPERS/PRESENTATIONS
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OPENING SESSION

IRSN Welcome and Remarks
Jacques Repussard, IRSN Director General

ROBELSYS Workshop Background, Objectives, Scope, Goals
John Bickel (Evergreen Safety & Reliability Technologies, USA)
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ROBELSYS, WAEN
Welcoming remarks (f

Jacques REPUSSARD, Director General of IRSN

A Robust electrical system is of prime importance
for the safety of NPPs (1/2)

| Forsmark INES 2 event (July 2006)
= Sensitivity of interna electrical systems to:
= Externalevents,
= Timing (transients/sequencing),
= Latent faults/maintenance errors.
-> Has triggered DIDELSYS 1

| FUKUSHIMA accident (March 2011)
= Sensitivity to extreme externad hazards,
= Wider questioning regarding the type and severity of eventsto consider.
->Has triggered many reviews(e.g. stress tests, ... and ROBELSYS

ROSELSYS Wekoming remarks, J. Repussard - April 1s5t, 2014
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A Robust electrical system is of prime importance
for the safety of NPPs (2/2)

| Lessons from reliability and PSA studies:

= Need tosignificantly rely on the external electrical power source (which
is the most reliable but cannot be safety classified).

= [n PSAs, theloss of electrical sourcesis the major contributing family to
core melt frequency in most existing and new reactors.

-> Scenarios with extended loss of electrical power are being explored by
PSAs.

> OECD/CSNI/WGRISK has launched a specific taskon PSA insights
regarding theloss of electrical sources.

ROSELSYS Welkoming remarks, J. Repussard - sprtl 15t, 2014

External sources are exposed to various and
potentially extreme perturbations

| Exceptional natural events affecting the grid infrastructure:
= Extreme T°, wind, (ice) storm, Flooding, earthquake, solar storms ...

| Events causing potentially major electrical transients
impacting NPPs:
= Lightning, Ferroresonance,
= Maintenance errors/ equipment failures on the grid,
= Intermittent power sources (renewable energies).

2 Wide range of topics to address, experience showing that
some of them deserve additional attention.
Z Possible long term and “whole site” effects.

ROSELSYS Welkoming remarks, J. Repussard - Aprtl 15t, 2014
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The electrical system within a NPP is a complex
system

| CCF prone system: by nature current “irrigates” all the plant
and hence may propagate failure(s).

| Reinforcing the robustness of electrical supplies is not just

about bringing more diesel generators: electrical distribution
to the loads matters!

| Global tendency to rely more and more on electrical

actuation systems (compared to hydraulic/pneumatic) in
new reactor designs as in avionics.

| Advent of the digital technologyin electrical equipment.

A Emerging technical challenges ahead of us
A Computer Simulation will help.

ROSELSYS Welkoming remarks, J. Repussard - sprtl 15t, 2014

International activities / Safety of electrical systems in NPPs

2006 < 7007 < 2008 @ 2009 @ 2010 2011 | 2012 2013 2014

Forsmark Fukushime
incident accident
i opESYS 1 DIELSYS 2 ROBELSYS
“J NEA _
Technical exchanges oo
(.) D5430 -~ TecDoc
—JAEA
Safety Requirements
1EC Dedicated [EC 454 WG

ROSELSYS Welkoming remarks, J. Repussard - sprtl 15t, 2014
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Robustness in Electrical Systems
‘ROBELSYS”

Workshop Sponsored by OECD Nuclear Energy Agency

Paris, France
April 1-4, 2014

Welcoming Remarks by
Dr. John H. Bickel
ESRT, LLC

Why We are here:

« Currently operating NPPs rely upon active cooling which
ultimately depends on AC power

Even NPPs using steam driven pumps still require electrical
instruments.... which ultimately depends on AC power

Remove AC power long enough nuclear safety is
compromised

We are here this week to discuss:
= How robust are existing nuclear power plant electrical systems?
= \What are appropriate issues to consider in AC power “robustness”?
= What can reasonably be done to improve AC power “robustness”?
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Prior NEA Efforts on AC Power:

« July 2006 switchyard event at Forsmark NPP in Sweden
Forsmark BWRs utilize all electric decay heat removal systems

Event involved voltage surge not envisioned during power
electronics modernization in 1990’s

Voltage surge failed multiple battery chargers — inverter units
2/4 diesels trains and AC power to decay heat removal disabled
Failed instrument buses lead to depressurization

« Joint CSNI/CNRA Working Group “DIDELSYS” - Defense in
Depth of Electrical Systems and Grid Interaction formed
= Working Group activities: April 2008 - December 2011
= International Workshops held in May 2009, May 2011
= DIDELSYS Working Group Report issued November 2009
= DIDELSYS Technical Opinion Report issued

DIDELSYS recommendations

* Reduce NPP-grid interaction challenges to NPP electrical
systems

 Improve Robustness of NPP electrical systems to cope
with grid, and internal NPP electrical faults should they occur

Improve NPP training, procedures, display capabilities to deal
with degraded electrical systems

Improve Coping Capability of NPP to deal with NPP
electrical power system failures

Improve Capability to recover offsite grid to support NPP
electrical power systems

DIDELSYS did not address issues associated with extreme
external phenomena — such as seismic, tsunami
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Fukushima AC power issues

Coping with total destruction of offsite grid — rather than
momentary interruption

Consideration of extreme external events capable of total
destruction of NPP electrical systems

Need to analyze available coping times for emergency
response

Need for supplemental emergency response equipment
= Battery chargers, bottled N2 gas, portable pumps

ROBELSYS Charter

Review lessons learned from Fukushima accident
concerning robustness of electrical systems

= Measures planned or already taken in OECD countries

= Review possibilities to reconnect portable power close to loads

= Review protection of distribution systems against external hazards

Identify current analysis practices for NPP electrical systems
= Simulation of AC and DC power transients

Identify approaches/difficulties in fully testing NPP electrical
systems
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The ROBELSYS effort is important to safety
of operating and planned NPPs

So, Let’s get to work !
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SESSION ONE :

""National Programmes on Evoluation of Onsite and Offsite Electric and Power Systems"*

Temporary and Long Term Design Provisions Taken on the French NPP Fleet to Cope with
Extended Station Black out in Case of Rare and Severe External Events
Patricia Dupuy, Carine Delafond, Alexandre Dubois (IRSN, France)

Electrical System Design Applications on Japanese BWR Plants in the Light of the Fukushima
Accident and Hitachi Experience of the Solid State Power Equipment in Japanese BWR
Masashi Sugiyama (Hitachi-GE Nuclear Energy, Japan)

Electric Power Supply of German NPPS: Defence in Depth, Protection against External
Hazards and Retrofitting as as Consequence of the Fukushima Accident
Sebastian A. Meiss (BjS, Germany), Robert Arians (GRS, Germany)

Electrical Systems at Laguna Verde Nuclear Power Plant (LVNPP) after the Fukushima
Accident
José Francisco Lopez Jiménez (CNSNS, Mexico)

Status of the Review of Electric Items in Spain Related to the Post-Fukushima Stress Test
Programme
Manuel R. Martinez Moreno, Alfonso Pérez Rodriguez (CSN, Spain)

Evolution of Onsite and Offsite Power Systems in US Nuclear Power Plants
Roy Matthew (NRC, USA)
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Temporary and Long Term Design Provisions Taken on the French NPP Fleet to Cope with
Extended Station Black out in case of Rare and Severe External Events

Patricia Dupuy, Carine Delafond, Alexandre Dubois
IRSN, France

Abstract

Following the events at Fukushima, the Institute for Radiological Protection and Nuclear Safety
(IRSN) has been strongly involved in a series of reviews related to the robustness of French nuclear power
plants in case of “rare and severe” external hazards. These reviews included in particular the “stress tests”
performed in 2011 as required by the European Commission.

Those reviews, and the proposal made by EDF to reinforce NPPs robustness in such situation, led to
the introduction of the concept of a hardened safety core (HSC) to avoid massive releases and prolonged
effects in the environment in case of rare and severe natural hazards. This concept will be explained in the
paper and the new specific electrical equipment as well as the interfaces with the existing electrical
distribution required to implement this HSC will be explained.

As the detailed design, manufacturing and installation of the HSC in all NPP sites will take several
years, temporary measures have been adopted. This paper will also present the electrical sources and the
distribution related to those temporary measures.

The specific situation of the new built EPR reactor in Flamanville is also addressed.
Lastly, in complement to the above on-site design provisions, a Nuclear Rapid Response Force has
been set up by EDF to bring off-site support to French NPPs in case of emergency. The paper will describe

the type of electrical equipment to be delivered and the principle for distributing the electrical power to the
required loads.
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1. Provisions to cope with a loss of electrical supplies at French nuclear power plants and new issues
raised by the Fukushima accident

Provisions were defined from the design stage of existing French Nuclear Power Plants (NPPs) to
cope with a Loss Of Off-site Power (LOOP). They mainly consist of two emergency diesel generators
(EDGs) per reactor, each being able to back-up one of the two redundant electrical trains in order to power
supply the safety systems and thus ensure the safety functions. In case of a multiple failure situation
corresponding to a total loss of all external and internal electrical sources (diesels unavailable), the steam
generators can be fed by the turbine-driven pump of the auxiliary feed water system. Additional electrical
diversified features have been implemented since the design stage to cope with such a situation: a turbine
generator “LLS” supplying an electrical pump able to inject water to the seals of the coolant system pumps
and supplying part of 1&C and lighting in the rooms. Additional means were also settled to allow the
recovery of electrical power sources in a short time (on-site gas turbine or diesel generator).

Other types of improvements have been defined on the occasion of periodic safety reassessments of
French NPPs or in order to take into account the lessons learned from operating experience. Discussions
since 2009 between the French NPPs’ operator (EDF), the Institute for Radiological Protection and
Nuclear Safety (IRSN) and the French Nuclear Safety Authority (ASN) on the program for new
improvements in the frame of a long term operation of French NPPs have pointed out the need to reinforce
the provisions to cope with situations of total loss of all external and internal electrical sources (station
black-out) or total Loss of the Ultimate Heat Sink (LUHS). The interest of these improvements initiated
before 2011 has been reinforced by the Fukushima accident.

Regarding the robustness against natural hazards, safety equipment needed for design basis accidents
are generally protected against design basis hazards, which is in particular the case for safety equipment
required in case of a LOOP (e.g. diesel generators). Simultaneous occurrence of an external hazard with a
multiple failures situation, such as the total loss of all electrical sources, was not systematically postulated.
However, according to “defence-in-depth” and recognizing that both LOOP and LUHS of long duration
are likely to be induced by some natural hazards, some equipment used to manage these situations are
protected against some hazards. Equipment required in severe accidents are generally not designed to resist
to natural hazards as it is considered that such hazards could not lead to core damage.

The Fukushima accident raised questions about the following issues for which further improvements
were considered as necessary:

-Management of prolonged LOOP, LUHS or severe accident that may be induced by a natural hazard and
affect all the site units (reactors and fuel pools),

-Behavior of a NPP in case of “beyond design” hazards or combinations of hazards not considered at the
design stage or during periodic reviews,

-Emergency response for beyond design hazards affecting several units at a same site.
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2. The French “Hardened Safety Core” concept

“Hardened Safety Core” objectives and principles

Following the “robustness analyses” (stress tests) performed by EDF for the French NPPs after the
Fukushima accident and their reviews performed by IRSN, it was decided to increase the protection of
these NPPs against extreme natural hazards by reinforcing some parts of the installations and
implementing complementary equipment in order to limit the releases in case of beyond design hazards
(earthquake, external flooding and natural hazards that may be combined with the previous) and in
particular in case of a station blackout or a loss of the ultimate heat sink or a severe accident induced by
these extreme hazards. This set of equipment is called the post-Fukushima “Hardened Safety Core” (HSC).

The preliminary proposals of the operator about the main objectives and principles were reviewed by
IRSN in 2012. IRSN considered the following principles as satisfactory:

-HSC consisting of fixed Systems Structures and Components (SSCs) on each plant, with a sufficient
autonomy to maintain the safety functions at least until off-site provisions are set in place, i.e. during 72
hours. Off-site resources will then be deployed to back up on-site equipment and to manage accidental
situations in the long-term (e.g. human resources, mobile electrical supplies, pumps, fuel oil...). EDF is
setting up a Nuclear Rapid Response Force (FARN) in this objective;

-HSC consisting of a limited number of SSCs resistant against the postulated extreme hazards and covering
all reactor states. Discussions are still on-going in France to define the “beyond design basis hazards”,
including associated characteristics, and the methodologies to design or verify HSC provisions.

The IRSN and ASN considered that efforts should be made by EDF in order to ensure that the HSC:

-prevents core melt in the postulated situations and allow cooling by the secondary circuit (when the
primary circuit is pressurized). This objective has led EDF to modify the operating strategy and the safety
functions initially defined for the HSC (namely, feed and bleed strategy, combined with the venting and
filtration of the containment). Detailed definition of the HSC strategy and SSCs is in progress;

-is protected against the induced effects of the extreme external hazards (for example loads drops, internal
fires or flooding, bursts), which is a rather difficult but important issue to be addressed.

Requirements for the “Hardened Safety Core”

On the operating NPPs, the HSC will include new provisions such as for example (please note that
these are currently being defined): an ultimate diesel generator, ultimate means to fill the steam generators
(feed water pump and tank), an ultimate make-up system to refill the ultimate feed water tank, the re-
flooding water storage tank and the spent fuel pool, an additional pump to inject water into the primary
circuit, dedicated ultimate 1&C.

Even if it consists of new robust SSCs, the HSC will necessarily stand in interface with some existing
SSCs (e.g. reactor coolant system and connected systems up to the first isolation components, steam
generators, isolation devices of the containment...).

When assessing the preliminary principles applied to the HSC by EDF, IRSN insisted on the
following key requirements to be considered:
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-The existing SSCs in interface with the HSC should meet strong requirements in terms of resistance to
extreme hazards (earthquake, flooding and all phenomena that can be linked to flooding, such as lightning,
extreme winds, tornadoes) and their induced effects. IRSN also pointed out the interest for the HSC to
withstand some other extreme hazards (air temperatures);

-Main SSCs of the HSC and their support (such as electrical distribution and switchgears for example)
should be as far as possible:

- independent from the existing SSCs, to ensure that the HSC constitutes the expected ultimate line
of defense and isn’t affected by the potential failures that may occur on the other parts of the
installation,

- diversified from the existing SSCs to limit the risks of common cause failures, notwithstanding
the objective of sufficient reliability of new equipment;

-In addition, the implementation of the HSC functions should require limited local actions by the staff.

It has to be noticed that on the existing plants, implementation of significant design improvements
such as HSC modifications should take into account some constraints such as the difficulties pointed out
by the operator to set up additional equipment in some buildings or site areas (for example in the electrical
rooms). Therefore, even if the definition of HSC results from generic analyses for all existing plants, its
detailed definition and implementation may be adapted from one site to another.

One major point is to provide the SSCs of the HSC with a robust electrical supply, in any situation,
especially in case of a station black-out induced by extreme natural hazards. This issue is presented in the
next part.

3. Main electrical improvements expected in the frame of the HSC

On French NPPs, each reactor is dotted with two emergency diesel generators (EDG), designed to
supply 6.6 kV switchboards with power. These boards, called “LHA” and “LHB”, are the electrical support
of two redundant safety trains, namely A train and B train, as shown on Diagram 1.

In the frame of the HSC, an ultimate backup diesel generator (called “UDG”) will be added on each
operating plant to improve the mitigation of station black-out situations and to allow the mitigation of SBO
induced by beyond design earthquake or external flooding. It must be noticed that given the timing of the
industrial program of the HSC, a progressive deployment of this ultimate diesel generator and of the
associated electrical distribution is scheduled.

This part shortly presents the safety objectives, the design principles and main functional
characteristics of this UDG and of the associated electrical distribution as currently presented by the
operator EDF. It should be noted that the design options may evolve. Moreover, even if the main principles
of the HSC and of its support electrical equipment were analysed by IRSN in 2011-2012, the detailed
design assumptions have not been examined by IRSN neither approved by ASN yet.
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Diagram 1. Current electrical architecture on French PWRs: off site and on site power supply.

Stand-by grid Main grid Turbo generator set
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auxiliaries train A auxiliaries train B
Train A I18C ﬁ ﬁ Train B 1&C t
Batteries A Batteries B Mini UDG

SSCs power supplied by the UDG:

Some SSCs will be power supplied by the UDG through an additional 6.6 kV switchboard called
“LHC”, dedicated to the UDG.

In the short term, in order to enhance the mitigation of station black-out situations, some existing
safety equipment will be power supplied by the UDG using the existing electrical distribution and an
additional connection between an existing 6.6 kV switchboard and the new “LHC” switchboard. This will
allow back-up power supply to some existing equipment necessary in a SBO situation such as the
emergency feed water system, the minimum I&C, control room venting and lightening, some equipment
necessary for the confinement function (containment isolation valves, annulus venting system, containment
pressure measures...), provisions to refill the steam generators water tank, the re-flooding water storage
tank and the spent fuel pool, a reactor make-up water pump, some measurements.

In the final step, a dedicated electrical architecture associated with the UDG will constitute the
electrical support function of the HSC. Therefore, this electrical network will be part of the HSC and will
be subject to the same stringent requirements. Following a SBO accident, power supply towards the HSC
will thus be performed by the UDG. Next, in order to enhance the robustness of the system in duration,
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external means brought by the Rapid Nuclear Response Force may be connected to the “LHC”
switchboard.

Operating the UDG in extreme conditions:

A connection coming from normal or substitute power supply will provide in normal operating
conditions the UDG auxiliaries (settled in the UDG building) with continuous power supply.

In extreme situations, the UDG and the associated ultimate electrical distribution will be activated and
the power supplies of the necessary equipment will be switched from the normal sources to the ultimate
ones.

It must be noted that in case of a SBO, the data requested to operate the damaged reactor unit are
available by means of batteries. Therefore, these data will become no longer available in the control room
after batteries depletion. In the aftermath of the Fukushima accident, IRSN and ASN requested that the
autonomy of the batteries be enhanced. The operator asserted that the current safety-related batteries used
in case of a SBO can generate autonomy higher than design autonomy of one hour which may enable
automatic or manual switch to be carried out in order to restore power supply from UDG.

The UDG fuel oil autonomy is about 72 hours at full load, additional supplies being provided by the
Rapid Nuclear Response Force.

Electrical architecture associated with the UDG:

In the final stage, the electrical architecture associated with the UDG will be characterized by the
integration of voltage transformation means, transportation network and low voltage sources, for instance
to provide the ultimate 1&C with power. It will also include electrical connections towards all the new
components of the HSC as well as towards some existing equipment also included in the HSC. IRSN
emphasized the importance to get a dedicated electrical distribution network to ensure independency and
thus limit the potential risks of common cause failure. It raises difficulties when it comes to ensure the
switching of power sources for existing equipment. New provisions are needed in order to supply the
existing components that are part of the HSC with power and to switch between normal power supply
sources and those of the UDG. Following the conclusions of IRSN analysis of the HSC principles, the
operator will look for a technological diversification as far as 6.6 kV switchboards are concerned.

Location of new electrical equipment:
A new UDG building will be implemented and will include the base of the HSC electrical
architecture, namely:
-the ultimate diesel generator UDG,
-the 6.6 kV switchboard "LHC",
-380 V panel board feeding 1&C of the UDG and the auxiliaries of UDG.

On many units, the local difficulties to settle the UDG building potentially result in a remote location
from the nuclear island. Therefore, an additional electrical building closer to the HSC components will
house the low voltage electrical distribution of the new equipment and of the ultimate 1&C of the HSC.
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The following diagram shows the future implementation scheduled for the UDG in the current
electrical network on French NPPs.

Diagram 2. Future electrical architecture on French PWRs including Ultimate Diesel Generators.
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Temporary measures

The future electrical network and ultimate diesel generator will be settled in several years’ time. In the
meantime some temporary measures are implemented as additional provisions to deal with a loss of
external and internal power supplies.

In particular a small diesel generator (so called "Mini UDG") will enable to supply back-up power (by
manual actuations) notably to the minimum 1&C necessary in a SBO situation, the venting and the
lightening in the control room and the annulus venting system (on 1300 and 1450 MWe reactor units). This
diesel may also be rescued by the Rapid Nuclear Response Force by plugging a mobile device.

This small diesel generator is settled in a container located near the electrical building.

The Mini UDGs have already been installed on operating units (one per unit) and the dedicated
electrical distributions will be finalized by 2016.

IRSN assessed that this new equipment didn’t induce any loss of reliability for the unit.

48



NEA/CSNI/R(2015)4

4. The Nuclear Rapid Response Force: off-site support

The on-site fixed provisions aimed at managing the short-term phase after an extreme accident will be
backed up by off-site means to be brought on site by a specialized emergency team called the “Nuclear
Rapid Response Force”. Indeed, right after the first analysis of the Fukushima event, EDF decided to
reinforce its national crisis organization, in particular by implementing national means, able to quickly
provide a nuclear plant facing extreme conditions with human and equipment support.

The Nuclear Rapid Response Force will strengthen the overall national and local crisis and will be
activated on the basis of an analysis of the situation. This team is expected to be operational within
24 hours on a site facing an extreme accident. To define this team, the operator assumed that only one site
(out of the 19 French NPPs) faces a severe accident, having caused major destruction of the infrastructures
(including the access to the site), full or partial unavailability of local teams (current shift teams, on-call
emergency staff). The team would be able to work in severe environment, facing radiological and/or
chemical hazards.

The Nuclear Rapid Response Force’s purpose will be to re-supply water, power and air, by means of
mobile devices used within the first 24 hours or extra heavy equipment which could be brought afterwards
(mobile emergency diesel generators, mobile motor-pump....). Thus, hook up points will be settled on
existing plants to allow these operations.

IRSN and ASN considered this ultimate Nuclear Rapid Response Force as a satisfactory
organizational improvement in addition to the fixed features of the HSC.

5. Future European Pressurized Reactor (EPR)

IRSN safety assessment of the detailed design of EPR Flamanville safety systems is in progress.
Anyhow, in comparison with the operating reactors, the design of the EPR differs in terms of prevention of
situations involving total loss of power supply or heat sink. At this stage, its design notably includes four
main emergency diesel generators and two ultimate diesel generators (called “SBO diesels™) that could
power supply some key safety systems and that should be independent and diversified from the four main
diesel generators. It also includes an alternative heat sink in addition to the main one. Moreover, provisions
have been defined since the design stage of the EPR for the mitigation of severe accidents. Finally, it is
also considered that EPR Flamanville is better protected against external hazards such as earthquake (there
being a common basement for the whole nuclear island, for example) and flooding (the location of the
platform taking into account changes of the sea level up to the year 2080).

Nevertheless, some improvements of the design of this reactor are under analysis in order to limit the
risk of beyond design hazards or situations. IRSN considered in particular that improvements should be
studied by EDF in order to increase the autonomy of systems in case of prolonged loss of external power
supply and all the diesel generators and/or total loss of heat sink due to extreme hazards affecting the
whole Flamanville site (the EPR plant and the two PWR units in operation).

Some potential improvements are under study, such as:
- Provisions to increase the fuel oil autonomy of the SBO diesel generators (currently limited to 24

hours) by means of an additional pump to transfer the fuel oil from the EDG fuel tanks to the SBO
diesels tanks,
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- Provisions to increase the secondary water tanks autonomy by filling the tanks with the water
reserve located on the top of the cliff,

- Extension from 12 hours to 24 hours of the autonomy of the “severe accident batteries”,

- Additional features to remove the heat from the containment in case of a prolonged loss of external
power supply and all EDGs where the containment heat removal system is unavailable, and thus
increase the available time for power recovery before containment damage,

- Some reinforcements of the protection of particular equipment against extreme hazards.

ASN requested the operator to provide, in the frame of the application for EPR Flamanville
commissioning expected in the near future, justifications on the reliability of the electrical sources and
distribution, and of the I&C in case of extreme situations.

Moreover, the EPR plant would take benefit in case of an extreme accident of the development of the
EDF “Nuclear Rapid Response Force”.
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CSNI International Workshop on
ROBUSTNESS OF ELECTRICAL SYSTEMS OF NPPs

in Light of the Fukushima Daiichi Accident
April 1-4,2014

Temporary and Long Term Design Provisions Taken on the
French NPP Fleet to Cope with Extended Station Black outin

case of Rare and Severe External Events

PatriciaD
IRSN

, Carine Delafond, Alexandre Dubois

Context

| Accident at Fukushima Daiichi has raised major concerns about:
»Resistance of nuclear plants against extreme natural hazards
»Multi-units accidents (reactors and spent fuel pools) of long duration

»Emergency plans in case of multi-units accidents and extreme hazards

y % | Which improvements taken for the French

= plants considering the lessons-learnt from
=,y Fukushima, in particular to strengthen the
4. 7>  electrical systems?

ROSELSYS Workshop - sorll 1-4, 2014 IRS" >
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Context

The French Nuclear Power Plants (NPPs):

CAAMVILING

> : sE2 ) :."Qv““

| 58 PWR reactorsin operation TYVV L S o
vy " %H
TAMANIAL )§~ 3

| Avery homogeneous operating fleet: ~ «~ - N =
3 series of 900, 1300 and 1450 MWe N g

| One EPR reactor (PWR GEN Ill) under SCLLLR
construction at Flamanville

| All NPPs operated by a single utility: 2
Electricité de France (EDF) / .

Context

Provisions were initially defined and additional significant
enhancements have been implemented since the design stage
(Periodic Safety Reviews, lessons-learnt from operating experience, insights
of the Probabilistic Safety Assessments ...) to :

» Ensure protection of the safety SSCs against natural hazards
(review of design basis hazards, improvement of protections...)

> Cope with a total loss of all external and internal power
supplies, a total loss of the heat sink and core melt accidents

» Adapt accidental procedures and emergency plans to deal
with multi-units accidents

ROSELSYS Workshop - soril 1-4, 2014 I RS“ -
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Context

The Fukushima accident has pointed out the need to go further:
» To ensure robustness against more severe hazards (beyond design)

of S5Cz
hazards
&
v 4
1 » Hazard severity
Dasign basis
hazard

#» To cope with prolonged multi-units accidents: loss of AC power, loss
of the heat sink, core melt accidents

Following EDF “stress tests” it was decided to implement significant
additional provisions = The « Hardened Safety Core » concept

ROSELSYS Worksnop - sorll 1-4, 2014 I RS“ 5

. |
The « Hardened Safety Core » (HSC) concept

I To avoid large releases in extreme situations (postulated prolonged multi-
units loss of AC power and of the heat sink induced by extreme hazards)

| Covering prevention and mitigation of core melt + emergency management

| Designed against hazards higher than design levels {earthquake, flooding and
associated hazards): discussionsin progress

Hardened safety Core
- . ]
Emergency
planning » Limited set of SS5Cs
= Mainly new SSCs, also including
e fley - some robust existing 55Cs
Design basiz : »HSC “In interface” with some
aooidents 2
™~ Tormal important plant S5Cs
l‘ V - »
Hazard saverity

ROSELSYS Workshop - sorll 1-4, 2014 I Rs" S
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- I
The « Hardened Safety Core » (HSC) concept

| Main additional ultimate features envisaged:

» Means tofill in the steamgenerators

» Make-up tofill: the secondarywater tanks, the primarywater storage tank, the fuel pool
» New pump toinjectinto the primary circuit + cooling system (recirculation)

» A diesel generator and associated electrical distribution, dedicated 1&C

» On-site crisiscenter

+ Improvement of [
emergency
organization

+ “Nuclear Rapid
Response Force”

o

| HSC main principles presented by EDF and examined by IRSN in
2011-2012

| On the basis of IRSN analysis reports, ASN issued regulatory
requirements related to the HSC

Detailed technical solutions for the HSC design still in progress at EDF
{accident strategy to be confirmed, list of the new S5Cs to be completed) and
not approved by IRSN and ASN yet

ROSELSYS Workshop - April 1-4, 2014 I RS“ 8
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Electrical Systems at French NPPs

Turbo gensrator set

ROSELSYS Workshop - April 1-4, 2014

Electrical Systems at French NPPs

| Substantial existing provisions to cope with SBO situation
(LOOP+EDG unavailable)

» Some safety equipment operable without AC power (mobile diesel pump to inject
into the primary circuit, turbine-driven AFWS pump)

» Dedicated SBO equipment + procedures implemented since the design stage
»Safeguard electrical systems generaly protected against external hazards

| However to be reinforced/completed to cope with beyond design situations
» Insufficient margins for some electricd equipment to cope with extreme hazards
» Need to deal with prolonged multi-units SBO
»Need for a “robust ultimate electrical line of defense” to support the HSC

ROSELSYS Workshop - April 1-4, 2014 I RS“ 10
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Post-Fukushima electrical improvements

| Implementation of an Ultimate Diesel Generator (UDG) and associated
electrical distribution to support the Hardened Safety Core functions

»0One permanent UDG / unit (about 3 MW)
»Nominal UDG voltage 6.6kV, supplying a new ultimate 6.6kV switchboard

| Gradual improvements:

“Mini-UDG” to
supply minimum
safety equipment
required in SBO
situation

ROSELSYS Workshop - April 1-4, 2014 I Rs“ 1"

Post-Fukushima electrical improvements

* Mini-UDG

Mini-UDG supplying back-up | Stand-by grid Main grid Turbo generator set
power (by manual actuations) to
the minimum 1&C, the venting and
the lightening in the controlroom
and the annulus venting system |

SEG aln B

| Mini UDG |

ROSELSYS Workshop - April 1-4, 2014 I RS“ 2
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Post-Fukushima electrical improvements

Ultimate EDG

NEA/CSNI/R(2015)4

Main grid Turbo generator st

Normal
power
supply

Do -

Some existing
equipment backed-up
by the UDG

ROSELSYS Workshop - April 1-4, 2014

Post-Fukushima electrical improvements
Mini-uDG

UDG + dedicated electricd
system to power supply the S5Cs
of the HSC - Robust against

extreme externd hazards

Ultimate EDG

y UDG power supplying the
Hardenad Safety Core

Stand-by grid Main grid Turbo generator sat

Nomal
power

equipment
and1&C

ROSELSYS Workshop - April 1-4, 2014
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Post-Fukushima electrical improvements

| General architecture and layout

»New UDG building (UDG, ultimate 6,6kV switchboard, electrical distribution to
UDG auxiliaries)

»Similar architecture envisaged for the 58 plants, however with adaptations due
to plants specifics and constraints

»At many sites, need for an intermediate electrical building (6 86kKV/380V
transformer, low voltage electrical distribution and I&C ofthe HSC)

» Underground cables between buildings

ROSELSYS Worksnop - sorll 1-4, 2014

Post-Fukushima electrical improvements

| Some general characteristics

»Independence between the electrical systems of the HSC and the “normal”
systems as far as possible

»Diversification of ultimate eguipment desirable, notwithstanding the prior
objective of sufficient reliability

»The HSC comprises mainly new SSCs but also some existing robust equipment (ex:
containment isolation valves) =» Devices necessary to switch their power
supplies to the “UDG systems” in extreme situations (not defined yet)

»Manual switching by the operator to the ultimate systems (switching and UDG
start criteria to be defined)

ROSELSYS Workshop - sorll 1-4, 2014 I RS“ 16
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Post-Fukushima improvements at EPR Flamanville

| Significant favorable design differences /operating NPPs F

» 6 EDG: 4main + 2 ultimate “SBO” (diversified)
» “Severe accident” batteries12h
» Diversified heat sink in addition to the main heat sink

»Higher robustness to extreme flooding and earthquake at
EPR Flamanvile

| Hardened Safety Core approach also applied to EPR:
mainly existing 55Cs

» Ex: SBO diesel generators, batteries, HVAC of HSC 55Cs...

ROSELSYS Worksnop - sorll 1-4, 2014 I RSN 7

Post-Fukushima improvements at EPR Flamanville

| However some enhancements under study
> Reinforcements of some equipment /extreme hazards
» Extension to 24h of the “severe accident” batteries
» Provisions toincrease fuel oil SBO-DG autonomy

»Provisions to fill the secondary water tanks (water
storage on the top of the cliff)

» Additional features to remove the heat from the
containment in prolonged loss of external power
supply and all EDGs

ROSELSYS Workshop - sorll 1-4, 2014 I RS“ 1€
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A Nuclear Rapid Response Force to complement the HSC

| Phase 1: On-site HSC permanent equipment
» At least during the first 24 hours without any off-site support
» Fuel oil autonomy of the UDG = 72 hours (at full load)
» Mission time of the HSC 55Cs = 15 days without maintenance

| Phase 2: Off-site support from EDF Nuclear Rapid Response Force to bring
human means and mobile equipment after 24 hours (+ hook-up points)

Total loss of slectrical I
supplies or heat sink

ROSELSYS Workshop - April 1-4, 2014 I RS“ 15

A Nuclear Rapid Response Force to complement the HSC

"

Provisions (some of them already implemented)
*  Electricity (diesel g=nerators, cables, slectrical cubides...)
*  water maks-up (water capacities, pumps ...}

*  Air compressor

*  Communication means

*  Protections against radiations

*  Logistic (helicopter(s), vehides, ful oil ..}

- ia-ﬁ—lm

A [am—' equipment baze [heavy equipment)

minmm;-l-n-mus

lmmes“ptmhrmﬂ?ﬂ

IRSH

ROSELSYS Worksnop - sorll 1-4, 2014
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Off-site support
Fuel oil
Back-up to the ultimate 6 6kVsE
through mobile DG or mobile 20kv
lin2 [+ transformer)

Narmal

. -
. L
) ¥} power

> : supply

Ultimate EDG

Stand-by grid Turbo generator set

Main grid

A . e

HSC
equipment . {4 : S,
and1&C . " Mini UDG

ROSELSYS Workshop - sorll 1-4, 2014 I RS“ 21

Conclusion

| The Fukushima accident has pointed out the need:

»For design improvements to reinforce the electrical and cooling systems:
studies were already ongoing in France on these issues before FKS

»To cope with beyond design hazards

| The Hardened Safety Core and the Nuclear Rapid Response Force will bring
about significant enhancements

| The HSC will rely on ultimate robust electrical equipment and distribution

For more information: www.irsn. fr

ROSELSYS Workshop - sorll 1-4, 2014 IRSN
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Electrical System Design Application on Japanese BWR Plants
in the Light of the Fukushima Accident
and Hitachi Experience of the Solid State Power Equipment
in Japanese BWR

Masashi Sugiyama
Hitachi-GE Nuclear Energy, Japan

Abstract

After the Fukushima Daiichi accident (Loss of all AC and DC power sources and the distribution
panels), several design enhancements have been incorporated or are under consideration to Japanese
BWRs.

Especially, there are several important enhancements in the area of the electrical system design.
In this paper, the design enhancements related to the following systems will be introduced.

Supplemental AC power supply system
Enhancement on DC Battery system

In addition, this paper will show our practice of the solid state equipment in Japanese BWRs which
have some special specifications, considering the special condition in the NPP’s auxiliary electrical power
system.

1. SBO & DC power blackout in Fukushima Daiichi NPP

At the Fukushima Daiichi NPP, Units 1to 3 were in rated power operation before the earthquake
which had occurred on March 11", 2011.Units 4 to 6 had been shut down and had been in the outage for
the periodic inspection. Of these three units, at Unit 4, all fuel was removed from the RPV and being stored
and cooled in the SFP for the shroud replacement work. The outage for Unit 5was nearly complete, fuel
was loaded into the RPV and the water pressure leak tests were underway to verify its integrity. Unit 6 was
also near completing outage, and fuel was already loaded into the RPV.

On March11, 2011 at 14:46, the earthquake caused an automatic reactor scram at Unit 1 to 3, and all
control rods were inserted at 14:47. Due to the loss of off-site power, two D/Gs started up automatically at
14:47.

Off-site power for the Fukushima Daiichi NPP consists of a total of 7 lines with six transmission lines
from the Shin-Fukushima Substation (275kV Okuma Line 1L to 4L and 66kV Yonomori Line 1L and 2L)
and one 66kV transmission line for the standby off-site power to the Unit 1from the Tohoku Electric Power
Company (66kV TEPCO Genshiryoku Line). Of the transmission lines from the Shin Fukushima
Substation, the Okuma Line 1L and 2L connect to the Unit land Unit 2 and Okuma Line 3L and 4L
connect to the Unit 3 and Unit 4.

62



NEA/CSNI/R(2015)4

The Yonomori Line 1L and 2L connect to the Unit 5 and Unit 6. The TEPCO Genshiryoku Line was
connected to the Unit 1 normal M/C (Metal-Clad Switchgear) via the standby switchyard.

On the day of the earthquake, the Okuma Line 3L was under repairs and out of service.

The Remaining all transmission lines were lost their power by the earthquake and caused loss of the
off-site power.

The causes were as follows,

Okuma Line 1L and 2L; The electrical equipments in the switchyard, the CBs and the DSs were
damaged by the earthquake. They were an air —blast type.

Okuma Line 4L ; The switchyard was flooded by the Tsunami.

The CBs have replaced to the GCBs already. They were not damaged by the earthquake.

Yonomori Line 1L and 2L: The transmission tower collapsed due to the landslip of the embankment
near it. The switchyard was flooded by Tsunami.

After loss of the off-site power, the D/Gs started up and provided their power. However, at 15:35, the
second tsunami hit, shortly after which all of the D/Gs were lost except Unit 6, D/G 6B which was added
in 1996 and had an air-cooling heat sink.

As the result of the Tsunami flooding the entire area around major buildings, water flowed into the
buildings, and most of the electrical equipment inside them lost their functions. The water-cooled D/Gs
themselves at Unit 5 and Unit 6 were not damaged by water, but became inoperable due to the loss of their
sea water cooling pumps. All of the water-cooled D/Gs at Unit 1 to Unit 4 were shut down due to the
flooding by the Tsunami. On the other hand, Unit 2, D/G 2B, Unit 4, D/G 4B and Unit 6, 6B are air-cooled
D/Gs and did not have sea water cooling pumps, thus there was no impact on their cooling systems caused
by the Tsunami. D/Gs 2B and 4B were installed in the Common SFP building to the southwest of Unit 4
R/B, although there was no water to the D/Gs themselves, however the electrical equipment room in the
basement of the building was flooded, submerging D/Gs excitation system panels and M/Cs causing them
to lose their functions. As the result, all of the D/Gs for Unit 1 to Unit 5 were shut down, causing their
station blackout. Only Unit 6 air-cooled D/G, 6B continued its operation and maintained its power.

At Units 1 to 5, all middle voltage switchgears (M/Cs) were damaged by sea water due to the
Tsunami.

Therefore, it would not have been possible to supply power to the necessary equipment even-if D/Gs
had been operable. Most of the low voltage switchgears (P/Cs) were also damaged by sea water.

In regard to the DC systems, they were damaged by sea water at Unit 1,2 and 4, but not at Unit 3,5
and 6. Flooding sea water most appeared on the lowest basement levels and at the main entrance area of
the T/B where was just behind the T/B main entrance shutter, because the Tsunami had broken into the
T/B main entrance shutter and flooding sea water, ingressed from the T/B main entrance and the intake air
louvers for D/Gs. There were some penetrations such as ducts or trenches in the building, which were
both water ingress pathways, therefore most of the underground level floors were flooded by the
Tsunami.

For Unit 6, there was no damage to not only the air-cooled D/G 6B but also the M/Cs and the DC
systems, thus the emergency on-site power for Unit 6 was available.
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For Unit 5, there was the bus-tie connection between Unit 5 and Unit 6 low voltage MCCs as an one
of the accident management countermeasures, thus Unit 5 on-site power could be restored.

2. Restoration of on-site power in Fukushima Daiichi NPP

In order to restore the onsite power of Unit 1 and Unit 2, TEPCO dispatched a power truck and tried
to connect it to the low voltage switchgear P/C 2C of Unit 2 which was the only usable switchgear in Unit
1 and Unit2 and was located in Unit 2 T/B B1. However immediately after the connection, around 15:30
on March 12, the Hydrogen explosion of Unitl disturbed the connection.

Meanwhile, in order to restore on site power of Unit 3 and Unit 4, a power truck connected to the low
voltage switchgear of P/C 4D at 14:00 on March 13, 2011, but the Unit 3 hydrogen explosion occurred on
March 14 interrupted its operation.

On March 12, the TEPCO power recovery team initially determined that it would be difficult to
quickly restore the 275kV Okuma Lines because of the damage and flooding of the switchyards at
Fukushima Daiichi NPP and decided to use the 66kV Yonomori Line 1L and 2L as 6.9kV lines to restore
power using of mobile 66kV/6.9kV step down transformer truck at the Shin-Fukushima Substation. 66kV
Yonomori Lines are originally connected to Unit 5 & 6, in order to place power as close as possible to
Units 1 to 4, which needed off-site power the most, it was decided to connect the Yonomori 1L to Okuma
Line 3L, which was the transmission line to supply power from Shin-Fukushika Substation to the Unit 3
and 4. 66kV Yonomori Line 2L to supply power to Unit 5 & 6. On March 15, the 66kV TEPCO
Genshiryoku Line was charged up until the disconnecter on the standby switchyard, and facility integrity
was verified. Due to the damage on the secondary cable to the Unit 1 and the damage of M/Cs in Unit 1,
temporary M/C which was on the truck arrived at the Fukushima Daiichi NPP and stopped at the street
north side of the Unit 1 T/B was laid on March 17™ , and the cable from temporally M/C to the low voltage
switchgear P/C 2C was laid on March 17 and 18, and about 1.5km cable from the standby switchyard to
temporally M/C was laid on March 19", After that, Unit 2 off-site power was restored on March 20. The
former cabling work was done by the TEPCO power distribution division by using the cable laying car.
The latter cabling work was done by about 100 Hitachi managers by the manual cable laying work under
Hitachi supervisors because of the high level radiation after hydrogen explosions. On March 15, the
Okuma Line 3L was connected to the Yonomori Line 1L on the transmission tower then connected to the
mobile mini-clad switchgear ( installed by the TEPCO Transmission Division), and charged up on
March18. On March 19, Multi-circuit breakers and the cable between the mobile mini-clad switchgear and
the Multi-circuit breakers were installed by the TEPCO Distribution Division.

On March 21, about 100 Hitachi managers also laid the cable from the mini-clad switchgear to
P/C 4D in the Unit 4 T/B by the manual cable laying work. On March 22, P/C 4D, which was the on —site
power of Unit 3 and Unit 4, was restored.

In addition, 66V Yonomori Line 2L was restored with a new transmission route using 500kV Futaba
Line No.2 tower instead of the collapsed No.27 tower of 66kV Yonomori Line. At the same time, integrity
of the equipment ( Start up transformers, circuit breakers, etc.) was verified and cables were installed on
March 20, It was charged up to the Unit 5 and 6 Start up transformers, then off-site power of Unit 5 and
Unit6 was restored on March 21.

To enhance the supply reliability of the off-site power, the following actions have been done. The
Okuma lines voltage changed from 6.9kV to 66kV in April, 2011. New switchyard with 66kV/6.9kV
30MVA transformer constructed for Unit 1 to Unit 4, and new 66/6.9kV transformer was installed at the
standby switchyard and in the both of new and the stand-by switchyard, new M/Cs were installed. Air
cooled D/Gs 2B and 4B in the Common spent fuel pool building have been restored by the replacement of
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their excitation panels and M/Cs in June(4B) , 2011 and Jan. 2012(2B) .The endeavour to enhance the
reliability of the on-site and off-site power of the Fukushima Daiichi is still on the way now.

3. New Safety Guide for Electrical System in Japan

The Nuclear Regulation Authority in Japan submitted a new safety standards for nuclear power
stations based on the lessons learned from the Fukushima Daiichi Accident. The Standards consists of
three parts; Design basis Safety Standards, Severe Accident Measures and Safety Standards relative to
Earthquake and Tsunami.

3.1 Off-site power;

The off-site power shall be connected to the electrical power system with two or more transmission
lines, which are connected to two or more independent substations or switchyards in which at least one line
out of these lines is physically separated from the other lines. Also, in the case of that multiple reactors are
sitting at a nuclear power station, it shall be designed so that loss of any two lines of the power
transmission lines may not cause the loss of its off-site power at the same time in these nuclear power
facilities.

3.2 Sever Accident Measures;

Prepare equipment and procedures for securing electricity required to prevent a severe core damage,
prevent a containment vessel failure, etc., against loss of power beyond the design base accidents.

AC power;
a) Alternative system shall be independent and dispersed at different locations to the equipment for
the design basis requirements.

b) Mobile alternative power sources (for example, power trucks) shall be made available and ready to
use.

c) Install permanent alternative power sources (for example, gas turbine generators).
DC power

a) On site permanent DC power source shall have the capacity to keep supplying electricity 8 hours
without load shedding. In addition, the electricity supply shall be assured for 24 hours in total, to
cover 16 hours by load shedding.

b) The mobile DC power equipment shall be prepared for a capable for 24 hours in total including 8
hours without load shedding.

¢) For further improvement of reliability, one more system (namely 3™ system) of permanent onsite
DC power supply shall be prepared.

d) Connection of mobile power supply and start of power supply shall be feasible with sufficient time
allowance within the time where onsite permanent DC system can continue to provide DC power.
Power Sharing;

Power sharing among the units shall be feasible.
a) Prepare cables in advanced and facilitate the manual connection.
b) Prepare a stand-by electrical cable in order to cope with the situation where installed electrical
cable may not be usable
Alternative on-site power supply;
Install alternative onsite power supply (MCC, P/C, M/C etc.)
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a) Alternative on-site power supply as well as design basis facilities shall not lose its function caused
by the common cause, maintain its function provided by at least one line, and allow personnel
access.

4. Example of Assessment against New Safety Guide

Shimane Unit 2 is a 2436MWt BWR5 owned by the Chugoku electric power company and started
its commercial operation in 1989. Unit 2 had 2(two) 220kV transmission lines which were connected to
Kita-Matsue Substation.

According to the New Safety Guide, they built 66kVback-up switchyard which is fed from the 66kV
transmission line which is connected to the other substation named Tsuda Substaion.

They also built an emergency electrical panel building which has a back-up switchgear in it. Through
the back-up switchgear, Unit 2 can be fed from 500KV transmission lines via Unit 3.

As for the on-site power, they prepared the gas-turbine generator power trucks as alternative,
independent and diver seed AC power source which are located at high elevation area against Tsunami. In
addition, they prepared the mobile power trucks and the terminal boxes for their cables connection.

As for DC power, they updated the existing DC batteries to cope with the 24 hours operation and
they added the DC system for Sever Accident Measure equipment. In addition, they have prepared the DC
power trucks with incoming middle voltage cubicle, rectifier and batteries to cope with 24 hours operation
of the DC loads including RCIC pumps and valves combined with using AC power trucks.. These DC
loads require an inrush current periodically about every 90minutes, so to keep the load terminal voltage
properly, Hitachi has developed the new DC power truck with both rectifier and batteries to feed the in-
rush current properly and to keep the reasonable equipment’s sizes. They can be mounted on 11ton truck.

5. Hitachi Experience of Solid state power equipment in Japanese BWRs

Hitachi has supplied UPSs and ASDs (Adjustable Speed drives) for more than 30 years in Japanese
BWRs. As for the ASD, the first one and the second one are both current source-type, PAM control
Thyristor inverters for PLR pumps. The third one is a voltage-source type, PAM control GTO inverter for
RIP and the fourth one is a voltage-source type, PWM control IGBT 2 level inverter for RIP. The fifth and
the latest one is a voltage-source type, PWM control IGBT multi cell inverter for RIP.

We, Hitachi applies the proven Power device and the main circuit design in which is the industry
standard to avoid the initial failure due to the new design. In addition, Hitachi applies the Power equipment
which has its sufficient de-rating, to ride through the electrical variations in NPP, such as over voltage due
to the load rejection of main generator, etc. and to get the long life time.

Our ASDs for nuclear power plant have a special characteristics of duplex controller and seismic
proof design to improve the reliability.
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1-1. SBO & DC blackout has occurred in unit 1-4 HITACHI @

Fukushima-Daiichi unit 1-unit4
1. The Off-site Power was lost due to the earthquake.
2. The On-site power, D/Gs and DC power supply were lost due
to the Tsunami.
3. The Emergency switchgears were lost their function by
flooding due to the Tsunami.
>>> SBO & DC Blackout >>> Fuel Meltdown

Fukushima-Daiichi unit5 & 6

1.The Off-site Power was lost due to the earthquake.

2.0ne of 5 D/Gs which was cooled by Air Fin Cooler
continued its operation successfully, the other D/Gs were lost
due to the loss of their heat sinks by Tsunami.
>>> Cool shutdown Successfully

L]

© HEach-GE Nuces Enagy, L 2013 All rghas reserved.

1-2. AC power system HITACHI £}
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4) 1(one)66kVtransmissionline
which was connected to the
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5) Only one DIG, 6B which was air-
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M of unit

& were
cooled could operate afterthe avaiaxe
Tsunami. =
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200 Fioooed by Tsunami — DIG €8
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1-3. DC power system HITacH 5

Fukushima-Daiichi unit 1-unit4

1. DC Power systems were lost due to the Tsunami ( Flooding)
except unit 3.

2. Unit 3 DC was lost its power more than 1 day after the
Tsunami due to SBO.

Fukushima-Daiichi unit5 & 6

1.Both of unit 5 & 6 DC system were available after the
earthquake and Tsunami.

2.D/G 6B was available and using the Accident management
system ( Connection between adjacent units ), unit 5 AC system
was restored.

© HRaznGE Nuces Snagy. L 2013 Al rphas rasanved. 4

1-4. Restoration of Fukushima Daiichi Offsite power HITACHI @

—

Off-site power has restored after9-11 days from Tsunami |
Off-site powerof Fukushima Daiichi
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2. New Safety Guide of ELS in Japan

HITACHI {3

2.1 Off-site power

facilities.

The off-site power shall be connected to the electrical power system with
two or more transmission lines, which are connected to two or more
independent substations or switchyardsin which at leastone line out of
these lines is physically separated from other lines. Also, in the case of that
multiple reactors are sitting at a nuclear power station, it shall be designed
so that loss of any two lines of the power transmission lines may not cause
the loss of its off-site power at the same time in these nuclear power

© HEach-GE Nuces Enagy, L 2013 All rghis resenved S

s

2. New Safety Guide

HITACHI {3

2.2 Severe Accident Measures

against loss of powerbeyond the design base accidents.

2.2.1 AC Power

be made available and ready to use.

turbine generators)

Prepare equipments and procedures for securing electricity required to
prevent a severe core damage, prevent a containment vessel failure, etc.,

a) Alternative system shall be independent and dispersed at different
locations to equipment for the design basis requirements.
b) Mobile alternative power sources ( for example, power trucks) shall

c) Install permanentalternative power sources ( for example, gas

© HEaoh-GE Nuces Enaygy, L 2013 Al rghis resenved
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2. New Safety Guide HITacH! £}

2.2 Severe Accident Measures
2.2.2 DC Power
a) On site permanent DC power source shall have the capacity to
keep supplying electricity 8 hours without load shedding.
In addition, the electricity supply shall be assured for 24 hours in
total, to cover 16 hours by load shedding.
b) The mobile DC powerequipment shall be prepared capable for 24
hours in total including 8 hours without load shedding.
c) For further improvement of reliability, one more system (namely 3
system ) of permanentonsite DC power supply shall be prepared.
d) Connection of mobile power supply and start of power supply shall
be feasible with sufficient time allowance within the time where
onsite permanent DC system can continue to provide DC power.

© HmacnGE Nuces Snagy, L3 2013 Al rgras rasanes 8

2. New Safety Guide HITACH!

2.2 Severe Accident Measures

2.2.3 Power Sharing
Power sharing among the units shall be feasible.
a) Prepare cables in advanced and facilitate the manual connection.
b) Prepare stand-by electrical cable in order to cope with the situation
whereinstalled electrical cable may not be usable.

2.2.4 Alternative onsite power supply
Install alternative onsite power supply (MCC, PC, MC etc.)
a)Alternative on-site power supply as well as design basis
facilities shall not lose its function caused by the common cause,
maintain its function provided by at least one line, and allow
personnel access.

© Hrech-GE Nuces Snagy. L3 2013 Al rghas rasanad e
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3. Example of assessment against New Safety Guide HITACHI @
3.1 Original
Unit2 has 2 220kV Lines
3.2 Assessment against New Safety Guide
1) Unit 2 can be fed from 66kV line which is connectedto the other S.S.

2) Unit 2 Class 1E buses can be fed from 2 500kV lines through Buck-up switchgear.
3)Unit2 Class 1E buses can be fed from 66kV lines through Buck-up switchyard

whichis located at the high level area.

Off-site power

[t
Esok-up

i 3 s

U s om s om o mmoomomesonsoss

© HEsCh-GE Nuces Enagy, Lt 2013 Al rghis resenved.
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3. Example of assessment against New Safety Guide

HITACHI £}

3.3 On-site Power PermanentAC source
e e e [ turoims gseersior fruoks |
m&- Dox for power ey '_.r: "%"‘L“."E‘g‘]"_ [ora | oen ]
— § >
nse li Power frooks | s £
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—— : b
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| = .-T 2, - Dotwesn a2 ond onit S
i T wivaw ¥
DC power
I Up-rated 116V I l Added 116V I
T
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DC Power fruoks

© HEacnGE NuCes Enapy, L0 2013 Al rgrasrasarvas. 11
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3. Example of assessment against New Safety Guide HITACHI

3.3.1 DC Power Truck

a) RCIC loads
require the
periodic
inrush current

b) Middle voltage
AC power

trucks are
available

c) Weimproved
DC powertruck

which has both
Charger &
Battery

d) DC powertruck

can feed the

inrush current
with proper
voltage drop.

Current

DC Power Truok (Middle size ftruok)

© HmacnGE Nuces Soagy, L 2013 Al rgrasrasavas. 12

Hitachi Experience of Solid state power equipment o
4. in Japanese BWRs HITACHI

4.1 Hitachi Experience

Hitachi has supplied UPSs and ASDs (Adjustable Speed drives) for more
than 30 yearsin Japanese BWRs.

|
[ Current Source Tm ~ PAM control '"'WSW | PLR: Prisary Leep Reclrvalation
| Inverter RIP : Resctor Interaal Puesp
; Specification: 3.3kVI3400kVA, 50%x2 GYO : Gate Tiorm Off Thyristar
L IGBY : lasalated Gate Bipelsr Transistor
= S = _ PAM : Pelie Anplitade Modulation
| Ditto WM : Pulee Width Modalation

| Specification: 6.7KVIT000kVA, 50%x2

| Voltage Source Type - PAM control GTO
PR | Inverter
SRR | Specification: 3.09KVI1250KVA, 11.1%x10

| Voltage Source Type - PWM control IGBT
Shika-2 [Feed

[ Specification: .09kVI1250kVA, 11.1%x10

History of the ASD for PLR & RIP in BWR

© HEacnGE Nuces Eoagy, L 2013 Al rgrasrasarvas. 13
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4.

Hitachi Experience of Solid state power equipment HITACHI @

in Japanese BWRs

4.

2 Our Concept

a) Hitachiapplies the proven Powerdevice and maincircuit design in which is the

industry standard to avoid theinitial failure due to the newdesign.

b) Hitachi appliesthe Powerequipmentwhich hasits sufficient de-rating, to ride
throughtheelectrical variations in NPP, such as overvoltage dueto theload
rejection of main generator, etc. andto getthelonglife time.

c) Hitachiapplies the ASD for RIP which has duplex controllerand seismic proof

panel to improve the reliability.

| E i LA X1 (N) |

| Daplcated Cantrolier |
| Duplicated Controlier ASD for RIP]

© HEaTh-GE Nuces Enagy, L 2013 Al rghes resanved.
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Thank you for your attention

HITACHI
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Electric Power Supply of German NPPs: Defence in Depth, Protection against External
Hazards and Retrofitting as a Consequence of the Fukushima Accident

Sebastian A. Meil
Bundesamt fur Strahlenschutz (BfS), Germany

Robert Arians
Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH, Germany

Abstract

In this paper we give a concise overview over the history and present status of nuclear power in
Germany. The changes in the regulatory framework and corresponding requirements, standards,
recommendations etc. due to the Fukushima Daiichi accident, with respect to the robustness of the electric
power supply of German nuclear power plants, are being described. On the example of a typical German
Pressurized Water Reactor the concept of defence in depth in protecting the plant's electric power supply
and the modifications to it due to the events in Chernobyl and Fukushima are shown.

1. History and status of nuclear power plants in Germany

The history of building and operating nuclear power plants (NPPs) in Germany dates back to the late
1950s and will come to an end in 2022. By then all NPPs still in operation will have to shut down in a
defined sequence, according to the revisions made to the German Atomic Energy Act (AtG)! as a
consequence of the accident at the Fukushima Daiichi NPP. Eight out of the 17 NPPs in operation in early
2011 have already been shut down permanently as a consequence. (Figure 1)

Of those nine NPPs still in operation, seven are Konvoi- or Vor-Konvoi-Type Plants based on
Pressurized Water Reactors (PWR) and one twin-unit-NPP is based on Boiling Water Reactors (BWR) of
type SWR 72.

2. Electrical power supply of German NPPs

Due to the progress in science and technology, the design of the electrical power supply of German
NPPs got more complex and hardened against various scenarios with time.

! Atomgesetz in der Fassung der Bekanntmachung vom 15. Juli 1985 (BGBI. | S. 1565), das zuletzt durch Artikel 5
des Gesetzes vom 28. August 2013 (BGBI. | S. 3313) geéndert worden ist, AtG / German Atomic Energy Act
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Figure 1: Concise overview over the history of German NPPs from the beginning of operation till the end of
operation as scheduled by the German Atomic Energy Act (AtG)

The latest generation of NPPs built in Germany in the late 1980's - the pressurized water reactor of
type Konvoi - was designed with a modern concept of Defence in Depth in mind. These NPPs are
connected to several voltage levels of the power grid - e. g. 400 kV as the main grid and 110 kV as the
standby grid connection. They feature two layers of AC emergency power systems, each of which fulfils
the n+2 redundancy criteria. The secondary of those layers (D2-system) is especially hardened against the
influence of certain internal and external events and is part of an emergency control system which can keep
the plant in a safe state autonomously for 10 hours under certain conditions. As all German NPPs, they are
equipped with a generator switch and are therefore capable of self-supply house-load operation. As part of
accident management, emergency grid connections can be used. Those connections may connect the NPP
e. g. to another, non-nuclear power plant that has a black-start capability. (Figure 2)

With this being the state of science and technology at that time in Germany, most of the older NPPs in
operation had been retrofitted by 2011 with systems that were designed to partially compensate for those
plants' weaker original design base.

Various events, such as the accident at the Chernobyl 4 NPP in 1986 and also the accident at the
Fukushima Daiichi NPP in 2011, led to changes in the German regulatory framework and
recommendations to the NPPs for further retrofitting activities. In the regime of electrical power supply,
the latest changes in requirements and corresponding retrofitting of the NPPs in operation include mobile
diesel generators with corresponding, redundant feeding points, an enhanced coping time for station
blackouts with only DC-power left and measures to ensure bringing back AC-power within the coping
time.
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Figure 2: Defence in Depth of the Electric Power Supply in German NPPs. The example shown is based on a
general PWR design of those German PWR based NPPs still in full service.

3. Regulatory framework after the events in Fukushima Daiichi

The introduction of mobile emergency diesel generators (EDG) is a consequence of the requirement
of an increased coping for station blackout (SBO) scenarios for German NPPs. The mobile EDGs extend
the purely battery based coping times of at least two hours, that were required before. This SBO-scenario is
based on the postulate that all fixed mounted EDGs of the NPP might fail as a consequence of a common
cause failure (CCF). Furthermore, typically at least one mobile EDG is designed to supply one redundancy
of the emergency cooling and residual heat removal system with electric power.

Requirements and recommendations for an enhanced handling of a SBO can be found in the
Information Notice on the Fukushima event?, the Safety Requirements published in 2012° and the
recommendations of the German reactor safety commission (RSK) on the robustness of the German
nuclear power plants®. The corresponding measures have been included in the German National Action
Plan and are reported therein.

2. Weiterleitungsnachricht zu Ereignissen in auslandischen Kernkraftwerken (WLN 2012/02), Gesellschaft fiir
Anlagen und

Reaktorsicherheit (GRS) mbH, Cologne, Germany, 15.02.2012

®_ Sicherheitsanforderungen an Kernkraftwerke, Bundesministerium fiir Umwelt, Naturschutz und Reaktorsicherheit
(BMU), Bonn, Germany, 22.12.2012

*. Recommendations of the RSK on the robustness of the German nuclear power plants, Appendix 1 to the minutes of
the 450th meeting of the Reactor Safety Commission (RSK) on 26./27.09.2012, RSK/ESK-Geschéftsstelle beim
Bundesamt fur Strahlenschutz, Bonn, 2012

®. German Action Plan for the implementation of measures after the Fukushima Dai-Ichi reactor accident,

Bundesministerium fir Umwelt, Naturschutz und Reaktorsicherheit (BMU), Bonn, Germany, 31.12.2012
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Further requirements introduced as a consequence of the Fukushima Daiichi accident include a
diverse heat sink, usable e. g. for the cooling of EDGs, being able to cope with extended grid-loss-
scenarios. Accident management measures introduced already in the past as a consequence to the events of
Chernobyl in 1986 been made mandatory - e. g. the emergency grid connections mentioned earlier.
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Figure 3: a) Two medium sized (550 kVA) mobile EDG in trailer-container; feeding point. (Source: RWE). b)
Small sized (200 kVVA) mobile EDG that can be handled without machinery; connector cable and housing. c)
Big sized (1250 kVA) mobile EDG; multiple connector cables for manual manageability; trailer-container for
big sized EDG. (Source b) and c) : e.on)
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Figure 4: Parking positions and positions of operation of the two mobile EDG at Gundremmingen NPP
(KGG). KGG is a twin-unit with BWRs of type SWR 72. (Source: KGG)

4. Mobile emergency diesel generators

German NPPs introduced mobile emergency diesel generators as a consequence of the Fukushima
Daiichi accidents. Different concepts concerning those mobile EDGs exist. Some concepts include two
mid-sized EDGs of roughly half electric power output each that is needed to supply one redundancy of the
emergency cooling and residual heat removal system. They can be run in parallel or separately, to fulfil
different tasks. Another concept includes a small, mobile EDG that can be handled without machinery for a
rapid usability to extend the battery lifetime and one mobile EDG on a trailer that needs some time to be
put in operation, but is capable of supplying one redundancy of the emergency cooling and residual heat
removal system with electric power by itself. (Figure 3)

The heavier mobile EDGs are installed in containers on trailers and are — as all mobile EDGs -
protected against external hazards. Multiple feeding points have been installed and also been protected
against external hazards. For example, at the twin-unit Gundremmingen NPP (KGG) - the only site in
Germany with two reactors still in full operation - two EDGs with 810 kW motor power each and
1 100 kVA generators have been implemented to supply power to a calculated sum of 526 kVA in electric
loads (up to 700 kVA including additional measures).

As can be seen in Figure 4, the two mobile EDG are parked at spatially separated positions. At two
locations a total of four feeding points have been installed at the KGG site.
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5. Conclusions

As stated in the conclusions of the National Report of Germany of the EU Stresstest® "The German
licensees reported no shortfalls regarding safety precautions for the nuclear power plants participating in
the EU stress tests. Likewise, no cliff edge effects were detected. The German regulatory body confirms
this finding as far as the licensing basis and the basic safety design is concerned. Nevertheless, the results
documented in the Chapters 2 to 6 in the report reflect the view of the regulatory body, that further
improvement of the safety remains an important obligation for the licensees based on operation experience
and further safety insights, and constitutes as well a constant issue for the competent authorities in their
respective roles and functions in the regulatory oversight process."

Later on the Report mentions - with concern to the electric power supply of German NPPs - the two
topics "Station blackout” and "Loss of offsite power" that required further work. These issues have now
been addressed by the introduction of new measures, including those on-site mobile EDGs as mentioned
above - further enhancing the robustness of electrical systems of German NPPs in the light of the
Fukushima accident.

® EU Stresstest - National Report of Germany, Bundesministerium fiir Umwelt, Naturschutz und Reaktorsicherheit
(BMU), Bonn, Germany, 31.12.2012
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Electric Power Supply of German NPPs:
Defence in Depth, Protection Against External Hazards
and Retrofitting as a Consequence of the Fukushima Accident

Sebastian A. Meiss (BfS), Robert Arians (GRS)

1-4 April 2014

Workshop on the
Robustness of Electrical Systems of NPPs
in the Light of the Fukushima Accident
OECD/NEA, Paris, France
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Nuclear Power Plants (Units) in Germany, 11/2013

— Decommissioned: 3 d s "
— Under decommissioning: 16 d 1 '.,A__’ d’.'_. M
— Permanently shut down: 8 d ol ; S
— In Operation: 9 d T
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Overview regulatory framework, changes after or due to Fukushima

— Atomic Energy Act (AtG)

= Permanently shutting down 8 NPP and phasing out till 2022

= Accident management obligatory (§ 7 d)
— New "Safety Requirements for NPPs” with interpretations

- Emergency grid connection obligatory

» Differentiztion between loss of of fsite power < 10 h and loss off offsite power> 10 h
— RSK(Reactor Safety Commission)

= National safety review

= Recommendations of the RSK on the robustness of the German NPP

— natural and man-made extarnal hazards, internal hazards, CCF postulse
= T-week grid loss, guaranteed Lel supply br EDGalso in case of external events

= 10h SBO, mobile EDGs allowed to extend bateny lifstme (typ. > 2 h)
» Diverssheat snk (Cooling of EDG guaranteed sfterloss of primarny heat sink)

— KTA Rules
= 3701 (Power Supply), 3702 (EDG), 3703 {UPS), 2201.x {Seismic), etc.

— Information notice by GRS on Fukushima
= 10h SBO: mobile EDGs usable in case of external events with redundant feeding points
= Diverse haat sink, usable for EDG cooling 3lso in case of external events
+ Tools to regain access to buildings after externsl events
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DiD of Electrical Power Supply in German NPPs - Example
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Mobile Emergency Diesel Generators PWR (1/3)

Two Concepts (both: two mobile EDG, with flexible, prepared feeding points)
* Concept 1: small sized (200 k\VA) + big sized (1250 kVA) mobile EDG
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Mobile Emergency Diesel Generators PWR (2/3)

Two Concepts (both: two mobile EDG, with flexible, prepared feeding points)
* Concept 1: small sized (200 kVA) + big sized (1250 kVA) mobile EDG
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Mobile Emergency Diesel Generators PWR (313)

Two Concepts (both: two mobile EDG, with flexible, prepared feeding points)
* Concept 2: two medium sized (S50 kVA) mobile EDG

RWE
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Mobile EDGs for BWR type 72 (one twin-unit plant) (1/4)
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2
Mobile EDGs for BWR type 72 (one twin-unit plant) (2/4)
Two 1100 kVA mobile EDG, with four prepared feeding points fortwin-units.
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e

Mobile EDGs for BWR type 72 (one twin-unit plant) (3/4)
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Summary

* History and Status of NuclearPowerPlantsin Germany

* Changesin theregulatory Framework etc. after Fukushima
— 10 h coping time for Station Blackout
— Postulated loss of all stationary EDG
— Long time loss of grid connection (e.g. fuel supply)
— Diverse heatsink

* Design Basis of Electrical Power Supply in German NPPs
— Example: PWR
— Defense-in-depth-concept

* Robustness of Electrical Systemin GermanNPP: Chernobyl
— Emergency grid connection

* Robustness of Electrical Systemin GermanNPP: Fukushima
— Examples of implementing Mobile Emergency Diesel Generators
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Status of implementation

* All backfitting measures after Fukushima are summarizedin the German Action
Plan, e.g.
— Purchasing of emergency power generators and installation of protected
connection points
— DC power for atleast10 h {with mobile diesels)
— Installation of fixed pipelines for fuel pool feeding
— Analysis of fuel pool integrity, instrumentation etc. in case of steaming
— SAMGs for all NPPs
— Creation of diverse service water supply
— Improvement of robustness of communication tools

* Status
— Lots of measures are already implemented
— Nearly all measures will be finalized in the near future
— Analyses are on-going

GEavare
Sorogean Teas was Nadoral Faga of Gaomany
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Schematic diagram of the electrical power supply
of a German PWR (construction line 4) s wh
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Electric power supply, BWR
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Data of mobile EDG:

- generator:
- transformer:

1 Verantwartong Nir Mensch und Umwelt |

- dieselengine:

Design of Mobile EDG at Gundremmingen NPP (BWR72)

Type MTU, 16V 2000 G25, 810 kW
Type Mecc Alte, 1100 kKVA, 400 V
400 V10 kv

- 10 kV single core cables 1 x25 mm*
- 10 kV modified circuit breaker

-» these three components are part of a single unit on a 40 trailer container

-> these components are stored in the emergency diesel buildings

&

Boncesamt Al Soraeraitety
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Demand for Mobile EDG at Gundremmingen Site (BWR72)
— Total Loss of Offsite Power
(i.e. 2 main grids + 1 auxiliary grid + 1 emergency grid) +
— 2 out of 2 Main Generators fail to supply House Load +
— 12 out of 12 existing EDG fail to start=Total Lossof AC Power

Leads to

— Initiation of mobile fire fighting pumps (ortrucks) to feed water intoRPV in
both units (twiceappr. 1 hour)

followed by

— Initiation of mobile EDG to powerone safetytrain perunit
(in total appr. 90 min.)
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Implementation of Mobile EDG at Gundremmingen NPP (BWR72)

Consumers supplied by mobile EDG in case of demand:

24-\/-converter 27 kVA
220-V-converter 145 KVA
Ventilation in RB 132 kVA
Ventilation in EDG-B 106 KVA
Lighting in RB 66 kKVA
Lighting in EDG-B 50 kVA
Sum: 526 kVA

Air compressor for EDG 106 kVA(for start of EDG after repair)

Pressure holding pump 68 kVA (for additional RPV water injection)
Sum: 700 K\VA
WaaTancer
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Electrical Systems at Laguna Verde Nuclear Power Plant (LVNPP)
after the Fukushima accident

José Francisco Lopez Jiménez

National Commission for Nuclear Safety and Safeguards, Mexico

Abstract

During the accident occurred in Fukushima Daiichi Nuclear Power Station in Japan, the onsite and
offsite electrical systems were affected and lost for a long time with irreversible consequences, therefore,
the Mexican Regulatory Body known as the National Commission for Nuclear Safety and Safeguards
(CNSNS: for its acronym in Spanish) has taken several actions to review the current capacity of the
electrical systems installed at Laguna Verde NPP to cope with an event beyond of the design basis.

The first action was to require to Laguna Verde NPP the compliance with Information Notice 2011-05
“Tohoku-Taiheiyou-OKki earthquake effects on Japanese Nuclear Power Plants” and with 10 CFR 50.54
“Conditions of licenses” section "hh", both documents were issued by the United States Nuclear
Regulatory Commission (USNRC). Additionally, CNSNS has taken into account the response actions
emitted by other countries after the Fukushima accident. This involved the review of documents generated
by Germany, Canada, United Arab Emirates, Finland, France, the United Kingdom and the Western
European Nuclear Regulator's Association (WENRA).

CNSNS made special inspections to verify the current capacity of the electrical systems of AC and
DC. As a result of these inspections, CNSNS issued requirements that must be addressed by Laguna Verde
NPP to demonstrate that it has the capacity to cope with events beyond the design basis.
Parallel to the above, Mexico has participated in the Iberoamerican Forum to address matters related to the
"Resistance Tests", the evaluations of the Forum have reached similar conclusions to those required by
European Nuclear Safety Regulators Group (ENSREG), under the format proposed by WENRA. The
actions carried out here are closely linked to the requirements established by the USNRC.

It is also important to mention that: 1) the Extended Power Uprate project was implemented in both
Units of the Laguna Verde NPP before the accident in Fukushima Daiichi, for this reason the main
electrical equipment belonging to the offsite power system was changed and the electrical analysis was
reviewed (such as: short-circuit, load flow, electrical stability analysis, etc.), 2) Generic Letter 2006-02
“Grid Reliability and the Impact on Plant Risk and the Operability of Offsite Power” is in process of
implementation, this aims to verify that it maintains compliance with regulatory requirements which
govern electrical systems and 3) the USNRC is in the process of reviewing the 10 CFR 50.63 and
Regulatory Guide 1.155 "Station Blackout”, once issued, CNSNS will require its implementation at
Laguna Verde NPP.

Based on the above, CNSNS concludes that all actions are being taken to enhance the robustness of
Laguna Verde NPP’s electrical systems, in order to increase their reliability, safety and operation as
required in order to cope with events beyond design basis as that occurred at Fukushima Daiichi and avoid
as far as possible damage to the reactor core.
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1. Introduction

The purpose of this paper is to share information on the actions taken by Laguna Verde NPP to
strengthen its electrical systems that will support the response to events beyond the design basis; therefore,
there is a general description of the electrical systems of the plant, the regulatory aspects concerned with
safety issues and the use of the learned lessons from international nuclear community developed from the
accident occurred at the Fukushima Daiichi Plant in Japan.

2. General description

2.1 Site

LVNPP has two units with type reactors, of the type BWR5 (Boiling Water Reactor), supplied by
General Electric, with primary containment Mark Il design, the main condenser is cooled by sea water,
from the Gulf of Mexico, both units have a temporary permit to operate at extended power 2,317 MWt
(810 MWe). It is owned by the Federal Electricity Commission (CFE) and is located in Punta Limon,
municipality of Alto Lucero, on Veracruz State (Figure 1).

2.2 Regulations

The regulation used for the LVNPP is that of the country of origin of the reactor, Title 10, "Energy"
Code of Federal Regulations, regulations issued by the Nuclear Regulatory Commission of the United
States, including industry standards and guidelines derived from such regulation; additionally, there are the
safety standards and guidelines of the International Atomic Energy Agency (IAEA).

2.3 Description @ of the electrical systems at LVNPP

These systems are divided into offsite power system and onsite power system, both systems provide
enough electric power, whether alternating current (AC) or direct current (DC) to feed the electric loads
that lead to LVNPP to the safety shutdown and long term cooling (Figure 2).

2.3.1 Offsite power system

This system is designed to provide a minimum of two reliable sources of electric power from the
exterior that provide electrical power to auxiliary systems during starting and shut down of the LVNPP, or
at any time when AC power is unavailable from the main generator. This system also has DC power
system.

LVNPP is connected to the "Region Oriental” of the national electrical system through electric
substations of 400 KV and 230 KV, the connection is made through 7 transmission lines (5 lines of
400 KV system and 2 lines of 230 KV system), these electric substations serve both, Units 1 and 2 at the
LVNPP, and are interconnected through an autotransformer.

Some general aspects of the national electrical system @ are: at December 31, 2010, the effective
installed capacity of generation was 52,947 MW, with a total of 833.081 km of transmission and
distribution lines. The power plants are of the type: thermoelectric, combined cycle, gas turbines,

1) Final Safety Analysis Report — LVNPP Units 1 & 2
2) Programa de Obras e Inversiones del Sector Eléctrico (POISE) 2012-2026
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carboelectric, hydroelectric, nuclear power, geothermoelectric. The national electrical system is organized
into nine regions: Central, Eastern, Western, Northwest, North, Northeast, Baja California, Baja California
Sur and Peninsular, operated under the responsibility of eight control centers, which are managed by the
National Center of Energy Control, ensuring coordination for dispatching electric power, operation and
security of supply.

GULF OF
MEXICO

1 BAJA CALIFORNIA

2 BAJA CALIFORNIA SUR
3 CENTRAL

4 EASTERN

5 WESTERN

6 NORTH

7 NORTHWEST

8 NORTHEAST

9 PENINSULAR

Figure 1 - Location of LVNPP and regions of the national electrical system in Mexico

The following major electrical equipment is part of offsite power system: the main generator, main
transformer, normal auxiliary transformer, standby transformer, backup transformer, as well as buses and
associated power equipment.

The normal auxiliary transformer supplies the electric power to all auxiliary loads in normal
operation, it is used as a source of power during startup and scheduled shut down when the main switch is
open and this is the first source of external AC power. The second source of offsite power is the standby
transformer that provides backup electric power for all auxiliary loads, it is energized at all times by the
345 KV bus 31 and it is only used when the normal auxiliary transformer is inoperable. The normal
auxiliary and standby transformers have the same capacity, they reduce the voltage of 34.5 KV to 4.16 KV,
are connected to the non-Class 1E Divisions A and B, and provide electric power to the Class 1E Divisions
I, 1l'and 111

A third source of offsite power is available from the bus 32 of 34.5 KV connected to the 230 KV
system and through the backup transformer provides electric power solely Class 1E Division | or I, when
there is an electric power loss from the normal auxiliary and standby transformers, and one standby diesel
generator Division | or Il fails during safety shutdown. This transformer is used in periodic testing of
standby diesel generator Division I or Il, it is connected manually and is continuously energized.
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The offsite power system also has DC power systems consisting of 250 Vpc batteries, 125 Vpc
batteries and 48 Vpc batteries.

2.3.2 Onsite power System

The system is designed to ensure reliable availability of electric power to take the nuclear plant to a
safety shutdown and keep it in a safe condition following a design basis accident coincident with the
external power loss. For the operation of electric loads, the LVNPP has AC and DC power systems.

The AC power system is formed by Class 1E Division and non-Class 1E Division, both are 4160 V ac.
The non-Class 1E Division is formed by Division A (buses 1A/2A and buses 1B/2B bus) and Division B
(buses 1C/2C bus): The non-Class 1E Divisions are connected with Class 1E Divisions (Division | for
critical bus 1A1/2A1, Division Il for critical bus 1B1/2B1 and Division Il for critical bus 1C1/2C1), this
connection complies with regulatory requirements for physical and electrical separation. Any Class 1E
Division I or Il is used for the safety shutdown of the reactor or to mitigate the consequences of a loss of
coolant accident (LOCA) and/or event loss of offsite power (LOOP). The Division Il provides power to
the high pressure core spray pump motor and its auxiliary equipment. Both non-Class 1E Divisions and
Class 1E Divisions have unit substations to reduce the voltage of 4160 Vac t0 480 Vac, these substations
feed motor control centers. Furthermore have 120/240 V¢ Class 1E uninterruptible power system. During
a LOCA event and/or LOOP event, each bus of Class 1E Divisions I, Il and Il has a standby diesel
generator, the capacity for each diesel generator Division | or Il is 3676 KW and the capacity for diesel
generator Division 11l is 2200 KW, they generate voltage to 4160 V ac and 60 Hz.

The onsite power system also has DC power system integrated by batteries and associated auxiliary
equipment of 24 Vpc (Divisions | and 1), 125 Vpc (Divisions I, 11 and 111) and 250 Vpc (Division 1). The
DC systems are independent, redundant, meet the single failure criterion, have the ability and reliability to
supply DC power to all loads Class 1E and non-Class 1E.
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Figure 2 - Simplified Diagram of Electrical Systems in LVNPP-U2

3. Actions at LVNPP before the Fukushima event

It has implemented the power uprate project and it continues with the implementation of the Generic
Letter 2006-02, evaluations have considered the concept defense in depth such as design, maintenance,
quality assurance and operation, in order to ensure the electric equipment will operate correctly, the
following actions are considered contributors in the robustness of the electrical systems and consequently
in the robustness of the nuclear plant to cope with events beyond design basis.

3.1 Generic Letter 2006-02 "Grid Reliability and the Impact on Plant Risk and the
Operability of offsite Power™, this letter was issued by the USNRC after the electric power loss occurred
on August 14, 2003, the event affected nine nuclear plants in the United States, in addition to the electrical
system of Canada. Its objective is to determine that nuclear plants keep compliance with regulation 10 CFR
50.63 for the SBO rule, 10 CFR 50.65 for the maintenance rule, 10 CFR Part 50, Appendix A, General
Design Criteria 2 and 17, 10 CFR 50.120 for training and qualification of personnel and 10 CFR 55.59 for
requalification. Currently, implementation of this generic letter is in process and it will verify that the
nuclear plant continues to meet the regulatory requirements specified in this the generic letter.

a) The use and management of protocols between LVNPP’s operators and transmission system
operators, is performed by the National Center of Energy Control, this national center plans, directs
and supervises the generation of electric energy, and conducts studies of electrical stability, load
flow and short circuit. The analysis tools used to perform electrical studies are used worldwide and
Federal Electricity Commission.
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b)

c)

3.2

b)

d)

4.

The information is considered by LVNPP on the condition monitoring of the electrical grid for risk
assessments (10 CFR 50.65) in maintenance activities or maneuvers.

LVNPP has procedures to restore electric power during a SBO in fulfilment with 10 CFR 50.63.

Power Uprate Project

Main generator, main transformer, normal auxiliary transformer and 400 KV electric substation
were changed, for each electric equipment was reviewed its compliance with 10 CFR 50 Appendix
A, General Design Criteria (GDC) 2 requires that the nuclear plant is protected against natural
phenomena and GDC 17 governs electrical systems.

The electrical protection schemes at the 230 KV electric substation were changed from analog to
digital, and two transmission lines of 400 KV were added to increase transmission capacity of the
power generated.

The following electrical analysis were reviewed: a) three-phase short circuit with Ul and U2
synchronized to electrical grid and with various operating conditions, the analysis used the
software called "Electrical Transmission and Distribution System Analysis Programs and Designs
(EDSA)", this software was validated with the IEEE std. 141-1993 "IEEE Recommended Practice
for Electric Power Distribution". Currently there is a replacement program for circuit breaker with
undersized capacity, b) Load Flow with Units synchronized to electrical grid and consider static
state and dynamic state (motor starting), the analysis used the software called EDSA, this software
was validated with IEEE std. 399-1997 "IEEE Recommended Practice for Industrial and
Commercial Power Systems Analysis (Brown Book)". Although there were low levels of voltage
at critical buses, they will not trip the second level of protection against low voltage, to ensure the
above, TAP changes were recommended in transformers installed at LVNPP. The software used
for both studies was certified according to quality assurance procedures of the LVNPP.

The set points of relays of the second level of protection against low voltage on both units were
reviewed, these set points keep compliance with the requirements established in the Branch
Technical Position PSB-1 “Adequacy of station electric distribution system voltages” (NUREG
0800 Standard Review Plan).

The electrical stability analysis determined behavior of the nuclear plant and its associated
electrical grid in different scenarios, such as steady state and dynamic state, with single and double
contingencies, cascading events and scheduled licenses. It is concluded that the electrical stability
is kept in all scenarios analyzed.

Actions at LVNPP after the Fukushima event
In response to the events that occurred on March 11, 2011 at Fukushima Daiichi nuclear power plant

in Japan, the Mexican regulatory body has taken actions at LVNPP, based on international information
coming from the USNRC, IAEA and countries of the European Union to verify current capacity of the
LVNPP or otherwise take steps to increase their robustness to cope with events beyond of design basis.

Based on the above and in accordance with the objective of the international workshop "Robustness

of Electrical Systems of NPPs in Light of the Fukushima Daiichi Accident", it is related with exchange of
information on the design and simulation of electrical systems related to plant safety nuclear, are described
below the main activities which have been specifically made for electrical systems, emphasizing that such
activities are an integral part of the actions taken to increase the robustness at LVNPP.
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4.1 Information Notice (IN) 2011-05 "Tohoku - Taiheiyou -Oki earthquake effects on
Japanese Nuclear Power Plants" requires ensuring the nuclear safety at nuclear plants to cope natural
events beyond design basis and consider actions, as appropriate to avoid similar problems. This through the
verification of the capability at NPPs to establish mitigation strategies that result from severe adverse
events, a total loss of power to the NPPs, capability to mitigate flooding and the impact that floods have on
inside and outside systems, and the identification of the potential for loss of function of the equipment
during seismic events on the site. The verifications were considered during the special inspection IE-02/11-
LV1, this information will be given later.

4.2 10 CFR 50.54 "Conditions of licenses" section (hh) (2) requires each licensee develop
and implement guidelines and mitigation strategies to maintain or restore core cooling, containment, and
the cooling capacity of spent fuel pool under circumstances associated with the loss of large areas of the
plant due to explosions or fire and through these strategies should ensure nuclear safety to cope with events
beyond the design basis.

The implementation of mitigation strategies are in process according to 10 CFR 50.54 (hh) (2) and
NEI-06-12 Rev. 2 "B.5.b Phase 2 & 3 Submittal Guideline", these strategies that contribute to increase the
robustness of the electrical systems at LVNPP during an extended SBO are the following:

» DC power supply to energize locally solenoid valves of the Automatic Depressurization
System/Safety Relief Valves, to depressurize the Reactor Pressure Vessel (RPV) and inject water
with portable pump.

» Using a diesel generator to recharge the Class 1E batteries.

» Using a portable diesel pump.

4.3 Inspection 1E-02/11-LV1 "Special inspection to verify the measures applied in the
Laguna Verde Nuclear Power Plant in response to the event of fuel damage at Fukushima Daiichi Nuclear
Power", this inspection used the instructions of the inspection guide NRC-IM-IT 2515/183 “Followup to
the Fukushima Daiichi Nuclear Station fuel damage event” and Information Notice 2011-05 to verify the
current capacity of the electrical systems at LVNPP during a total loss of AC electrical power (SBO:
Station Blackout), the following activities were performed:

» Verification through inspection of all required equipment are adequate and properly classified,
tested and maintained.

» Verification of the capability to cope with a SBO.

» Use of international operational experience.

The following actions resulting from the inspection 1E-02/11-LV1 are contributors to the robustness
of electrical systems. Currently these topics are in process.

a) Procedures to cope with a SBO event according to the current 10 CFR 50.63
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Table 1 — Procedures to cope with a current SBO at LVNPP

Procedure Title
Anormal Operation | Loss of external power with start failure of diesel generator
(OA-829)
Anormal Operation | Loss of external and internal power
(OA-853)
DTO-P9 Procedure to restore the system in case of total collapse
DTO-P10 Procedure for feeding own services at LVNPP from hydroelectric
plant Temascal 1 in case of total collapse (115 KV)
DTO-P11 Procedure for feeding own services at LVNPP from hydroelectric
plant Temascal 1 in case of total collapse (230 KV)
DTO-P16 Procedure for feeding own services at LVNPP from hydroelectric
plant Mazatepec in case of total collapse

The OA-0853 procedure had comments, which have been attended.

b) Analyze the interconnection of standby diesel generators between Unit 1 and Unit 2, to increase the
capacity of the installed batteries, determine the probable recovery time of the external AC electric
power and install a ventilating and air conditioning system in room 125 Vp¢ batteries (Division
I11). Currently, these topics are addressed.

c) Nuclear plant operators and transmission system operators were trained for a scenario of current
SBO, before to the accident of Fukushima Daiichi, this action was considered proactive and shows
the interaction between staff of the nuclear power plant and staff of the transmission system
organization, the training activities should consider the scenario of extended SBO.

d) Some cells of batteries of 24 Vpc, 125 Vpc and 250 Vpe at LVNPP Ul were observed with
degradation, this situation has been documented and controlled, L\VVNPP has taken actions related
to this issue. During the conduct of inspections shall be verified that the physical condition of all
electrical systems is maintained in good state.

4.4 Inspection IE-04/11-LV1 "Special inspection to verify implementation of the rule of total
loss of AC electrical power “Station Blackout” (SBO) at LVNPP Units 1 and 2" programs, engineering
analysis, procedures, training, equipment, systems and support documentation to implement the SBO rule,
meet compliance with the requirements of the 10 CFR 50.63, this inspection was based on inspection guide
NRC-IM -T1 2515/120, "Inspection of implementation of Station Blackout Rule Multi-Plan Action Item A-
22." The following are the most important actions and contributors to the robustness of electrical systems
at LVNPP.
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Table 2 — Actions derived from the current SBO at LVNPP

Analysis Observations

Revise reliability program of the standby diesel generators.

Determine estimated time to restore external AC electric power from
hydroelectric plant Temascal (115KV/230 KV) to LVNPP.

Analyze the installation a DG as backup of the batteries at 230 KV electric
substation.

SBO-3.0 | Establish clearly the responsibilities of LVNPP’s operators and transmission
system operators regarding 400 KV electric substation, so that this situation
will not be an adverse factor that compromises the recovery of electric power
for a current or extended SBO.

Incorporate into the maintenance program the batteries and chargers of 48 V¢
and 250 Vpc of the 230 KV electrical substation, in addition replace these
equipment to ensure that they will be able to feed the loads of the substation
and will be available, for example for the restoration of the external electric
power toward the LVNPP during a SBO event.

Tests of batteries from 125 Vpc and 250 Vpc should consider discharge profiles
SBO-5.3.1 | indicated in the SBO-5.3.1 and SBO 5.3.2 studies.

SBO-5.3.2 | perform short circuit analysis for CD power systems Class 1E and non-Class
SBO-5.3.3 | 1E, and analysis to determine the remaining capacity of the Class 1E batteries
after a 4-hour SBO.

Check that all areas where recovery activities will be conducted during SBO
SBO-5.7 | have autonomous lighting units (ALU). Standardize maintenance frequency for
ALU. ldentify ALU by placing a label.

Based on observations from the special inspections 1E-02/11-LV1 and IE-04/11-LV1 is important to
make follow-up inspections to verify that they have taken the necessary actions in electrical systems to
cope with current SBO and extended SBO.

45 Resistance tests

In accordance with the agreements established in the Iberoamerican Forum, currently are in the
process actions related with "Resistance tests", the following actions are contributors in the robustness of
the electrical systems and they are result outcome of the review to events related with LOOP, current SBO,
extended SBO and loss of the ultimate heat sink coincident with SBO.
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Table 3 — Actions derived from resistance tests at LVNPP

Analysis

Observations

LOOP with or
without failure of a

Procedures to restore a failed standby diesel generator or start the

remaining diesel generators.

standby diesel

generator Standby diesel generators Divisions I, Il and Il have availability of
diesel fuel for 176 hours and LVNPP can cope with a LOOP for 72
hours, time set on the stage of the Resistance Tests.
Procedure to manually start the reactor core isolation cooling (RCIC)
system or the high pressure core spray (HPCS) system.
Procedures to feed own services at LVNPP from hydroelectric plants
Mazatepec and Temascal One in case of total collapse.

Current SBO

The cooling of the core is adequate during a 4-hour SBO.

Sensitivity analysis to determine the response of the containment
during a SBO event with more than 4 hours and to estimate the time
when the Central can support a SBO without any external support
before the inevitable occurrence of severe fuel damage.

Extended SBO

Evaluate the feasibility of extending the required minimum time
from 4 hours to 8 hours, to cope with a SBO (coping time).

Analysis for using diesel generator of the Compressed Air System
(CAS) to feed battery chargers of 125 VDC and 250 VDC at U1 and
analysis for using diesel generator of Integrated Information Process
System (SIIP) to feed battery chargers of 125 VDC and 250 VDC at
u2.

Analysis for using portable diesel generators.

4.6 FLEX

LVNPP decided to implement the NEI 12-06 "Diverse and Flexible Coping Strategies (FLEX)
Implementation Guide" establishes as main objective the development a specific capacity of the plant to
cope with simultaneous events such as "Extended loss of AC Power" (ELAP) and "Loss ultimate heat sink"
(LUHS) for an indefinite time through combination of the installed capacity in the plant, onsite portable
equipment and offsite resources. With these strategies the defense in depth will be increased to cope with
events beyond of the design basis. Some of the strategies considered contributors in the robustness of the

electrical systems and that are in process at L\VVNPP are:

a) Electric distribution system AC and DC.
b) Determination of the time for declaring ELAP/LUHS.
C) Extending the duration of the DC Power.
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4.7 The regulatory body has required to LVNPP to consider the information contained in the
document NEA/CSNI/R (2009)10 "Defence in Depth of Electrical Systems and Grid Interaction”,
specifically the related to electrical systems that support a nuclear power plant, these systems can be
characterized according with concept defense in depth, in addition to the description of the specific features
that contribute to the robustness of such systems.

4.8 New regulation for extended SBO

Currently, the USNRC is in the process of reviewing of the 10 CFR 50.63 and Regulatory Guide
1.155, once issued the final review of the documents, the regulatory body will require their implementation
at Laguna Verde NPP. Some relevant topics in the new regulation are:

a) Establish a minimum coping time of 8 hours for a total loss of AC power.

b) Establish the equipment, procedures and training required to implement the extended loss of all AC
power with coping time of 72 hours for cooling the core and spent fuel pool, and the cooling
system of the reactor and the integrity of the primary containment, as needed.

C) Add offsite resources to support as indicated in the previous point.

5.0 Conclusions

Based on the above:

e Actions were taken prior and after to the Fukushima accident that are in compliance with
regulatory requirements.

e These actions consider the concept of defense in depth and contribute to the robustness of the
electrical systems.

e These systems will support the Nuclear Plant to increase its reliability, safety and operation to
address events beyond the design basis and avoid the possible damage to the reactor cores, in
order to protect the public and the environment.

e Future activities will be to follow up any new guidance regarding robustness of electrical
systems developed by the external operational experience including the outcomes of this
workshop.

e It is worth mentioning that all mitigation strategies will be reflected in the guidance of
emergency management at LVVNPP.
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ELECTRICAL SYSTEMS AT LAGUNA VERDE
NUCLEAR POWER PLANT (LVNPP) AFTER THE
FUKUSHIMA ACCIDENT

ELECTRICAL SYSTEMS AT LVNPPAFTER THE FUKUSHIMAACCIDENT

The purpose of this presentation is to share information
on the actions taken by Laguna Verde NPP to strengthen
its electrical systems that will support the response to
events bevond the design basis, including the learned

lessons from the Fukushima accident.
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ELECTRICAL SYSTEMS AT LVNPPAFTER THE FUKUSHIMA ACCIDENT

OUTLINE
1. General description of the electrical systems on the plant.

2. Regulatory aspects concerned with safety issues (before and
after Fukushima accident).

3. Use of the learned lessons from international nuclear
community developed from the accident occumed at the

Fukushima.
4. Summary.
5. Conclusions.

ELECTRICAL SYSTEMS AT LVNPPAFTER THE FUKUSHIMA ACCIDENT

GENERAL DESCRIPTION

1. LVNPPhas Unit 1 and Unit 2.

2. Each Unit s a BWRS type reactor with primary
containment Mark Il type.

3. LVNPP is owned by the state owned Federal Electricity
Commission (CFE) and is located in Punta Limon,
municipality of Alto Lucero, in Veracruz i the Gulf of
Mexzxico.
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Locationof LVNPP and resions of tha national elsctrical svstem in Mexico

Electrical systems at LVNPP

These systems are divided into offsite power system and
onsite power system, both systems provide enough
electric power, whether alternating current (AC) or direct
current (DC) to feed the electric loads that lead to LVNPP
to the safety shutdown and long term cooling.
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Simplified Diagram of Electrical Systemsat LVNPP-U2

ACTIONS AT LVNPPBEFORE THE FUKUSHIMA ACCIDENT

Generic Letter 2006-02 "Gnd Reliability and the Impact on Plant
Risk and the Operability of offsite Power”. the regulatory body
required the implementation of this document.

» The use and management of protocols between LVNPP's
operators and transmission system operators. is performed by the
National Center of Energy Control (CENACE) which:

plans. directs and supervises the generation of electric
energy and conducts electrical studies.

* This information is considered by LVNPP on the condition
monitoring of the electrical grid for risk assessment (10 CFR
50.63) in maintenance activities or maneuvers.
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ACTIONS AT LVNPPBEFORE THE FUKUSHIMA ACCIDENT

Power Uprate Project

The actions that contribute to increase the robustness of the
electrical systems are:

1. The new electric equipment were reviewed and these meet
with 10 CFR 50, Appendix A, General Design Criteria 2
and 17.

2. Two transmission lines of 400 KV were added.

3. The following electrical analysis were reviewed: Three-
phase short circuit. Load Flow and Electrical stability

ACTIONS AT LVNPPAFTER THE FUKUSHIMA ACCIDENT

10 CFR 50.54 "Conditions of licenses" section (hh) (2)

The implementation of mitigation strategies are in process according
to 10 CFR 30.54 (hh) (2) and NEI-06-12 Rev. 2 "B.5.b Phase 2 & 3
Submittal Guideline". strategies that contribute to increase the
robustness of the electrical systems at LVNPP during an extended
SBO are the following:

1. DC power supply to energize locally solenoid valves of the
Automatic Depressurnization System/Safety Relief Valves. to
depressurize the Reactor Pressure Vessel (RPV) and inject water
with portable pump.

2. Using a diesel generatorto recharge the Class 1E batteries.
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ACTIONS AT LVNPPAFTER THE FUKUSHIMAACCIDENT

Inspection IE-02/11-LV1 "Special mnspection to wverify the
measures applied at Laguna Verde Nuclear Power Plant in
response fo the event of fuel damage at Fukushima Daiichi
Nuclear Power”

1. Analyze the interconnection of standby diesel generators
between Units.

2. Install a ventilating and air conditioning system in room 125
Vpe battery (Division IIT).

3. Some cells of batteries of 24 Vpe. 125 Vpe and 250 Vg at
LVNPP Ul were observed with degradation. LVNPP has
taken actions related to this issue.

ACTIONS AT LVNPPAFTER THE FUKUSHIMA ACCIDENT

Inspection IE-04/11-LV1 "Special inspection to verify implementation
of the rule of totalloss of AC electric power(SBO: Station Blackout)™

1. Analyze the installation a DG as backup of the batteries at 230 KV
electric substation.

2. Establish clearly the responsibilities of the 400 KV electnc
substation

3. Incoporate batteries and chargers of the 230 KV electric substation
into the maintenance program.

4. Perform short circuit anatysis for CD power systems Class 1E and
non-Class 1E.

Review the reliability program for the standby diesel generators.

A
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ACTIONS AT LVNPPAFTER THE FUKUSHIMA ACCIDENT

Resistance tests

Loss of offsite Standby genmmmwaﬂ“ydwm

sy e for 176 hours.

LVNPP meets the requirements established in 10 CFR
Current SBO  [BlXX]

Analysis to increase the coping time from 4 hours to 8
, .

%G LEVRSIO Analysis to use diesel generators to feed battery chargers
of 125 Ve and 250 Vpc at LVNPP.

ACTIONS AT LVNPPAFTER THE FUKUSHIMA ACCIDENT

NEI-12-06 "Diverse and Flexible Coping Strategies (FLEX)
Implementation Guide"

LVNPP decided to implement NEI-12-06. It establishes the
development a specific capacity of the plant to cope with
simultaneous events such as "Extended loss of AC Power" (ELAP)
and "Loss ultimate heat sink" (LUHS) for an indefinite time through
combination of the installed capacity in the plant, onsite portable
equipment and offsite resources.

1. Electnic distribution system AC andDC.

2. Extending the duration of the DC Power.
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ACTIONS AT LVNPPAFTER THE FUKUSHIMA ACCIDENT

TIMELINE EXTENDED SBO - U1

CURRENT
%80 EXTENDED 580
4 HOURS Z3 HOURS
5
IHISEL GINERATOR EXTENDEDSBO BLGINS DISSEL GENFRATOR
STARTS RUNSOUTIURL

(Compressed Alr DISCONNICTION OF THE
System) LOADS

HECTRICAL

INDOF IXTENDID
a0

T2 HOURS

ACTIONS ATLVNPPAFTER THE FUKUSHIMA ACCIDENT

TIMELINE EXTENDED SBO - U2

CURRENT
SBO EXTENDED S80
4 HOURS 3) HOURS
DIESIL GENFRATOR IXTENINDSBO RIGENS DIESEL CENIRATOR

STARTS
(lategrated Information
Trovess System)

RUNsOUTIUN
DISCONNICTION OF
THEILFCTRICAL LOADS

END OF EXTINDED
SO

72 HOURS.
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ACTIONS AT LVNPPAFTER THE FUKUSHIMAACCIDENT

NEA/CSNLIR (2009)10 "Defence in Depth of Electrical Systems
and Grid Interaction"

The regulatory body has required to LVNPP to consider the
information contained in this document. specifically for the electrical
systems that support a nuclear power plant and these can be
characterized according with concept of defense in depth. in addition
to the description of the specific features that contribute to the

robustness of such systems.

ACTIONS AT LVNPPAFTER THE FUKUSHIMA ACCIDENT

New regulation for extended SBO

Cutrently. the USNRC is in the process of reviewing of the 10 CFR
30.63 and Regulatory Guide 1.135. Some relevant topics in the new
regulation are:

1. Establish a minimum coping time of 8§ hours for a total loss of
AC power.

2. Establish the equipment, procedures and training required to
implement the extended SBO with coping time of 72 hours for
cooling the core and spent fuel pool. and the cooling system of
the reactor and the integrity of the pnmary containment. as
needed.

P)

Add offsite resources to support as indicated in the previous
point.
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ELECTRICAL SYSTEMS AT LVNPPAFTER THE FUKUSHIMAACCIDENT

SUMMARY

The actions that were taken are in compliance with
regulatory requirements established in:

Prior Fukushima Daiichi:

* Generic Letter 2006-02

* Power Uprate Project

ELECTRICAL SYSTEMS AT LVNPPAFTER THE FUKUSHIMAACCIDENT

SUMMARY (cont....... )

After Fukushima Daiichi:
~/ 10 CFR 50.54 ‘ """-—T.'-m.

» NEI-06-12' Rev. 2 whe
* Special inspections

.‘IH.- .

» Resistance tests [
= NEI-12-06
» NEA/CSNLR (2009)10

E it V9 g e a0 o

It is worth mentioning that all mitigation strategies will be reflected
in the guidance of emergency management at LVNPP.

113



NEA/CSNI/R(2015)4

ELECTRICAL SYSTEMS AT LVNPPAFTER THE FUKUSHIMA ACCIDENT

CONCLUSIONS
Based on the above:

1. These actions consider the concept of defense in depth and
contribute to the robustnessofthe electrical systems.

2. These systems will support the Nuclear Plant to increase its
reliability. safety and operation to address events beyond the
design basis and avoid the possible damage to the reactor cores.
in order to protect the public and the environment.

'UJ

Future activities will be to follow up any new guidance
regarding robustess of electrical systems developed by the
external operational experience including the outcomes of this
workshop.
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Status of the Review of Electric Items in Spain Related to the Post-Fukushima
Stress Test Programme

Martinez Moreno, Manuel R

Consejo de Seguridad Nuclear, Spain

Pérez Rodriguez, Alfonso
Consejo de Seguridad Nuclear, Spain

Abstract

Spain Authorities has established a comprehensive compilation of the actions currently related to the
post-Fukushima program. It has been initiated both at national and international level and it is developed in
an Action Plan. This Plan is aligned to the 6 topics identified in the August 2012 CNS-EOM report, and
organized in four parts. One of these parts is related to the loss of electrical power and with a clear
objective in implemented new features on increase robustness. This program has been reinforced and the
task of Electric Issues has been incremented as a consequence of this Plan.

The normal tasks of the Electric Systems and I&C Branch will be presented with the Fukushima
related issues as well.

The Consejo de Seguridad Nuclear -CSN-(Nuclear Safety Council) maintains a permanent program of
control and surveillance of nuclear safety issues in Spanish Nuclear Power Plants.

The Electric Systems and 1&C Branch of the CSN have different tasks related Electric Issues:

Inspection, control and evaluation of different topics in normal and accidents operation.
Surveillance Testing Inspections.

Design Modifications Inspections and evaluation.

Reactive inspections

Other activities: Participation in Escered project (a before Fukushima Accident) with an
objective of analyzed exterior grid stability and check that electric faults in the NPPs
vicinity did not cause the simultaneous loss of the offsite supplies fault effects with
interaction in inner related systems. Other task related with the management of aging and
long-term operation.

Now, as a consequence, it has been incremented its task with some new Fukushima related topics:
e Analysis of beyond accident related with U.S. SBO Rule (Reg. Guide 1.155) is a part of

the design bases for the Spanish plants designed by Westinghouse/ General Electric;
switchyard/grid events and extreme weather events are considered, with 10 minutes to
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connect an alternate source (if provided; if not, use of d.c. supplied systems is foreseen);
possibility of SBO affecting to more than one unit simultaneously at the same site is not
considered.

e Analysis of beyond accident related German standards that have been applied to Trillo
plant; in particular, batteries were replaced to reach two hours autonomy. This plant has
secondary feed&bleed capability (diesel pump); during 2013 will implement primary
bleed&feed capability

e ENSREG Specifications. Electric issues assigned to Topic 2 (with Topic 1-external
events- inputs); extended SBO, to all the units in the site; 24/72 hours criteria.

e Preliminar NPP reports; preliminary CSN report; final NPP reports; final CSN report
(Spanish report). Actions proposed by NPPs were considered acceptable, and were
completed with some additional requirements.

e Management 2012: questions/answers round between the FEuropean countries.
Evaluations in Luxembourg. Topical reports, integrated into the country reports. Peer
review inspections, that involved two Spanish NPPs .

e Also during 2012 (in March), CSN issued plant specific Fukushima orders (called ITC-3
instructions). Actions, to be performed in three stages (end of 2012, end of 2014, end of
2016).

e The branch has inspected, during 2011, 2012 and 2013, all the NPPs; in particular,
Fukushima selected electric issues. Most important findings and experience shall be
shown.

e Alsoin 2012, CSN issued orders (called ITC-2, ITC-4), related to great areas damages.

This presentation has the objective of describing the current status of the Plan related with Electric
Topics in Spanish NPP, and new issues implemented. Additionally, we shall relate the lessons learned of
new test and systems implemented in NPP and recent provisions of future actions related to increase on
safety and robustness of Electric Systems. Body text [see above]

1. Introduction. Brief consideration of current CSN electrical activities.

The Consejo de Seguridad Nuclear -CSN-(Nuclear Safety Council) maintains a permanent program of
control and surveillance of nuclear safety issues in Spanish Nuclear Power Plants.

Spain Authority has established a comprehensive compilation of the actions currently related to the
post-Fukushima program. It has been initiated both at national and international level and it is developed in
the National Action Plan (NAcP). This Plan is aligned to the 6 topics identified in the August 2012 CNS-
EOM report, and organized in four parts. One of these parts is related to the loss of electrical power and
with a clear objective in implemented new features on increase robustness. This program has been
reinforced and the task of Electric Issues has been incremented as a consequence of this Plan.

The current main tasks of the Electric Systems and 1&C Branch (INEI, in CSN) are briefly be
presented here together with the Fukushima related issues as well.

Tasks can be divided in three big blocks: inspection, evaluation, and follow up of generic issues.

Main types of inspections are:
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- Design modifications (selected mainly of their apparent safety interest; are performed every two
years).

- Design bases of selected components (selected on their PSA importance measure, or on
deterministic basis, for instance due to operative experience considerations; are also performed every two
years).

- Surveillance requirements (inspectors are present during the performance of selected
surveillance procedures, or review the results of others previously performed; during refueling shutdown
periods).

- Reactive inspections (subsequent to significant incidents; typically, one or two per year).

Main types of evaluations are:

- Technical Specification changes (all such changes require authorization from the CSN head).

- Design changes that require authorization, because of their nature, as regulated in the relevant
specific rule (one recent example is the design change to install the primary system “bleed” in the KWU
designed plant).

- Periodic Safety Review (every ten years) & Conditional Application Regulation (every ten
years also, this refers to the possible implementation of new not mandatory standards; for instance,
lightning protection according to USNRC Reg. Guide 1.204).

- Conclusions on specific generic issues (for instance, activities to solve the observed corrosion
issue for MOV magnesium rotors).

Follow up of Generic Issues; for example,
- Process to establish stress/torque windows to set MOV torque switches (US MPR-2524-A
document).
- Analysis of selected operational incidents.
- Plant grid interaction (Forsmark event conclusions, US Generic Letter 206-02).

-Electrical independence of remote shutdown panel from cable spreading room & main control
room, in case of fire in these rooms.

2.-Nuclear power plants in Spain

There are six nuclear power plants in Spain, with a total of eight units.

* Almaraz (PWR, Westinghouse design, 3 loops; 2 units; located in the west of the country).

* Asco (PWR, Westinghouse design, 3 loops; 2 units; north east located).

* Vandell6s 2 (PWR, Westinghouse design, 3 loops; north east located, not far from the Ascé
units).

» Trillo (PWR, KWU design, 3 loops; in the center of the country).

« Cofrentes (BWR-6, General Electric design, Mark I11; in the east).
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« Garofia (BWR-3, General Electric design, Mark I, on decommissioning process; this can
change in some moths, this is addressed later).

3.-SBO considerations before Fukushima accident.

In relation with the US NSSS designed plants, SBO Rule (Reg. Guide 1.155) is a current design bases
in Spain; switchyard/grid events and extreme weather events have been considered, with 10 minutes to
connect an alternate source (if provided; if not, use of d.c. supplied systems is foreseen); possibility of
SBO affecting to more than one unit simultaneously at the same site is not considered.

Related to Trillo plant, German standards have been applied; in particular, batteries were replaced to
reach two hours autonomy. This plant, already in advance of the Fukushima accident, had secondary feed
capability water injection apart from that supplied by four emergency diesels, because it has a permanent
installed diesel pump; during 2013, as a modification unrelated with Fukushima issues, primary bleed
capability has been implemented.

4.-Summary of Fukushima related activities, in Spain.
2011 Activities.
Preliminary NPP reports were issued, that were evaluated in the preliminary CSN report.
Some months later, final NPP reports were issued, evaluated in a final CSN report (the “Spanish

report”). Actions proposed by NPPs were generally considered acceptable, when completed with some
additional requirements.

CSN inspected, during 2011, all the NPPs; in particular, selected electric issues (ENSREG Topic 2
issues) were reviewed.

2012 Activities.

After a detailed questions/answers round between the European countries, evaluations were
performed during the meeting in Luxembourg, in particular of the Topic 2 issues,; topical reports were
integrated into the country reports, together with Topic 1 and Topic 3 issues.

Peer review inspections, in the case of Spain for Almaraz (in March) and Trillo (in September), were
performed. Basically, European peer reviews for Spanish NPPs did not include considerations about
significant additional improvements considerations, in relation with ENSREG Topic 2 electrical issues.

CSN publishes plant specific Fukushima orders (called ITC-3 instructions). Required actions were
schedules to be performed in three stages (end of 2012, end of 2014, end of 2016).

CSN publishes two additional orders (called ITC-2, ITC-4), related to great areas damages mitigation.
National Action Plan (NAcP) was completed, addressing the regulatory actions considered in the CSN
(ITC-3) order and the peer review conclusions and ENSREG recommendations, plus Convention

conclusions and great areas damage issues.

2013 Activities.
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Questions/answers round on NACcPs between the European countries; final sessions on NACPs, in
April.

CSN inspected all the NPPs, in electrical & instrumentation issues. Checking of the work progress
implementation was the main objective.

Garofia NPP decides that it will not continue operation. A new CSN Fukushima order was issued,
after the evaluation of a plant proposal on that. This new order, in relation with electric & instrumentation
requirements, now considers mainly spent fuel pool improvements, apart from some other extended SBO
issues (provisions about electric supply & water pumping possibilities, availability of communications
systems).

2014 Activities.

All the plants will be inspected. Electrical and instrumentation actions, in general, need to be
concluded not later than Dec 31, 2014. Plants without refueling outage in 2014 have basically concluded
their modifications.

Garofia has been authorized to ask for resuming its commercial operation, during 2014; final decision
of the plant in not known, up to the moment.

5.-Main provisions considered in Spanish NPP

The first provisions were to establish a non-essential D.C. loads dislatching procedures, and proper
training. Other was to execute a periodic test of nearby hydroelectric stations alignment.

The study of the impact of batteries loss at the beginning of the accident has been considered; and
manual actions have been procedure.

Now, NPP has new equipment that permits the availability of in-plant low voltage mobile DGs and
diesel pumps. Also, there have taken provisions to bring additional equipment in 24 hours from a central
storage (or from other plants).

Other important provision is to establish additional portable autonomous instrumentation and
enhancement of communications and lighting systems.

Finally, all plants have to design and build a new on-site alternative accident management center.
Then we proceed to describe the individual points according to the type of nuclear power plant

Westinghouse designe PWR

An important strategy to recover the core cooling is the operation of AFWS turbodriven, d.c.
controlled pump. In this case is establish a manual operation of AFWS turbodriven pump, in case of d.c.
loss. The option is a local manual operation of secondary steam refief valves. Other provision is establish
a backup diesel pump, as an alternative to the AFWS turbodriven pump. For an effective implementation
of this strategy is necessary the preparation for the mobile DGs alignment, to supply selected pumps and
electric & instrumentation loads.
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KWU designe PWR

This plant has a different design of Westinghouse Plants. It has eight (4 safeguards, 4 emergency)
safety qualified diesel generators. The initial response requires secondary steam relief valves and MOVs in
the auxiliary feed water lines to be opened preferably using current from safeguard train batteries. Next
step should be to start the operation of the dedicated fire pump for feeding SGs. This strategy is
implemented because the plant has not a turbo driven pump.

Other provisions are the preparation for mobile DGs alignment to supply selected pumps. In this case
the plant has incorporated three dedicated electric pumps, apart from some diesel pumps) and electric &
instrumentation loads.

GE designe BWR-6

The main strategy is the operation of RCIC system. Its manual operation is not fully possible if
additional d.c. controls have not been implemented locally.

In case that RCIC is successfully operated, the main concern is the suppression pool (SP) heating.
Careful vessel depressurization, through SRVs is indicated with a simultaneous adequate preparation of
water injection by means of diesel pumps in order to keep vessel level. Other additional provision is the SP
spraying in order to avoid containment relief to atmosphere in case of unavailability of other heat removal
options.

Like other plants the preparation for mobile DGs alignment to supply selected pumps and electric &
instrumentation loads and the use of portable instrumentation, if necessary.

GE designed BWR-3
We have inspected this plant recently, during March 2014, in its actual (shutdown) status.

This plant has not a RCIC system; it relies on the operation of its Isolation Condenser (IC), an almost
completely passive system.

If the plant confirms his decision of asking for a restart license, evaluations and inspections are
expected, likely in the second 2014 semester.

One possible concern with the IC system is the case in which an isolation signal is generated, due to

problems with d.c. system due to the accident, that is followed by the loss of the a.c. supplies after the
inner isolation valves have been closed. In such condition, these isolation inner valves cannot be reopened

6.-Conclusions

We consider that NPPs in Spain have adequately addressed Fukushima related issues.

CSN has inspected, and continues doing it, all NPPs in Spain, about the electrical & instrumentation
issues.
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CONSESO DE CSNI International Workshop on
[:" SN SEGURIDAS NUCLLAR ROBUSTNESS OF ELECTRICAL
’ AN CEN.S SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

CSNI. ROBELSYS. Paris, April 1-4, 2014

STATUS OF THE REVIEW OF ELECTRIC ITEMS IN
SPAIN RELATED TO THE POST-FUKUSHIMA STRESS
TEST PROGRAMME

Manuel R. Martinez, Alfonso Pérez (CSN, Spain)

CONSEJO DE CSNI International Workshop on
[:" SN SEGURIDAS NUCLLAR ROBUSTNESS OF ELECTRICAL
’ AN, CEN.S SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Nuclear Power Plants in SPAIN and Regulatory Body

* Six NPPs, in Spain (8 units).
* Almaraz (PWR, Westinghouse designed, 3 loops; 2 units).
* Asco (PWR, Westinghouse designed, 3 loops; 2 units).
* Vandellgs 2 (PWR, Westinghouse designed, 3 loops).
* Trillo (PWR, KWU designed, 3 loops).
* Cofrentes (BWR-6, General Electric designed, Mark I1I).

* Garona (BWR-3, General Eledric designed, Mark I, on
decommissioning process).

* Regulatory Body :C.5.N. (Consejo de Seqguridad Nuclear)
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CONSESO DE CSNI International Workshop on
[:"‘ SN SEGURIDAD NUCLLAR ROBUSTNESS OF ELECTRICAL
; WWW.CEN.AS SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

CSN (INEI) Activities. Main Types of inspections.

« Electric Branch (INEI), in CSN, is mainly involved in inspections and
evaluations.

* Main types of inspections are:
= Design modifications (every two years).

= Design bases of selecdted components (ona PSA, or deterministic,
basis; every two years).

= Syrveillance requirements (during refueling shutdown periods).

= Reactive inspections (subsequent to significant incidents).

CONSEIO OE CSNI International Workshop on
[:'-‘ SN SEGURIDAD NUCLLAR ROBUSTNESS OF ELECTRICAL
’ WA .CENAS SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Main Types of evaluations

* Technical Spedfications changes.

= Design changesthat require authonzation (f.i., primary system
"bleed” installation in the KWU designed plant).

* Generic Issues (f.i., corrosion in MOV magnesium rotors).

* Periodic Safety Review (every ten years) & Conditional Application
Regulation (every ten years also, this refers to the possible
implementation of new not mandatory standards; f.i., lightning
protection according to USNRC Reg. Guide 1.204).
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CONSESO DE CSNI International Workshop on

[" SN SEGURIDAD WUCLLAR ROBUSTNESS OF ELECTRICAL
WWW.CENES SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Fukushima Accidents Related Activities

* 201

= Preliminary NPP and CSN report; final NPP and CSN report
("Spanish report”). Adtions proposed by NPPs were considered
acceptable, when completed with some additional requirements.

= All the NPPs in Spain were inspected, by CSN.
= 2012.

= Questions/answers round between the European countries.
Evaluationsin Luxembourg. European evaluation process. Peer
review inspections, that involved two Spanish NPPs (Almaraz in
March, Trillo in September).

= (SN issues plant specific Fukushima orders (called ITC-3
instructions), with actions to be performed basically in three
stages (end of 2012, end of 2014, end of 2016).

= (SN issues orders (called ITC-4 instructions), related to great
areas damage.

-

CONSEIO OE CSNI International Workshop on
[:"SN SEGURIDAD NUCLLAR ROBUSTNESS OF ELECTRICAL
’ WA .CENAS SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Fukushima Accidents Related Activities (cont.)

= European peerreviews for Spanish NPPs did not include
considerations about convenience of additional significant
improvements, in relation with ENSREG topic 2.

= National Action Plan (NAcP) was prepared , that addresses CSN
(ITC-3) order and peer review condusions and ENSREG
recommendations, plus Convention conclusions and great areas
damage issues.

= 2013.
= Questions on NAcPs, final sessions on NACPs.
= (CSN inspedions to all the plants.

= Garona NPP decidesthat it will not continue operating. The CSN
order was changed, now basically refers to the spent fuel pool.
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CONSESO DE CSNI International Workshop on
[:"‘ SN SEGURIDAD NUCLLAR ROBUSTNESS OF ELECTRICAL
; WWW.CEN.AS SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Fukushima Accidents Related Activities (cont.)

= 2014.

= All the plants will be inspected. Eledrical and instrumentation
actions, in general, need to be concluded not later than Dec 31,
2014, Plants without refuelling outage in 2014 have basically
concluded their modifications.

= Garona could askfor resuming its commeraal operation, during

2014,
CONSEIO OE CSNI International Workshop on
[j‘j SN STEURIDAD MUCLLAR ROBUSTNESS OF ELECTRICAL

W.CoNEs SYSTEMS OF NPPsin Light of the
Fukushima Dai-Ichi Accident

Main provisions considered

* Non-essential D.C. loads dislatching procedures, and training.
* Periodic test of nearby hydroelectric stations alignment.

* Impact of batteries loss at the acadent beginning has been considered;
manual actions have been procedured.

= Availability of in-plant low voltage mobile DGs and diesel pumps.
Provisions to bring additional equipment in 24 hours from a central
storage (or from other plants).

* Provision of portable autonomous instrumentation.
* Enhancement of communications and lighting systems.

* New on-site alternative acadent management center.
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CONSESO DE CSNI International Workshop on
[:SN SEGURIDAD NUCLLAR ROBUSTNESS OF ELECTRICAL
’ WAW.CEN.AS SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Main defence starting actions in Westinghouse designed PWR

* Operation of AFWS turbodnven, d.c. controlled, pump.
= Manual operation of AFWS turbodnven pump, in case of d.c. loss.
* Local manual operation of secondary steam relief valves.

* Provision of a backup diesel pump, as an altemative to the AFWS
turbodriven pump.

* Preparation for mobile DGs alignment, to supply seledted pumps and
electric & instrumentation loads.

* Use of portable instrumentation, if necessary.

CONSEIO OE CSNI International Workshop on
CSN SEGURIDAD NUCLLAR ROBUSTNESS OF ELECTRICAL
’ W CEN.8S SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Main defence starting actions in KWU designed PWR

* This plant has eight -4 safeguards, 4 emergency-, safety qualified
diesel generators.

= Initial response requires secondary steam relief valves and MOVs in
the auxiliary feed water lines to be opened (preferably using current
from safeguard train batteries).

* Next step should be to start the operation of the dedicated fire pump
for feeding SGs (the plant has not a turbo driven pump).

* Preparation for mobile DGs alignment, to supply selecded pumps (the
plant has incorporated three dedicated electric pumps, apart from
some diesel pumps) and electric & instrumentation loads.

* Use of portable instrumentation, if necessary.
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CONSESO DE CSNI International Workshop on
[:SN SEGURIDAD NUCLLAR ROBUSTNESS OF ELECTRICAL
’ WAW.CEN.AS SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Main defence starting actions in GE designed BWR-6

* Operation of RCIC system. Its manual operation is not fully possible,
additional d.c. controls have been implemented, locally.

* If RCIC successfully operated, the main concern is the suppression
pool (SP) heating. Careful vessel depressurization, through SRV, is
indicated, with a simultaneocus adequate preparation of water injection
by means of diesel pumps, to keep vessel level.

= SPspraying is indicated, in orderto avoid containment relief to
atmosphere in case of unavailability of other heat removal options.

* Preparation for mobile DGs alignment, to supply seleded pumps and
electric & instrumentation loads.

* Use of portable instrumentation, if necessary.

CONSEIO OE CSNI International Workshop on
CSN SEGURIDAD NUCLLAR ROBUSTNESS OF ELECTRICAL
’ W CEN.8S SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Considerations forthe case GE designed BWR-3

* We have inspeded this plant recently, during March 2014, in its
actual (shutdown) status.

* This plant has not a RCIC system, it relies on the operation of
its Isolation Condenser (1C), an almost completely passive
system.

= If the plant confirms his deasion of asking for a restart license,
evaluations and inspections are expected, likely in the second
2014 semester.

* One possible concern with the IC system is the case in which an
isolation signal is generated, due to problems with d.c. system
due to the accident, that is followed by the loss of the a.c.
supplies afterthe inner isolation valves have been closed. In
such condition, these isolation inner valves cannot be reopened.
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. CONSEIO DE CSNI International Workshop on
f-SN SEGURIDAD NUCLLAR ROBUSTNESS OF ELECTRICAL
v AW, CEN.S SYSTEMS OF NPPsin Light of the

Fukushima Dai-Ichi Accident

Conclusions

* We consider that NPPsin Spain have adequately addressed
Fukushima related issues.

* CSN has inspected, and continues doing it, all the NPPs in Spain,
about the electrical & instrumentation issues.

THANK FOR YOUR ATTENTION.
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Evolution of Onsite and Offsite Power Systems in US Nuclear Power Plants

Roy K. Mathew
U.S. Nuclear Regulatory Commission, USA
Abstract

The AC electric power system is the source of power for station auxiliaries during normal operation
and for the reactor protection system and emergency safety features during abnormal and accident
conditions. Since the construction of early plants in US, the functional adequacy and requirements of the
offsite power systems, safety and non safety related onsite electric power systems have changed
considerably to ensure that these systems have adequate redundancy, independence, quality, maintenance
and testability to support safe shutdown of the nuclear plant. The design of AC systems has evolved from a
single train to multiple (up to four) redundant trains in the current evolutionary designs coupled with other
auxiliary AC systems.

The early plants were designed to cope with a Loss of Offsite Power (LOOP) event through the use of
onsite power supplies only. However operating experience has indicated that onsite and offsite power AC
power systems can fail due to natural phenomena (earthquakes, lightning strikes, fires, geomagnetic
storms, tsunamis, etc.) or operational abnormalities such as loss of a single phase, switching surges or
human error. The onsite DC systems may not be adequately sized to support plant safe shutdown over an
extended period if AC power cannot be restored within a reasonable time.

This paper will discuss the requirements to improve availability and reliability of offsite and onsite
alternating current (AC) power sources to U.S. Nuclear Power Plants. In addition, the paper will discuss
the requirements and guidance beyond design basis events.

1.Commission’s Policy Statement and Safety Goals

Commission’s Policy Statement on Safety Goals for the Operations of Nuclear Power Plants, which
appeared in the Federal Register in August 1986 (51 FR 30028). The approach includes the agency’s
historical commitment to a defense-in-depth philosophy that ensures that the design basis includes multiple
layers of defense.

The Policy Statement on Safety Goals sets forth two qualitative safety goals, which are supported by
two quantitative supporting objectives. The following are the qualitative safety goals:

Individual members of the public should be provided a level of protection from the consequences of
nuclear power plant operation such that individuals bear no significant additional risk to life and
health.

Societal risks to life and health from nuclear power plant operation should be comparable to or less
than the risks of generating electricity by viable competing technologies and should not be a
significant addition to other societal risks.

The quantitative supporting objectives are as follows:

The risk to an average individual in the vicinity of a nuclear power plant of prompt fatalities that
might result from reactor accidents should not exceed one-tenth of one percent (0.1 percent) of the sum of
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prompt fatality risks resulting from other accidents to which members of the U.S. population are generally
exposed.

The risk to the population in the area near a nuclear power plant of cancer fatalities that might result
from nuclear power plant operation should not exceed one-tenth of one percent (0.1 percent) of the
sum of cancer fatality risks resulting from all other causes.

In the Policy Statement on Safety Goals, the Commission emphasized the importance of features such
as containment, siting, and emergency planning as “integral parts of the defense-in-depth concept
associated with its accident prevention and mitigation philosophy.” A cursory review of documents
discussing the agency’s approach to defense-in-depth provides a range of explanations and applications.

The Commission’s policy on probabilistic risk assessment (PRA) (“Use of Probabilistic Risk
Assessment Methods in Nuclear Regulatory Activities,” dated August 16, 1995), states the following:

Defense-in-depth is a philosophy used by the NRC to provide redundancy for facilities with “active”
safety systems, e.g. a commercial nuclear power [plant], as well as the philosophy of a multiple-
barrier approach against fission product releases.

An instructive discussion of the defense-in-depth philosophy also appears in director’s decisions
relating to a petition on Davis-Besse (FirstEnergy Nuclear Operating Company (Davis-Besse Nuclear
Power Station, Unit 1), DD-03-3, 58 NRC 151, 163 (2003)).

The decision described defense-in-depth as encompassing the following requirements:

(1) require the application of conservative codes and standards to establish substantial safety margins
in the design of nuclear plants;

(2) require high quality in the design, construction, and operation of nuclear plants to reduce the
likelihood of malfunctions, and promote the use of automatic safety system actuation features;

(3) recognize that equipment can fail and operators can make mistakes and, therefore, require
redundancy in safety systems and components to reduce the chance that malfunctions or mistakes
will lead to accidents that release fission products from the fuel;

(4) recognize that, in spite of these precautions, serious fuel-damage accidents may not be
completely prevented and, therefore, require containment structures and safety features to prevent
the release of fission products; and

(5) further require that comprehensive emergency plans be prepared and periodically exercised to
ensure that actions can and will be taken to notify and protect citizens in the vicinity of a nuclear
facility.

2. General Design Requirements for Electric Power Systems

Under the provisions of Title 10 of the Code of Federal Regulations (CFR) 50.34, 52.47, 52.79,
52.137, and 52.157, an application for a construction permit, a design certification, combined license,
design approval, or manufacturing license, respectively, must include the principal design criteria for a
proposed facility. The principal design criteria establish the necessary design, fabrication, construction,
testing, and performance requirements for structures, systems, and components important to safety; that is,
structures, systems, and components that provide reasonable assurance that the facility can be operated
without undue risk to the health and safety of the public.
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These General Design Criteria (GDC) establish minimum requirements for the principal design
criteria for water-cooled nuclear power plants similar in design and location to plants for which
construction permits have been issued by the Commission. The GDC are also considered to be generally
applicable to other types of nuclear power units and are intended to provide guidance in establishing the
principal design criteria for such other units. The principal design criteria for earlier Nuclear Power Plants
(pre-GDC) follow the requirements specified by the Atomic Energy Commission (AEC) rules published
for 10 Part 50 in the Federal Register on July 11, 1967, and February 10, 1971.

Two key GDCS for the electric power system are provided in GDCs 17 and 18. GDC 17, “Electric
Power Systems,” in Appendix A to Part 50 establishes design requirements for the electric power systems
(both offsite and onsite power systems) of nuclear power plants. Specifically, GDC 17 states: An onsite
electric power system and an offsite electric power system shall be provided to permit functioning of
structures, systems, and components (SSCs) important to safety. The safety function for each system
(assuming the other system is not functioning) shall be to provide sufficient capacity and capability to
assure that (1) specified acceptable fuel design limits and design conditions of the reactor coolant pressure
boundary are not exceeded as a result of anticipated operational occurrences, and (2) the core is cooled and
containment integrity and other vital functions are maintained in the event of postulated accidents.

GDC provides definition for single failure as applied to safety related systems. Specifically, it states
that a single failure means an occurrence which results in the loss of capability of a component to perform
its intended safety functions. Multiple failures resulting from a single occurrence are considered to be a
single failure. Fluid and electric systems are considered to be designed against an assumed single failure if
neither (1) a single failure of any active component (assuming passive components function properly) nor
(2) a single failure of a passive component (assuming active components function properly), results in a
loss of the capability of the system to perform its safety functions

GDC 17 explicitly states that the offsite and onsite power system design must meet the failure
criterion on a system basis without loss of capability to provide power for all safety functions. By
definition of single failure criterion, the complete onsite electric power system (Class 1E) must be capable
of sustaining a single failure without loss of capability to provide power for the minimum required safety
functions. Hence, the offsite and onsite power systems considered together must be capable of sustaining a
double failure, one of which is complete loss of offsite power coupled with a single failure in the onsite
power system without loss of capability to provide power for the minimum required safety functions.

The offsite power source is also the ‘preferred power supply’ as it is preferred to furnish electric
energy under accident or post-accident conditions. It is highly reliable and available to mitigate the
consequences of all anticipated operational occurrences. It is capable of: Starting and operating all
required loads for normal operation and providing power for the shutdown of the station and for the
operation of emergency systems and engineered safety features.

Operating experience and a number of probabilistic risk assessments have identified a number of
issues significant to reactor safety. To improve the availability and reliability of electric power system
evolutionary advanced light water reactors (ALWRS), the staff determined that feeding the safety buses
from the offsite power sources through nonsafety buses or from a common transformer winding with
nonsafety loads is not the most reliable configuration. Such an arrangement increases the difficulty in
properly regulating voltage at the safety buses, subjects the safety loads to transients caused by the
nonsafety loads, and adds additional failure points between the offsite power sources and safety loads.
Therefore, it is the staff's position that at least one offsite circuit to each redundant safety division should
be supplied directly from one of the offsite power sources with no intervening nonsafety buses in such-a
manner that the offsite source can power the safety buses upon a failure of any nonsafety bus. In addition,
the staff recommended an additional source of power would significantly reduce the number of plant trips
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that involve a loss of power to the nonsafety loads and require that the plant be shut down under natural
circulation. Such an additional source of power would improve plant safety, because these events continue
to be identified as more severe than the turbine-trip-only event in standard plant safety analysis reports.
These proposed improvements were approved by the Commission on August 15, 1991.

GDC 18, “Inspection and Testing of Electric Power Systems,” of Appendix A to 10 CFR Part 50 requires
that electric power systems important to safety be designed to permit appropriate periodic inspection and
testing to assess the continuity of the systems and the condition of their components.

Surveillance Requirements and Limiting Conditions for Operation

In accordance with GDC 17, an electric power system is required to supply power to loads important
to safety in an NPP. Nuclear plants with more power sources than the number of sources required by GDC
17 may be able to withstand the multiple failures and still satisfy the limiting conditions for operation
(LCOs). However, during the normal course of operation, any NPP may lose power sources to the extent
that the LCOs are not met. Regulatory Guide 1.93, Revision 1, “Availability of Electric Power Sources,”
provides specific guidance to address situations in which the number of electric power source is less than
the adequate number of power sources. During plant operation, the plants are required to have two
qualified offsite power sources and two onsite power systems including redundant DC and vital AC power
supplies (inverters).

Plant systems that can adversely impact safe shutdown capability have restrictions on outage times
mandated by Federal Regulations. Specifically 10 CFR 50.36(c)(2), requires that the technical
specifications (TS) include the limiting conditions for operation (LCOs), which are defined as the lowest
functional capability or performance levels of equipment required for safe operation of the facility.
Furthermore, the same regulations require that, when an LCO of a nuclear reactor is not met, the licensee
shall shut down the reactor or follow any remedial action permitted by the TS until the condition can be
met. The operational restrictions in the TS are based on meeting the LCO, period of continued operation,
and orderly shutdown. In addition, the same regulation in Section (c)(3) requires test, calibration, or
inspection for equipment to assure that the necessary quality of systems and components is maintained,
that facility operation will be within safety limits, and that the limiting conditions for operation will be met.
The surveillance requirements and their frequencies are specified in each NPP’s TS.

Extension of Allowed Outage Times or LCOs for Electric Power Sources

Regulatory Guide (RG) 1.93 provides guidance with respect to operating restrictions, that is Allowed
Outage Time (AQOT), if the number of available onsite emergency diesel generators (EDGs) and offsite
power sources is less than that required by the TS. In particular, this RG prescribes a maximum AQOT of 72
hours for an inoperable onsite or offsite power source. The lessons learned from Blackout events in the U.S
indicate that restoration of offsite power will take longer than previously considered, indicating that post-
deregulation conditions in the U.S challenge grid reliability. The staff now requires that a supplemental
power source be available as a backup to the inoperable EDG or offsite power source, to maintain the
defense-in-depth design philosophy of the electrical system to meet its intended safety function. The
supplemental source must have capacity to bring a unit to safe shutdown (cold shutdown) in case of a loss
of offsite power (LOOP) concurrent with a single failure during plant operation .The staff’s objective of
requiring an extra (i.e., supplemental) power source for an inoperable EDG or offsite power source is to
avoid a potential extended Station Blackout (SBO) event during the period of an extended AOT and to
enable safe shutdown (cold shutdown) of the unit if normal power sources cannot be restored in a timely
manner.
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Grid Reliability

The transmission system is the source of power to the offsite power system. 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.

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. An increase in the frequency or duration of
LOOP events increases the probability of station blackout and hence of core damage. Hence it is important
that the transmission system can provide a reliable 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
LOOP. 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. U.S NPPs disconnect or shut 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 also 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
unusual grid behavior is small compared with the total number of unplanned trips allowed 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 behavior do not shorten the life of the
plant.

The U.S NRC initiated a regulation, 10 CFR 50.65 (a)(4) which requires NPP owners to assess and
manage the increase in risk that may result from proposed maintenance activities before performing the
maintenance activities. Grid stability and off-site power availability are examples of emergent conditions
that may result in the need for action prior to conducting maintenance activities that could change the
conditions of a previously performed assessment. Accordingly, NPP owners are required to perform grid
reliability evaluations as part of the maintenance risk assessment before performing any grid-risk-sensitive
maintenance activities (such as surveillances, post-maintenance testing, and preventive and corrective
maintenance). Such activities could increase risk under existing or imminent degraded grid reliability
conditions, including (1) conditions that could increase the likelihood of a plant trip, (2) conditions that
could increase the likelihood of a LOOP or SBO, and (3) conditions that could have an impact on the
plant’s ability to cope with a LOOP or SBO event, such as out-of-service risk-significant equipment (for
example, a diesel generator used for onsite power, a battery, a steam-driven pump, or an alternate ac power
source).

On August 14, 2003, the largest power outage in U.S. history occurred in the Northeastern United
States and parts of Canada. Nine U.S. NPPs tripped. Eight of these lost off-site power, along with one NPP
that was already shut down. The length of time until power was available to the switchyard ranged from
approximately 1 to 6% hours. Although the on-site DGs functioned to maintain safe shutdown conditions,
this event was significant in terms of the number of plants affected and the duration of the power outage. In
response, the US nuclear industry developed protocols between the NPP and the transmission system
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operator (TSO), independent system operator (ISO), or reliability coordinator/authority (RC/RA) and the
use of transmission load flow analysis tools (analysis tools) by TSOs to assist NPPs in monitoring grid
conditions to determine the operability of offsite power systems. (In US, after the deregulation of the
electric power industry, the TSO, 1SO, or RA/RC is responsible for preserving the reliability of the local
transmission system. denote these entities). The use of NPP/TSO protocols and analysis tools by TSOs
assist NPPs in monitoring grid conditions for consideration in maintenance risk assessments and any
impending challenges to the off-site power systems. A communication interface with the plant’s TSO,
together with training and other local means to maintain NPP operator awareness of changes in the plant
switchyard and off-site power grid, is important to enable the licensee to determine the effects of these
changes on the operability of the off-site power system. Hence, these protocols and communications help
NPP operators in making conservative decisions for onsite power systems to preclude SBO conditions in
the event of a LOOP.

A robust grid that can withstand severe perturbations reduces the probability of a loss of off-site
power at a NPP. The robustness of the grid system determines the reliability and availability of off-site
power and is evaluated using the following contingencies:

i The trip of the nuclear power unit is an anticipated operational occurrence (AOO) that
can result in reduced switchyard voltage, potentially actuating the plant’s degraded voltage protection and
separating the plant’s safety buses from off-site power. It can also result in grid instability, potential grid
collapse, inadequate switchyard voltages, and a subsequent LOOP due to loss of the real and/or reactive
power support supplied to the grid from the nuclear unit.

ii. Grid stability and off-site power availability conditions under postulated transients on the
grid system need to be evaluated for grid reliability. The results of the grid stability analysis must show
that the loss of the largest single supply to the grid does not result in the complete loss of preferred power.
The analysis should consider the loss, through a single event, of the largest capacity being supplied to the
grid, removal of the largest load from the grid, or loss of the most critical transmission line. This could be
the total output of the station, the largest station on the grid, or possibly several large stations if these use a
common transmission tower, transformer, or a breaker in a remote switchyard or substation.

Degraded Grid Voltage Protection

The operating events at U.S. operating plants that led to the NRC staff’s position regarding degraded
voltage protection for nuclear power plant Class 1E electrical safety buses for sustained degraded grid
voltage conditions. Specifically, Electrical grid events at the Millstone Station, in July of 1976
demonstrated that when the Class 1E buses are supplied by the offsite power system, sustained degraded
voltage conditions on the grid can cause adverse effects on the operation of Class 1E loads. These
degraded voltage conditions will not be detected by the Loss-of-Voltage Relays (LVRS) which are
designed to detect loss of power to the bus from the offsite circuit(s). The LVR’s low voltage dropout
setting is generally in the range of 0.7 per unit voltage or less, with a time delay of less than 2 seconds. As
a result of further evaluation of the Millstone events, it was determined that improper voltage protection
logic can also cause adverse effects on the Class 1E systems and equipment, such as spurious load
shedding of Class 1E loads from the standby diesel generators and spurious separation of Class 1E systems
from offsite power due to normal motor starting transients. Another degraded voltage event, in September
of 1978, at ANO station demonstrated that degraded voltage conditions could exist on the Class 1E buses
even with normal transmission network (grid) voltages, due to deficiencies in equipment between the grid
and the Class 1E buses (Offsite/Station electric power system design) or by the starting transients
experienced during certain accident events not originally considered in the sizing (design) of these circuits.
The staff required all NPPs to implement a second level of undervoltage protection scheme with time delay
to protect the Class 1E equipment. The staff positions and guidance to meet the NRC requirements are
described in NRC Standard Review Plan, Branch Technical Position 8-6.
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Open Phase Protection

NRC staff issued Bulletin 2012-01, Design vulnerability in Electric Power Systems,” after an
operating event at Byron Unit 2 revealed a design vulnerability in the electric power system. Specifically,
Byron Station, Unit 2 experienced an automatic reactor trip from full power because of an undervoltage
condition on the 6.9-kV buses that power reactor coolant pumps. The undervoltage condition was caused
by a broken insulator stack of the phase C conductor for the 345 kV power circuit that supplies both station
auxiliary transformers. The open circuit created an unbalanced voltage condition on the two 6.9-kV
nonsafety-related RCP buses and the two 4.16-kV engineered safety features (ESF) buses. ESF loads
remained energized momentarily, relying on equipment protective devices to prevent damage from an
unbalanced overcurrent condition. The overload condition caused several ESF loads to trip. For eight
minutes, offsite and onsite power systems were not able to perform their safety functions. Operator
manual actions were required to start the emergency diesel generators and energize the ESF buses.
Recently, Bruce power plant in Canada and Forsmark, Unit 3, in Sweden reported similar events. The
NRC is taking regulatory actions for NPPs to install open phase detection and protection schemes for
addressing this design vulnerability.

Station Blackout

Station blackout means the complete loss of ac electric power to the essential and nonessential
switchgear buses in a nuclear power plant (i.e., loss of offsite electric power system concurrent with
turbine trip and unavailability of the onsite emergency ac power system). Station blackout does not include
the loss of available ac power to buses fed by station batteries through inverters or by alternate ac sources
as defined in this section, nor does it assume a concurrent single failure or design basis accident.

The station blackout (SBO) rule (10 CFR 50.63) evolved from the results of several plant-specific
probabilistic safety studies, operating experience, and reliability, accident sequence, and consequence
analyses completed between 1975 and 1988. WASH-1400, ‘“Reactor Safety Study,” issued 1975, indicated
that SBO could be an important contributor to the total risk from nuclear power plant (NPP) accidents.
This study concluded that if an SBO persists for a time beyond the capability of the ac-independent
systems to remove decay heat, core melt and containment failure could follow.

In 1980, the Commission designated the issue of SBO as Unresolved Safety Issue (USI) A-44,
“Station Blackout,” and the staff completed several technical studies to determine if any additional safety
requirements were needed. NUREG-1032, “Evaluation of Station Blackout at Nuclear Power Plants,”
issued June 1988, integrated the findings of the technical studies completed for USI A-44. NUREG-1032
presented the staff’s major technical findings for the resolution of USI A-44 and provided the basis for the
SBO rule and the accompanying Regulatory Guide (RG) 1.155, “Station Blackout,” issued August 1988.

The NUREG-1032 evaluation of emergency diesel generator (EDG) train reliability used results and
data from NUREG/CR-2989, “Reliability of Emergency AC Power Systems at Nuclear Power Plants,”
issued July 1983. NUREG/CR-2989 used the fault trees from 18 site probabilistic risk assessments (PRAS)
and individual plant examinations (IPEs) to find the EDG failure boundary and classify failures. Consistent
with the licensee PRAS/IPES, the NUREG 1032 analyses of EDG unreliability considered planned and
unplanned EDG demands and failures to start and load-run, EDG unavailability due to test and
maintenance out-of-service (MOOS) while the reactor was in power and nonpower status, EDG failure
recovery, and EDG common-cause failures. EDG MOOS while the reactor is at power can be an important
consideration because the plant risk is potentially higher because of the possibility of a demand while the
EDG is unavailable. EDG unavailability measurement can be based on the hours the EDG is unavailable or
on the number of failures per demand. Both measures are unbiased estimates of EDG unavailability and are
comparable so long as both measures are based on the same considerations (i.e., both consider MOOQOS).
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In March 1986, the NRC issued draft RG 1.155, which presented an acceptable method to comply
with the SBO rule based on plant-specific characteristics and the dominant risk factors from NUREG-
1032. The NRC issued the final RG 1.155 in August 1988, which provided for selection of the SBO coping
duration based on plant-specific characteristics, including past unit average EDG train performance criteria
and emergency ac power system configuration. In general, the plants could select the 0.975 EDG target
reliability level to achieve shorter coping durations.

In November 1987, the Nuclear Management and Resources Council (NUMARC) (subsequently
renamed the Nuclear Energy Institute) submitted NUMARC 87-00, “Guidelines and Technical Bases for
NUMARC Initiatives Addressing Station Blackout at Light Water Reactors,” issued November 1987, as an
alternative to comply with the SBO rule. By reference in RG 1.155, the staff concluded that NUMARC 87-
00 contains guidance acceptable to the staff for meeting the SBO rule. The SBO rule requires that the NRC
staff complete a regulatory assessment and notify the licensees of the staff’s conclusions regarding the
licensees’ response to the SBO rule. The NRC completed safety evaluations for each plant.

Extended Loss of All AC Power

The events that occurred at the Fukushima Daiichi Nuclear Power Plant site, however, highlight the
possibility that extreme natural phenomena could challenge the prevention, mitigation, and emergency
preparedness defense-in-depth layers that are currently in place under the NRC’s regulatory framework.
The NRC’s assessment of insights from the events at Fukushima Daiichi leads the NRC staff to conclude
that requirements are necessary for all licensees and applicants (both current and new reactor licensees and
applicants including design certifications) to mitigate an extended loss of all ac power condition, including
the loss of normal access to the ultimate heat sink resulting from beyond-design-basis external events. In
the days following the Fukushima Daiichi nuclear accident in Japan, the NRC Chairman directed the NRC
staff to establish a senior-level agency task force to conduct a methodical and systematic review of the
NRC'’s processes and regulations to determine whether the agency should make additional improvements
to its regulatory system and to offer recommendations to the Commission for its policy direction. This
direction was provided in a tasking memorandum (COMGBJ-11-0002), dated March 23, 2011, from the
NRC Chairman to the NRC Executive Director for Operations. In response to this tasking memorandum,
the NRC chartered the Near Term Task Force (NTTF).

In SECY 11 0093, the NTTF provided a number of recommendations to the Commission, including a
specific proposal for new requirements for long term station blackout mitigation. The NTTF suggested
enhanced station blackout mitigation strategies, within NTTF Recommendation 4.1, as follows:

Initiate rulemaking to revise 10 CFR 50.63 to require each operating and new reactor licensee to: (1)
establish a minimum coping time of 8 hours for a loss of all ac power, (2) establish the equipment,
procedures, and training necessary to implement an “extended loss of all ac” coping time of 72 hours
for core and spent fuel pool cooling and for reactor coolant system and primary containment integrity
as needed, and (3) preplan and prestage offsite resources to support uninterrupted core and spent fuel
pool cooling, and reactor coolant system and containment integrity as needed, including the ability to
deliver the equipment to the site in the time period allowed for extended coping, under conditions
involving significant degradation of offsite transportation infrastructure associated with significant
natural disasters.

In SRM-SECY-11-0124, the Commission approved the NRC staff’s proposed actions to implement
without delay the NTTF recommendations as described in SECY-11-0124. The Commission approved the
NRC staff’s proposed prioritization of the NTTF recommendations, including the staff’s proposals for
addressing the NTTF recommendations. With regard to the portions of the SRM having relevance to this
regulatory action, the Commission directed the staff to:
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Initiate a rulemaking for recommendation 4.1, Station blackout regulatory actions, as an ANPR
rather than as a proposed rule.

Designate the SBO rulemaking associated with NTTF Recommendation 4.1 as a high-priority
rulemaking with a goal of completion within 24 to 30 months.

Craft recommendations that continue to realize the strengths of a performance-based system as a
guiding principle. In developing these recommendations, the Commission directed the NRC staff to
consider approaches that are flexible and able to accommodate a diverse range of circumstances and
conditions. The Commission noted that “in consideration of events beyond the design basis, a
regulatory approach founded on performance-based requirements will foster development of the
most effective and efficient, site-specific mitigation strategies, similar to how the agency approached
the approval of licensee response strategies for the “loss of large area” event under its B.5.b
program.”

Monitor nuclear industry efforts underway to strengthen SBO coping times and consider whether any
interim regulatory controls (e.g., commitment letters or confirmatory action letters) for coping
strategies for SBO events would be appropriate while rulemaking activities are in progress.

For NTTF Recommendations 4.2 and 5.1, provide the Commission with notation vote papers for its
approval of the Orders once the NRC staff has engaged stakeholders and established the requisite

technical bases and acceptance criteria.

In accordance with SRM-SECY-11-0124, the NRC staff provided SECY-12-0025, Proposed Orders
and Requests for Information in Response to Lessons Learned from Japan’s March 11, 2011, Great Tohoku
Earthquake and Tsunami, to the Commission on February 17, 2012, including the proposed Order to
implement enhanced mitigation strategies. As directed by SRM-SECY-12-0025, the NRC staff issued
Order EA-12-049, Order Modifying Licenses with Regard to Requirements for Mitigation Strategies for
Beyond-Design-Basis External Events, on March 12, 2012 Order EA-12-049 imposed new requirements to
implement mitigation strategies to provide additional capability to respond to beyond-design-basis external
events, which can lead to an extended loss of ac power and loss of access to the ultimate heat sink. The
Commission concluded that the new requirements were necessary to continue to have reasonable assurance
of adequate protection of public health and safety. The Order significantly expanded the scope of the
regulatory concerns addressed under NTTF Recommendation 4.2 in SECY-11-0124, as discussed below in
the section entitled, Consolidation of Recommendation 4 and 7 Regulatory Activities.

The Order requires a three-phase approach for mitigating beyond-design-basis external events that
lead to an extended loss of ac power and loss of normal access to the ultimate heat sink condition. The
initial phase requires the use of installed equipment and resources to maintain or restore core cooling,
containment, and spent fuel pool cooling. The transition phase requires provision of sufficient, portable,
onsite equipment and consumables to maintain or restore these functions until they can be accomplished
with resources brought from offsite. The final phase requires the capability to obtain sufficient offsite
resources to sustain those functions indefinitely. The Commission concluded that the EA-12-049
requirements were necessary for ensuring continued adequate protection of public health and safety.

The NRC staff plans to issue a proposed rule amending NRC regulations to address these scenarios
for both current and new reactors. The final regulatory basis for the SBOMS rulemaking, found at
ML13171A061, reflects consideration of feedback from the public meeting, comments received on the
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draft regulatory basis, and the ACRS interactions where it was practical to do so within the current
schedule. The staff believes that the feedback on the draft rule concepts deserves careful consideration and
deliberation and is considering this feedback as it develops the proposed SBOMS rule language. The Final
Rule is due to the Commission on December 27, 2016.
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ROBUSTNESS OF ELECTRIGAL SYSTEMS OF NPPs
in Light of the Fukushima Danichi Accident
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Evolution of Onsite and Offsite Power {USNRC
Systems in US Nuclear Power Plants e —

Topics:

- Design Requirements

- Operational Requirements

- Current Beyvond Design Basis Requirements

- Beyond Design Basis Requirements — Fukushima Lessons
Learned Action Items
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Design Requirements

General designcriterion (GDC) 17. “Electric Power Systems.” of Appendix A,
“General Design Criteria for Nuclear Power Plants,” to 10 CER Part 50. “Domestic
Licensing of Production and Utilization Facilities.” in part, requires:

“An onsite electric power system and an offsite electric power system shall be
provided to permit functioning of structures, systems, and components important to
safety. The safety function for each system (assuming the other system is not
functioning) shall be to provide sufficient capacity and capability to assure that (1)
specified acceptable fuel designlimits and design conditions of the reactor coolant
pressure boundary are not exceeded as a result of anticipated operational
occutrences and (2) the core is cooled and containment integnity and other vital
functions are maintained in the event of postulated accidents. ...

Design Requirements — Cont. {USNRC
Defense in Depth Procecting Poaple amd 1by Envirenment

Single failure

Independence
Redundancy

Diversity
Availability/R eliability
Operating Experience
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Design Requirements — 2 USNRC
Defense in Depth (Cont.) "=

» Second level undervoltage protection or Degraded grid
voltage protection

* Open Phase protection

* New Reactor Designs

— At least one offsite circuit to each redundant safety division
should be supplied directly from one of the offsite power
sources with no intervening nonsafety buses

— Additional source of power to improve plant safety
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Operational Requirements

+ 10 CER 30.36(c)2). requires that the technical specifications (TS) include the
limiting conditions for operation (LCOs), which are defined as the lowest
functional capability or performance levels of equipment required for safe
operation of the facility. Furthermore, the same regulations require that, when
an LCO of a nuclear reactor is notmet, the licensee shall shut down the reactor
or follow anyremedial action permitted by the TS until the condition can be met.

= RG 193 -Regulatory Positions

- The intent of each regulatory positionis to implement the safest operating
mode whenever the available electric power sources are less thanthe LCO.

- Various levels of degradation of the electric power system in order of
increasing degradationis incorporated in the TS. Whenever the TS allow
unrestricted operation to be resumed. suchresumption should be contingent on
the verification of the integrity and capability of the restored sources.
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Operational Requirements (Cont.) "USNRC

ot Praple and by £

* To Ensure that NPP is in Safe Operating Mode whenever the
Available Electric Power Sources are Less than TS LCO.
Continued Power Operation Contingent on the following:

- Reliability, Availability, and Capability of Remaining
Sources

- Required Maintenance Activities do not Further Degrade
the Power System or Jeopardize Plant Safety

- Continued Compliance With Required Actions in TS

RUSNRC

Current Beyond Design Basis Requirements > 0000 0
- Station Blackout, Security-Related Events KA

- 10 CFR 50.54, Conditions of licenses- Section (hh)(2)

- Each licensee shall develop and implement guidance and strategies
intendedto maintain orrestore core cooling, containment, and spentfuel
pool cooling capabilitiesunderthe circumstances associated with loss of
large areas of the plantdue to explosions orfire

- 10CFR 50.63 Loss of all alternating current power

- (a) Requiremenis. (1) Each light-water-cooled nuclear power plant licensed to
operate must be able to withstand for a specified duration and recover from a station
blackout as defined in § 50.2. The specified station blackout duration shall be based
on the following factors:

- (1) The redundancy of the onsite emergency ac power sources;
- (i) The reliability of the onsite emergency ac power sources;
- (iif) The expected frequency of loss of offsite power; and

- (iv) The probable time needed to restore offsite power.
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Current Beyond Design Basis Requirements - { U S NI{C

Station Blackout (Cont.) o e

* (2) The reactor core and associated coolant, control, and
protection systems, including station batteries and any other
necessary support systems, must provide sufficient capacity
and capability to ensure that the core is cooled and
appropriate containment integrity is maintained in the event
of a station blackout for the specified duration.

* The capability for coping with a station blackout of specified

duration shall be determined by an appropriate coping

analysis. Licensees are expected to have the baseline
assumptions, analyses, and related information used in their
coping evaluations available for NRC review. =

Current Beyond Design Basis Requirements - { U S NI{C
Station Blackout (Cont.) o e

* Reg. Guide 1.155, Station Blackout

— Specifies a method acceptable to the NRC staff for
complving with 10CFR50.63

— Twenty four pages of detailed guidance
— EDG Target Reliability Levels
— Restoration of Offsite Power

— Ability to Cope with a Station Blackout

— Quality Assurance Guidance for Non-Safety Systems and
Equipment
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Current Beyvond Design Basis Requirements - { U S NI{C
Station Blackout (Cont.) e e

« NUMARC 87-00

— Guidelines and Methodologies for Implementing the
Nuclear Management an Resources Council (NUMARC)
Station Blackout Initiatives

— Detailed Guidance, Examples, Topical Reports, and
Questions & Answers

— Endorsed by Reg. Guide 1.155 as Acceptable Guidance for
Compliance to 10CFR50.63

Beyond Design Basis Requirements { U S N I{C

Fukushima Lessons Learned Action Items ... i oo

« Industry Response - NRC Mitigating Strategies Order (EA
12-049)

— Provides a diverse and flexible means to prevent fuel damage while
maintaining containment function in beyond design basis external event
conditions resulting in an:

— Extended Loss of AC Power. and

— Loss of Normal Accessto the Ultimate Heat Sink

Objective:

— Establish an essentially indefinite coping capability by relying upon
installed equipment, onsite portable equipment. and pre-staged offsite
resources
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— Phasel - Initially cope by relying on installed plant equipment,
— Phase2 - Transition from installed plant equipment to onsite FLEX
equipment,

— Phase 3 - Obtain additional capability and redundancy from offsite

equipment until power, water, and coolant injection systems are
restored or commissioned.

* Diverse and flexible to enable deployment of the

strategies for a range of initiating events and plant
conditions
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Beyond Design Basis Requirements
Fukushima Lessons Leamed Action tems (Cont)
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Implications of Extension of Station Blackout Cooping Capability on Nuclear Power Plant Safety

Andrija Volkanovski
Jozef Stefan Institute, Jamova cesta 39, SI-1000 Ljubljana, Slovenia

Abstract

The safety of the nuclear power plant depends on the availability of the continuous and reliable
sources of electrical energy during all modes of operation of the plant. The station blackout corresponds to
a total loss of all alternate current (AC) power as a result of complete failure of both offsite and on-site AC
power sources. The electricity for the essential systems during station blackout is provided from the
batteries installed in the nuclear power plant. The results of the probabilistic safety assessment show that
station blackout is one of the main and frequently the dominant contributor to the core damage frequency.

Results of the analysis of the implications of the strengthening of the SBO mitigation capability on
safety of the NPP will be presented. The assessment is done with state-of-art deterministic and
probabilistic methods and tolls with application on reference models of nuclear power plants.

The safety analysis is done on reference model of the nuclear power plant. Obtained results show
large decrease of the core damage frequency with strengthening of the station blackout mitigation
capability. The time extension of blackout coping capability results in the delay of the core heat up for at
least the extension time interval. Availability and operation of the steam driven auxiliary feedwater system
maintains core integrity up to 72 h after the successful shutdown, even in the presence of the reactor
coolant pumps seal leakage. The largest weighted decrease of the core damage frequency considering the
costs for the modification is obtained for the modification resulting in extension of the station blackout
coping capability. The importance of the common cause failures of the emergency diesel generators for the
obtained decrease of the core damage frequency and overall safety of the plant is identified in the obtained
results.

1. INTRODUCTION

The main purpose of the nuclear safety is the prevention of the release of radioactive materials,
ensuring that the operation of nuclear power plants (NPPs) does not contribute significantly to individual
and societal health risk. The main specific issue of the nuclear safety is the need for removing the decay
heat, necessary even for a reactor in shutdown.

The loss of offsite power (LOOP) initiating event occurs when all electrical power to the plant from
external sources is lost. Loss of alternating current (AC) as a result of complete failure of both offsite and
on-site AC power sources is referred to as a station blackout (SBO) (NRC, 1988a). The NPPs are equipped
with batteries that provide electrical power for the essential safety systems for limited time known a station
blackout coping time.

The results of the Probabilistic Safety Assessment (PSA) (AREVA, 2007; Bertucio and Brown, 1990)
show that initiating events LOOP and SBO are the most important contributors to the core damage
frequency (CDF) including the shutdown CDF (Nishio and Fujimoto, 2011). During an extended SBO
functional failure would occur for nearly all instrumentation and control systems leading ultimately to the
core damage. The importance of the LOOP and SBO is emphasized in latest guidelines (IAEA, 2012)
considering introduction of NPP in the power system of a country.
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Following accident at the Fukushima Daiichi NPP the European Council requested that a
comprehensive safety and risk assessment, in light of preliminary lessons learned, be performed on all EU
nuclear plants (ENSREG, 2012). The request of the Council included “stress tests” performed at national
level complemented by a European peer review. The analysis within the “stress tests” has shown that in
terms of safety margins, SBO is the limiting case for most of the reactor units (ENSREG, 2012).

This paper presents main results of the analysis of the implications of the modification strengthening
the SBO mitigation capability on safety of the NPP (Volkanovski and Prosek, 2013). The analyzed
permanent hardware modifications of the NPP power system include installation of additional emergency
diesel generator and increase of the batteries capacity. The CDF is the risk measure used for the assessment
of the plant safety. The CDF is obtained from the PSA model of the NPP updated and supported by the
results of the deterministic safety analysis.

Description of the probabilistic and deterministic input models is given in the following sections. The
main findings of the analysis are summarized and presented in the conclusions.

2. NPP MODELS

2.1 Reference deterministic model

The RELAPS5 input model of the PWR nuclear power plant is used for the assessment of the nuclear
power plant parameters (Prosek and Mavko, 2011; Volkanovski and Prosek, 2013). For RELAPS
calculations the latest version RELAP5/MOD3.3 Patch 4 is used. The input model includes all important
components of the reactor coolant system and secondary side, reactor protection system, control systems
and safety systems, model of the steam generators and auxiliary feedwater logic.

The following scenarios with or without reactor coolant pumps (RCP) seal leakage and with or
without available turbine driven auxiliary feedwater system (TD AFWS) are analyzed:

=  SBON - SBO without RCPs Seal LOCA and TD AFWS operational

= SBONP — SBO without RCPs Seal LOCA and TD AFWS operational and PRZ PORV stuck
open after first opening

SBOS - SBO with RCPs Seal LOCA and TD AFWS operational

SBOSO0 - SBO with RCPs Seal LOCA and TD AFWS operational for 0 hours

SBOS4 — SBO with RCPs Seal LOCA and TD AFWS operational for 4 hours

SBOS8 — SBO with RCPs Seal LOCA and TD AFWS operational for 8 hours

In the case scenarios with assumed reactor coolant pumps seal leakage a leakage of 1.32 I/s (Krajnc et
al., 2011) is considered in the model. The only operator action assumed in the deterministic model is that
the steam generator level is maintained at around 70% wide range level. Obtained results from the
analyzed scenarios are presented in the following sections.

Fully operational AFW system for given time interval set for specific model is assumed in the
analysis, as in the PSA model.

The time interval between the station blackout and start of the core damage is the input parameter

used in the probabilistic safety analysis for the assessment of the plant risk. This time interval is assessed
from the average fuel cladding temperature at the top of the core.
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The typical core cooling success criteria for Westinghouse-type PWR are used (Prior et al., 1994).
These criteria are defined in terms of the average fuel/clad temperature with consideration of the period of
high temperature instead of the hot rod fuel/clad temperature. The core damage is assumed in the analysis
if the hottest core fuel/clad node temperature in the reactor core exceeds 923K for more than 30 minutes or
if temperature exceeds 1348 K.

2.2  Reference probabilistic model

The reference PSA model of the PWR nuclear power plant is developed on the basis of the Level 1
PSA model of the Surry Unit 1 NPP (Bertucio et al., 1990) modified to comply with the RELAPS
deterministic input model presented in Section 2.1.

Seven PSA models are developed from the reference PSA model (Volkanovski and Prosek, 2013)
corresponding to the following NPP configurations:

2EDG - reference PSA model of the NPP;

3EDG - PSA model with added third EDG;

2EDGB - PSA model with increased batteries capacity;

3EDGB - PSA model with added third EDG and increased batteries capacity;

3CCF - PSA model with added third EDG and increased CCF of the EDGs;

3CCFB - PSA model with added third EDG, increased batteries capacity, increased CCF of
the EDGs;

= 3AAC - PSA model with added third diesel generator as a alternate AC source (AAC);

= 3AACS - PSA model with added third EDG utilized as AAC and substitute diesel generator
to the existing EDG during normal operation.

The reference PSA model of the NPP has two EDG. The parameters of the added third EDG are equal
to the EDG parameters in the reference PSA model. The reference PSA model has batteries with a four
hour capacity. The eight hour battery capacity is assumed for the PSA models with increased battery
capacity with assumed equal reliability as the four hour battery.

The costs of the analyzed NPP modifications are estimated from the reported costs of the
modifications in response to the station blackout rule (NRC, 2003).

The SBO event tree on Figure contains all functional events of a representative SBO event tree for
Westinghouse PWRs (NRC, 2005). The station blackout is evaluated in separate event tree because of the
phenomenology and special events that can occur. Those events include preservation of coolant inventory,
controlled supply of feedwater to the steam generators and extension of battery life (Bertucio et al., 1990).
The functional requirements for mitigation of station blackout event are the same as for other transients.
Entry into this event tree presumes successful reactor scram. The anticipated transients without scram are
addressed in separate event tree.
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Figure 1: Station blackout event tree

Table 1 shows the basic events with probability of non-recovery of AC power in within restoration
time used in reference PSA model, given in second column. The probabilities are given in third column
and are obtained as probability of exceedance versus duration curve fits of the offsite power to bus
recovery times in the corresponding reference (NRC, 2005). Probability of exceedance for grid related and
plant centered LOOP categories (NRC, 2005) are selected as representative data for offsite and on-site
power sources. The loss of offsite power initiating event frequency of LOOP=7.70E-2 events/yr equal to
the value in original model (Bertucio et al., 1990) is used.

Table 1: Probability of non-recovery of AC power within given time

Basic Event Description Restoration Mean unavailability
time [hr] reference model
NRAC-SGDR Steam generator dryout 0.5 8.25E-1
NRAC-PRZBV Pressurizer PORV stuck open 1 2.81E-1
NRAC-OFFSITE(4) AC power restoration offsite 7 6.10E-2
NRAC- OFFSITE(8) AC power restoration 12 2.00E-2
NRAC- ONSITE(4) AC power restoration onsite 7 1.78E-2
NRAC- ONSITE(8) AC power restoration 12 5.85E-3

The implications of the increased CCF probability of the EDG is analyzed with increase of the CCF of all
three EDG for factor of two compared to the CCF probability of the EDG in the reference PSA model
(Bertucio et al., 1990) given in Table 2.

Table 2: The CCF probability of the three EDG

Basic Event

CCF probability-original

CCF probability-new

BETA-3DG

1.80E-2

3.60E-2
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Figure shows that for the plant reference PSA model, with two EDG and four hour batteries capacity
the CDF=1.77E-5 [/yr] is obtained. Figure show that largest contributors to the CDF are LOCA’s followed
by SBO and LOOP initiating events contributing 34% of the total CDF.
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Figure 2: CDF for Internal Initiating Events
3. RELAP5 RESULTS

The results obtained from RELAP5 computer code are shown on Figure for 4 hour time window
(scenarios SBONP and SBOSO0), Figure for 24 hours time window (scenarios with Seal LOCA) and Figure
for 72 hours time window (scenarios with TD AFW operating all the time). The main parameters
characterizing the calculations are given on all three figures. These parameters are the RCS pressure,
average fuel cladding temperature at the top of the core, RCS mass inventory and SG no. 1 wide range
level. The RCS pressure is important in order to know, when pressurizer relief valves open. The fuel
cladding temperature gives information if the core integrity is challenged. The RCS mass inventory needs
to be sufficient to enable core cooling. It could be lost through RCP leaks and pressurizer relief valves.
Finally, cooling through secondary side could be performed when there is sufficient water inventory (level)
in the steam generators.
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Figure 3: Main calculated parameters characterizing the calculations in 4 hours time window: (a) RCS
pressure, (b) average fuel cladding temperature at the top of the core, (c) RCS mass inventory, (d) SG no. 1
level.

When TD AFWS is not functioning from the start of the SBO, as shown by the results for scenario
SBOSO0 on Figure, the SG wide range level drops below some minimum level in 1 hour.

As explained in Section 2 the deterministic safety analyses are complementing the PSA and are
needed to obtain available time to restore AC power before the core integrity is challenged. The initial
analyses are done for 4 hours and 24 hours time windows, as shown in Figure and Figure. In addition, it is
also investigated the plant response having available battery power source for 72 hours time window
(SBON without Seal LOCA and SBOS with Seal LOCA) with results given on Figure . The battery power
is needed for instrumentation and control of plant systems including the TD AFW pump. These results are
not needed for the present PSA analysis. Nevertheless, from these results one may see that further
extension of battery depletion times can prolong the SBO coping times even in presence of Seal LOCA.

In case of the stuck open PRZ PORYV (scenario SBONP) the results on Figure show that there are at
least 2.5 hours available for restoration of AC power, isolation of the PRZ PORYV by the block valve and
cooling before the core integrity is challenged.

If TD AFWS is operating for 4 and 8 hours respectively, the results for scenarios SBOS4 and SBOS8
on Figure show that at least 9 and 16 hours are available for restoration of the AC power before the core
damage starts. Figure(a) show that the pressurizer safety valve opening in scenario SBOS8 is 6 hours and
13 minutes after safety valve opening in the SBOS4 scenario. The safety valves opening results in large
RCS inventory loss leading to core heat up in less than one hour after the valves opening. Due to RCP seal
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leaks the RCS pressure, given on Figure(a) and the RCS mass inventory, as shown on Figure(c), are
dropping.
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Figure 4: Main calculated parameters characterizing the calculations in 24 hours time window: (a) RCS
pressure, (b) average fuel cladding temperature at the top of the core, (c) RCS mass inventory, (d) SG no. 1
level.

Results on Figure(d) for the scenario SBOS shows that the RCS mass remaining in the primary
system is sufficient to cool the core for 24 hours in case of operational TD AFWS and operator is

maintaining the SG level. The operators have this time window for the restoration of AC power from either
on-site or offsite power sources.

Figure shows that in the cases when the TD AFWS is assumed operable all the time (scenarios SBON
and SBOS) the core integrity is maintained regardless the RCPs seal leak for at least 72 hours. The RCS
pressure, as shown on Figure (a), during transient is dropping to SG pressure, resulting in no RCS mass
discharge through pressurizer safety valves. The RCS mass (see Figure (c)) is steadily decreasing for
SBOS case due to the coolant loss through the RCP leaks, while in the case of SBON only the first day
some RCS mass is released thorough pressurizer safety valves. Later the RCS mass remains constant.
Small drop in RCS mass at the end of the analyzed period when reflux condensation started is due to the
numerical error. In the first 72 hours the RCS mass is sufficient in both cases to prevent core damage as
shown on Figure (b). In the SBOS scenario the remaining mass of coolant in RCS after 72 hours is about
45 t, therefore the core damage is expected in the next 12 hours. Based on this results it is concluded that

the operators have at least 72 hour time window for the restoration of AC power from either on-site or
offsite sources when the TD AFWS is operable.
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Figure 5: Main calculated parameters characterizing the SBON and SBOS calculations in 72 hours time
window: (a) RCS pressure, (b) average fuel cladding temperature at the top of the core, (c) RCS mass
inventory, (d) SG no. 1 level.

4. PSA RESULTS

Obtained decrease of the core damage frequency ACDF, given in percentiles of the CDF of the

reference PSA model with two EDG, for analyzed PSA models and NPP configurations presented in
Section 2.2 is given on Figure .

Figure show that largest ACDF is obtained for 3EDGB model with additional EDG and increased

batteries capacity. Comparable ACDF is obtained for 3EDG model with added third EDG and 3CCFB
model with increased batteries capacity, third EDG and increased CCF.

The obtained ACDF for model 2EDGB is almost twice smaller than the decrease in 3EDGB obtained
with the installation of the third EDG.

The increase of the CCF of the EDG results in decrease of the obtained ACDF from the modification
as shown in result for the 3CCF model given on Figure . The obtained ACDF for the 3CCFB is comparable
to the results of 3EDGB model. Obtained result show that 3EDGB model with increased batteries capacity

has smaller sensitivity to the CCF of the EDG compared to the 3CCF model. This result is expected
considering the exclusion of the CCF of the batteries and EDG in the model.

Figure show that ACDF obtained in model 3AAC with introduction of third diesel generator as an
alternate AC source is comparable to the ACDF of the 3CCF model. The obtained ACDF is increased in
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the 3AACS model with the utilization of the alternate AC source as substitute of the existing EDG going
under maintenance decreasing their unavailability as a result of test and maintenance.

15

[EEN
o

ACDF [%]
(@3]

MUY

3EDG 2EDGB 3EDGB 3CCF 3CCFB 3AAC 3AACS

Figure 6: Decrease ACDF [%] compared to the CDF of reference PSA models

The obtained ACDF is weighted by the estimated costs of the modifications with obtained results
shown on Figure . The uncertainties considering the costs of the modifications are large and they propagate
on the results given on Figure .
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Figure 7: Weighted ACDF [/yr/MS$] with costs of the modifications

The first 10 basic events identified with largest FVV importance measure in reference PSA model are
given in Table 3. The second column in Table 3 contains basic events with description given in third,
unavailability in fourth column and FV importance measure given in fifth column. The last two columns
contain values of Risk Decrease Factor (RDF) and Risk Increase Factor (RIF) importance measures.

Table 3 shows that basic events with largest FV importance measure in 2EDG model are basic events

representing restoration of electrical power from offsite power system followed by AFW failure to start
and operate.
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The identified first ten basic events with largest FV importance measure in 3EDG model are given in

Table 4.
Table 3: The basic events with largest FV importance measure in 2EDG model

No. | Name Description Nom. value FV RDF RIF

1 NRAC-SGDR Off-site power restoration 8.25E-01 1.50E-01 | 1.18E+00 | 1.03E+00
2 AFW-XHE-FO-U1SBO | Operator failure to start AFW | 8.20E-02 1.23E-01 | 1.13E+00 | 2.31E+00
3 AFW-TDP-FR-2P6HR AFW failure to run 3.00E-02 1.16E-01 | 1.13E+00 | 4.73E+00
4 R Manual reactor scram 1.70E-01 1.13E-01 | 1.13E+00 | 1.55E+00
5 HPI-XHE-FO-FDBLD Operator failure feed/bleed 7.10E-02 1.12E-01 | 1.13E+00 | 2.46E+00
6 NRAC-CD4 Restore off-site power 1.78E-02 9.00E-02 | 1.10E+00 | 5.97E+00
7 RECOV-T1SN-3 Operator recovery action 6.12E-01 7.44E-02 | 1.08E+00 | 1.05E+00
8 RECOV-S1---2 Operator recovery action 9.29E-01 7.35E-02 | 1.086E+00 | 1.01E+00
9 RECOV-T1N--12 Operator recovery action 3.37E-02 7.16E-02 | 1.08E+00 | 3.05E+00
10 BETA-2DG Beta factor for 2 EDG 3.80E-02 6.60E-02 | 1.07E+00 | 2.67E+00

Table 4: The basic events with largest FV importance measure in 3EDG

No. | Name Description Nom.value FV RDF RIF

1 AFW-XHE-FO-U1SBO | Operator failure to start AFW | 8.20E-02 1.37E-01 | 1.15E+00 | 2.45E+00
2 AFW-TDP-FR-2P6HR AFW failure to run 3.00E-02 1.28E-01 | 1.15E+00 | 5.14E+00
3 R Manual reactor scram 1.70E-01 1.28E-01 | 1.15E+00 | 1.63E+00
4 HP1-XHE-FO-FDBLD Operator failure feed/bleed 7.10E-02 1.27E-01 | 1.15E+00 | 2.66E+00
5 RECOV-S1---2 Operator recovery action 9.29E-01 8.32E-02 | 1.09E+00 | 1.01E+00
6 RECOV-T1N--12 Operator recovery action 3.37E-02 8.10E-02 | 1.09E+00 | 3.32E+00
7 Z Unfavorable moderator temp. | 1.40E-02 7.60E-02 | 1.08E+00 | 6.35E+00
8 PPS-XHE-FO-PORVS Operator failure PORVs 4.40E-02 7.06E-02 | 1.08E+00 | 2.53E+00
9 RECOV-T1IN--11 Operator recovery action 2.88E-02 6.98E-02 | 1.08E+00 | 3.35E+00
10 LPI-CCF-FS-SI1AB CCF of motor driven pumps 4.50E-04 6.04E-02 | 1.06E+00 | 1.35E+02

The operator failure to start and run auxiliary feedwater system, manual reactor scram and operator
failure to initiate feed and bleed cooling are identified in Table 4 as most important for NPP with three
EDG. Obtained results in Table 3 and Table 4 show that selection of the permanent modification enhancing
the NPP power system will affect the importance measures of basic events and future modifications in the

plant.
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5. CONCLUSIONS

The obtained results from deterministic safety analysis and PSA, given in Section 3 and Section 4, are
in line with the latest recommendations considering the SBO mitigation capability of the NPP (NRC,
1988b).

The results of the deterministic safety analysis show that the available time for restoration of AC
power to the NPP from either onsite or offsite power sources is extended for at least the batteries capacity
extension time and consequential increase of the TD AFW system. The results in Section 3 show that this
interval can be extended up to 72 hours after the SBO, even in the presence of Seal LOCA.

The results of the PSA given in Section 4 show that largest decrease of the CDF is obtained for model
with new EDG and increase of batteries capacity. The largest weighted decrease of the CDF, considering
the modification costs, is obtained for modification resulting in increase of batteries capacity. The
importance of the CCF of the EDG is identified in the PSA results and need for their minimization. These
results support the recommendations considering the protection of the 8-hour coping systems from all
design-basis events and extended beyond-design-basis events (NRC, 1988h).

The increase of the available time for restoration of AC power is expected to decrease the stress on
operators and decrease the probability of human failure events.

The TD AFW in both analyses, deterministic and probabilistic, is assumed to be operational when
electrical power is available. The availability of the TD AFW after the beyond-design-basis events and
especially after the combination of beyond-design-basis external events is not considered in the analysis.
The assessment of the consequences of these particular or concurrent events will require both deterministic
and probabilistic analysis.

These reccomendations are relevant for operating and new reactors designs considering the
contribution of LOOP and SBO events in overall plant risk.
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Introduction

SBO and LOOP dominant
contributors to the plant CDF
Functional failure of all I&C during
extended SBO

Fukushima Daiichi NPP accident
“Stress tests” has shown that in
terms of safety margins, SBO is
the limiting case for most NPP
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Introduction

Implications of the strengthening
of the SBO mitigation capability
on safety of the NPP (new
EDG/AAC, increased battery
capacity and their combinations)
Assessment done with state-of-art
deterministic and probabilistic
methods and tolls
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NPP Models: Deterministic

- RELAPS/MOD3.3 Patch 4 input
model of the PWR NPP

- Input model includes all important
components of the NPP

- Time interval between SBO and
start of the core damage is PSA
input parameter used in the
probabilistic safety analysis
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NPP Models: Deterministic

SBON - SBO without RCPs Seal LOCA and TD AFWS
operational

SBONP - SBO without RCPs Seal LOCA and TD AFWS
operational and PRZ PORYV stuck open after first
opening

SBOS - SBO with RCPs Seal LOCA and TD AFWS
operational

SBOS0 - SBO with RCPs Seal LOCA and TD AFWS
operational for 0 hours

SBOS4 - SBO with RCPs Seal LOCA and TD AFWS
operational for 4 hours

SBOS8 - SBO with RCPs Seal LOCA and TD AFWS
operational for 8 hours
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NPP Models: Probabilistic

2EDG - reference PSA model of the NPP;

3EDG - added third EDG;

2EDGB - increased batteries capacity;

3EDGB - added third EDG and increased batteries
capacity;

3CCF - added third EDG and increased CCF of EDGs;
3CCFB - added third EDG, increased batteries
capacity, increased CCF of the EDGs;

3AAC - added third DG as a alternate AC source
(AAC);

3AACS - added third EDG utilized as AAC and
substitute diesel generator to the existing EDG
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NPP Models: Probabilistic

Probability of non-recovery of AC power within given time

Basic Event Description Restoration Mean
time [hr]  probability

NRAC-SGDR Steam generator dryout 05 (1) 8.25E-1
NRAC-PRZBV Pressurizer PORV stuck open 1(2.5) 2.81E-1
NRAC-OFFSITE{4) AC power restoration offsite 7(9) 6.10E-2
NRAC- OFFSITE{8) AC power restoration 12 (16) 2.00E-2
NRAC- ONSITE(4) AC power restorationonsite 7(9) 1.78E-2
NRAC- ONSITE{8) AC power restoration 12 (16) 5.85E-3
ROBUSTNESS OF ELECTRICAL SYSTEMS OF NPPs riiEsl
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NPP Models: Probabilistic
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- Largest FV in 2EDG model

start and operate

ROBUSTNESS OF ELECTRICAL SYSTEMS OF NPPs

restoration of electrical power from
offsite followed by AFW failure to

- Largest FV in 3EDG model operator
failure to start and run AFW,
manual reactor scram and operator
failure to initiate feed and bleed

55l

173



NEA/CSNI/R(2015)4

:f: Jokef Stefan institute R4 Reactor Engineering Division
Conclusions

- AC restoration time is extended
for at least the batteries capacity
extension time

- Interval can be extended up to 72
hours after the SBO, even in the
presence of Seal LOCA

- Largest ACDF [%] for 3EDGB,
Largest ACDF [/yr/IM$] for 2EDGB
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DC batteriesin NPP,
present and future solutions

Current products and technologies
Alternative battery technologies

Gery Bonduelle
March 2014
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EnerSys: The Evolution

» World’ s largest industrial battery manufacturer with
over $2 billion in sales

27% share in a $6.0 billion+ market in CY 2012
(Motive and Reserve only)

Over 100 years of experience

30 manufacturing facilities in the Americas, EMEA and
Asia

10,000 customers in 100 countries

8,800 employees globally
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EnerSys: Our Global Marketplace

France UK Switzerland Germany Czech Republic Poland Hungary Bulgaria
3 ] 3 ! ] ! !

1

7,
f

Mexico Argentina Braxil Tunisia South Africa UAE India China ' Australia
2 1 ] ] ] ) 1 3 )

31 manufacturing facilities in the U.S., Europe and Asia
and global distribution with world headquarters in .
Reading, Pa. e

Lead Acid Battery Technologies
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Battery Technologies

Terminology:

* Cycle life : Number of cycle with discharge and recharge

» Calendar life: Life expectancy on float, without any cycle

» DOD: Energy discharged during one cycle (in %)

» SOC: Ratio between Energy discharged and
nominal capacity (in %)

» Capacity : Energy stored in the battery (in Ah or Wh)

» Selfdischarge : Capacity loss during rest period (in %)

Charge efficiency :

Ratio between Ah of charge and Ah of
discharge (in %)

» SpecificEnergy :  Energy per mass unit (Ah/kg or Wh/kg)
* Energy Density :  Energy per volume unit (Ah/L or Wh/L)
* Specific Power : Power per mass unit (W/kg)

Power density :

Power per volume unit (W/L)

EE %.
e

Theory - Basic Terminology

* Cell
— An assembly of electrodes and electrolyte which constitutes the
basic unit of a battery
* Battery
— Electrochemical power source
— Receives, stores, and delivers electrical energy
— Includes one or more cells
* String
— Series connection of batteries of a required total cell quantity
and capacity

‘E‘E w.
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EnerSys OPzS Flooded Tubular plate

—

= 200Ah to 3000Ah
= In NPP:
« EDF France

= Forsmark Sweden

......

= Fortum Finland

.-E»— o ——

EnerSys Vb Flooded Flat plate

= 275Ah to 2400Ah

= In NPP:

= Armenia

= Temelin, Czech Republik
= Paks, Hungary

= Ignalina, Lithuania

» Many in Russia and Ukraine

.-ﬁn_ o ——
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EnerSys GN Flat plate

» 1140Ah to 3600Ah
* In NPP:

« USA

» China

= Certified to |IEEE standard

3 ranges and 3 technologies, why ?

* Products were designed by different companies that

are nowtogether as 1

* They all have in common

Flooded mature technology
High control QA

Safest design

Proven in the application since >30 years

Certified to customer NPP specifications
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Conventional Flooded Lead Acid
Battery
Pros:

« Extremely robustdesign, proven since many
years

« Safe design, no known field issue

+ Reliable

+ Easyto maintain

« Easyto control and detect potential issue

* >95% recyclable

* Well established sales & service networks limiting non-
productive downtime

« Low costKWh @ $150/KWh %

Conventional Lead Acid Battery

Cons

* Watering required on flooded batteries

* Need large floor space in some RP applications

* Self discharge can damage battery when not used
* Capacity reduction in low temperature applications
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Conventional Lead Acid Battery

Availability

— Predominant industrial battery technology used for over 100
years.

— Many alloys variations for performance vs. life tradeoffs

— Very mature industry with well established manufacturing,
distribution, service, and recycling options available

EE %.
e

Conventional Lead Acid Battery

* Reliability
— Most reliable solution to date, proven by field data

* Life prediction, monitoring
— Afew measurement give a good indication of state of charge
and health

— Monitoring temperature and voltage is often sufficient

EE wo
e ]
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Conventional Lead Acid Battery

» Safety
— Hydrogen generation
» Behavior well understood and documented
» Ventilation requirement are known and in place

— No intrinsic product safety issue:
» Internal short, or overcharge, or undercharge,
» Will not resultin a safety hazard

» Safety post seismic choc

— Should there is an extreme seismic shock
» Container breaks, corrosive electrolyte goes into retention area
belowthe battery. Do not pose a flammability hazard.

« Battery even empty from electrolyte can provide 20% of its initial
energy

»18

e

Other Energy Storage options:

@ Valve Regulated Lead Acid Battery
@ Lithium lon (Li lon) Battery

@ Ni based (Nickel Cadmium and Nickel Zinc)
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Valve Regulated Lead Acid Battery

* Based on the same electrochemical process found in
standard lead acid battery technologies, but electrolyte
held in an absorbed glass mat (AGM) between the
plates, or in form of Gel

* VRLA AGM utilizes thinner plates and in greater
quantities allowing for a more efficient chemical
reaction and higher energy densities than standard
lead acid batteries

VRLA AGM Flat plate

« 40Ah to 3000Ah

= No water addition

= up to 15 year design life (ambient
temp)

» NPP application in Sweden
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VRLA: OPzV Gel Tubular plate

= 200Ah to 3000Ah

= No water addition

= 20 year design life
(ambient temp)

» One or two NPP
application
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VRLA Battery

Pros
— No watering required, less maintenance

— Higher energy density than conventional flooded lead acid
batteries

— Higher efficiency density than conventional flooded lead acid
batteries

— Can be stacked to increase stored energy in a given room

— Low cost/KWh @ $200 to $300/KWh
— >95% recyclable, and retain some value at end of life

EE %.
e

VRLA Battery

Cons
— Lower operating life than conventional flooded lead acid
batteries

Less possibilities to check for issues
» No acid density check
* No visual check

Water recombination process can imply some variation in
actual voltages lead to misinterpretation of state of health

More sensitive to ambient temperature
Require more controlled charging conditions

‘E‘E w.
e ]
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VRLA Battery

Availability
— Technology employed in Telecom and UPS industry for the
past 20 years

— Manufacturing advancements allowing for development of
larger cells and improved consistency

EE %.
e

VRLA Battery

* Reliability
— Product can be reliable, but shorter actual field life need to be
understood and considered

— Product more sensitive to environment conditions (charging
voltgage adjustment to temperature...)

* Life prediction, monitoring
— Difficult to anticipate failure
— Monitoring temperature and voltage is not always sufficient

— Alternative measurement using ochmic
resistance/impedance/conductance add information, but in a

very high integrity application is not sufficient
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VRLA Battery

* Safety
— In the early 80's when this technology was introduced, there
were a few cases of thermal runaway.
Under overcharge higher voltage than specified the battery can
overheat.
Stopping the charge stops the reaction.

— With modern chargers/rectifiers those issues are very rare.

— Monitoring of individual voltage and alert would prevent any
safety hazard

» Safety post seismic test
— Container breakage will not cause corrosive eletrolyte leaks,
the battery will retain most of its energy

— An internal short would lead to self discharge of the cell a
inability for the cell to provide its energy. Ngt a safety haz

e

Li lon Battery

Pros

Estimated 2000 to 10,000 cycles before replacement
No gas emissions, clean-air working environment
No maintenance required
Lighter and smaller (2x to 3x) may help
» Extended runtime possible
Very high charge rate acceptance
Less self discharge issues, long shelf life
No partial charge damage
Nearly same performance at 2,4,6,8 Hour rate

EE wo
e ]
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Li lon Battery

Cons

High cost/KWh: >750 $
Actual life in the application not proven, only projections

Redundant safety design considerations required to prevent
thermal venting conditions and a sophisticated electronic
management system (no deep discharge / no ovecharge), the
BMS

Shipping restrictions as a “Class 9 Miscellaneous Hazardous
Material”

EE %.
e

Li-lon Battery

Availability

Several Li-lon different technologies, which one will be chosen
?

Some products available but many many development on-
going

Government subsidized prototype projects for industrial
batteries

Cost projections show drastic reductions as well as increased
availability of manufacturing capability

No standard on our markets at the moment

EE wo
e ]
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Li-lon Battery

* Reliability
— Multiple technologies available since a short period of time, so
no data available

— Mandatory electronic supervising system add complexity and
reduce overall reliability compared to standard lead acid
product

* Life prediction, monitoring
— Embedded electronic system include a life prediction algorithm

EE %.
e

Li-lon Battery

» Safety
— Issues with this technology have been publicized heavily in the
recent years
— One key internal component is flammable: the electrolyte which
is an organic solvent

— Under specific conditions, if a short is created between the
electrodes, the solvent can ignite.

— Overcharge can lead to a fire or explosions

— Electronic systems are monitoring constantly all cells to avoid
overcharge, and containment have been designed to avoid
propagating fire or overpressures into dangerous areas

» Safety post seismic choc

— Breakage of container or housing can lead to electrolyte leaks,
and flammable vapors

— Risk of creating an internal short, which can lead to a fire
hazard »20 AT
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Ni based

* Pros

Good energy density NiZn > NiCd, 2x better than Pb
Service life, no corrosion

NiCd with outstanding deep discharge robustness, (delivered &
stored in discharged state)

NiCd low temperature performance even in charge S
NiCd life in high temperature aa
NiZn maintenance free

NiZn High current performance

EE *-
e

Ni based

Cons

Cost: 450$/kWh for NiCd

Environmental, recycling for NiCd

Flooded NiCd require maintenance

Derating in float applications

Limitations at very high temperatures (above 50C)

EE *-
e ]
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Ni based

Availability
NiCd for aircraft, rail, RP, Solar, ME Oil and Gas industry

NiCd is used in NPP in some countries

— NiMH for HEV, consumer cells

NiZn in extensive development state, field test to be started in

rail and UPS
Ni Cd
* Reliability

— Proven reliability in the application

* Life prediction, monitoring
— Afew measurement give a good indication of state of charge
and health

— Monitoring temperature and voltage is often sufficient

.-ﬁn_ o ——
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Ni Cd

» Safety
— Hydrogen generation
» Behavior well understood and documented
» Ventilation requirement are known and in place

— No intrinsic product safety issue:
» Internal short, or overcharge, or undercharge,
» Will not resultin a safety hazard

» Safety post seismic choc

— Should there is an extreme seismic shock

» Container breaks, corrosive electrolyte goes into retention area
belowthe battery. Do not pose a flammability hazard.

Opportunity for increased runtime

* Continue with proven conventional flooded technology

* But conventional technologies utilize a large floor
space
» Development of 2 step or 2 tier design to optimize

— vnbwnn
'._ﬁ% —] & I.—
we.

e o s

SN —— i =
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o o (%;?. .52, WE.

-
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Conclusion

EnerSys is serving Nuclear Power Plants since
decades with several battery technologies

* Most of those technologies have in common to use
conventional flooded lead acid technologies
— High reliability proven, robustness
— Ease of problem prediction
— Safest design

* |s the ideal choice to maintain current reliability and
safety

* Increasing runtime can be made by designing %
alternative racking system —SATT
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Swiss Solutions for Providing Electrical Power in Cases of
Long-Term Black-Out of the Grid

Altkind, Franz
ENSI, Switzerland

Schmid, Daniel
ENSI, Switzerland

Abstract

A better understanding of nuclear power plant electrical system robustness and defence-in-depth may
be derived from comparing design and operating practices in member countries. In pursuing this goal, the
current paper will focus on Switzerland. It will present in general the protective measures implemented in
the Swiss nuclear power plants to ensure power supply, which comply with the "Defence-in-depth"
principle by means of several layers of protection. In particular it will present the measures taken in case of
a total station blackout.

The different layers supplying electricity may be summed up as follows. The first layer consists of the
external main grid, which the plant generators feed into. The second layer is the auxiliary power supply
when the power plant is in island mode in case of a failure of the main grid. A third layer is provided by
the external reserve grid in case of both a failure of the external main grid and of the auxiliary power
supply in island mode. As a fourth layer there exists an emergency electrical power supply. This is
supplied either from an emergency diesel generator or a direct feed from a hydroelectric power plant. In the
fifth layer, the special emergency electrical power supply from bunkered emergency diesel generators
power the special emergency safety system and is activated upon the loss of all external feeds. A sixth
layer consists of accident management equipment.

Since the Fukushima event, the sixth layer has been reinforced and a seventh layer with off-site
accident management equipment has been newly added. The Swiss nuclear safety regulator has analysed
the accident “*. It reviewed the Swiss plants’ protection against earthquakes as well as flooding and
demanded increased precautionary measures from the Swiss operators in the hypothetical case of a total
station blackout, when all the first five layers of supply would fail. In the immediate, a centralized storage
with severe accident management equipment was jointly set up by the operators. This equipment would be
transported to the plant site by land or air. In a second step, each operator installed additional severe
accident management diesel generators in each plant and prepared the necessary cabling and switch gear.
Particular attention was dedicated to establish procedures so that the hooking and operation of the accident
management equipment could be directly performed by shift personnel.

! http://www.ensi.ch/de/2011/10/31/lessons-fukushima-11032011/
2. http://www.ensi.ch/de/2013/03/01/aktionsplan-fukushima-2013/
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The presentation shall show both current practices and recent design changes of safety-related
electrical systems in nuclear power plants in Switzerland.

Introduction

The current paper is a contribution from the Swiss perspective to the workshop on “Robustness of
Electrical Systems of NPPs in Light of the Fukushima Daiichi Accident”. It will present in general the
protective measures implemented in the Swiss nuclear power plants to ensure the house load supply, which
comply with the "Defence-in-depth" principle and comprise several layers of protection. In particular the
paper will present the measures taken in the case of a total station blackout. The Swiss participation in the
workshop also aims to improve the safety review process of nuclear power plant electrical systems by
learning from best practices in member countries and by promoting and cooperation among member
countries to improve safety, as intended by the NEA.

The five Swiss nuclear power reactors come from different original manufacturers. Two of them — the
Mihleberg NPP in operation since 1972 at 390 MW electrical power and the Leibstadt NPP in operation
since 1984 at 1245 MW electrical power - are boiling water reactors from General Electric. A further plant
- the GOsgen NPP in operation since 1979 at 1060 MW electrical power - is a Kraftwerksunion pressurized
water reactor and the remaining two — NPP Beznau | & Il in operation since 1969 and 1971 respectively at
380 MW electrical power each — are Westinghouse pressurized water reactors. Therefore the overall design
as well as the electrical design is different among the plants.

Nevertheless, with the backfitting already implemented in the less recent plants, the electrical design
principle remains the same for all NPPs. It can be structured into five designbase layers and two extended
additional layers. Each of them will be explained further.

1. Layer one

Layer one consists of the external main grid, which the plant generators feed into. This is the high
tension grid node available at the NPP location. The two newer NPPs are connected to the 380 kilovolt
grid, whereas the less recent three are connected to the 220 kilovolt grid. Although this interface is mainly
for energy delivery from the plant, it can be used to supply the plant in case of a problem with the
production and/or the dedicated plant turbine/generator group.

2. Layer two

In case of a problem with the main grid — caused by an external event anywhere affecting the high
tension grid — the block circuit breaker opens. Then the second layer has to take over supplying the plant.
The second layer consists of the plants own turbine/generator group. In such a situation, the generator
control system performs a cutback of the power to approximately 5-7%, forcing also the reactor into a
reduced power range. This is the so-called ‘Island Mode’, where the plant runs for its own power supply.
This is not an emergency mode and therefore no automatic diesel start is necessary. When the ‘Island
Mode’ is reached the situation needs to be analysed by the operator to decide whether the reactor has to be
shut down or whether the main grid is about to reset, a situation which might arise in the case of a grid
problem which originated in the nearby switchyard and is easily resolved. In the latter case, an immediate
synchronisation and power generation to the grid is possible (within limitations posed by the load gradients
of the reactor and generator).
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3. Layer three

If the island mode also fails, then the external reserve grid acts as a third supply layer. For one NPP it
is the 220 kilovolt grid, whereas for the others it is the 50 kilovolt grid. In case the main grid is adversely
affected, this lower tension, more regional grid interface may still be operable and function as a reserve
supply. However such an interface feeds the emergency bus bars only, letting the plant perform a
shutdown, triggered for instance by the turbine/generator control system.

4. Layer four

If the external reserve supply also fails, the plant goes into emergency electrical power supply mode.
This is either an emergency diesel generator supply or a direct feed from a nearby hydroelectric power
plant, equipped with water resistors to adjust for load and frequency in such a way that only the house load
is available for the nuclear plant. The hydroelectric power plants have the advantage of being available
continuously, whereas the diesel generators have to be first started up (approximately 10 seconds for power
production). While the two newer NPPs have emergency diesel generators, the Muhleberg NPP has this
hydroelectric supply. At the Beznau double block NPP, construction is under way for new emergency
diesels located in new buildings to replace the hydroelectric plant emergency supply in 2014 for block 1
and 2015 for block 2. This project was required by and is under the supervision of the Swiss regulator
(Swiss Federal Nuclear Safety Inspectorate, ENSI).

5. Layer five

Under the assumption of an extreme external hazard, the power plants have in a fifth supply layer the
special emergency electrical power supply from bunkered diesel generators to power the special
emergency safety systems. The two newer power plants were designed with such bunkered systems,
whereas the three less recent blocks where retrofitted with them. The bunkered diesels are held in such a
condition to start immediately and automatically, upon the loss of the external reserve grid interface. The
bunkered diesels feed in order of priority, their assigned safety systems, lighting, ventilation, battery
chargers and instrumentation. The bunkered diesels are class 1E diesel generators.

In the Swiss plants, besides the AC power, the provision of DC power is also implemented
redundantly. This means that there are redundant battery groups for the safety trains and additional
independent and redundant battery groups for the special emergency safety systems. The battery groups for
electrical loads important to safety in an emergency have been analysed with respect to the battery
discharge time and their locations in the buildings. The results showed that battery capacity is sufficient
until accident management power supply for recharging the batteries is available.

The five layers of AC supply are implemented according to the particular incident, following design
principles along the Swiss nuclear guidelines. The different modes of supply are tested periodically and the
corresponding procedures are trained by the operating staff.

6. Effect of the Fukushima accident

After the reactor accident in Japan, a review process was initiated in Switzerland. As a direct
consequence of the Fukushima accident, the Swiss Federal Nuclear Safety Inspectorate issued formal
orders, by which the operators of the Swiss NPPs were required both to implement immediate measures
and also to conduct additional reassessments. The immediate measures comprise improvements for the
spent fuel pools but also the establishment of an external emergency storage facility for the Swiss NPPs.
The additional reassessments focused on the design of the Swiss NPPs against earthquakes, external
flooding and a combination. Investigation of the coolant supply on the basis of insights gained from the
accident in Japan was also requested.
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From the electrical point of view, the accident in Fukushima corresponds to the scenario of a total
station blackout. The establishment of one external emergency storage facility aims to cope with just such
a situation. The storage facility is hosted in a seismically robust, bunkered building situated on a non-
floodable high ground and it is located at a distance between 20 to 70 Km from the Swiss NPPs.

7. Reinforced Layer six

In a second step, the operators installed additional severe accident management diesel generators at
the plants and prepared the necessary cabling and switch gear interfaces. Procedures and training were
established in such a way that hooking and operation of the accident management equipment can be
performed by shift personnel. The aggregates are placed in containers on the roof of classified buildings
(protected against flooding and earth quake) or on ground partly moveable and will be tested periodically
to fulfil the supply to the foreseen safety systems. The original emergency connection points for electricity
were revised and additional connection points were installed. The connecting cables are equipped with
connectors and marked by colours on both sides for easy identification and installation.

The Swiss Federal Nuclear Safety Inspectorate conducted topical inspections on all the NPPs to gain
an insight into the preparedness of the power plants for a long-lasting loss of electrical supply. The power
plant operators previously had to document with a concept and detailed information how they would cope
with such a situation. Assuming an initial full-power situation, two scenarios were investigated.

In the first scenario, the losses of the main and reserve external grid as well as the breakdown of the
island mode and all emergency diesel generators were assumed. In other words failure of supply from all
first four layers was assumed. In this case the special emergency diesel generators had to provide electrical
supply for reactor shutdown, cooling and monitoring using the reactor accident instrumentation. The Swiss
regulatory framework demands an automatic emergency control without any manual intervention (for the
first 10h) and a longer-term controlled situation, including manual interventions, over at least seven days.

In the second scenario, the special emergency diesel generators in addition to the first four layers also
were assumed to fail — a so called total station blackout — and the situation would have to be handled by
severe accident management guidelines. Only battery-powered supplies were available, whereby the
batteries must be sufficient until any accident management power supply could be connected. The
regulations require that the situation must be governed with on-site means for three days and after that with
using offsite means, up to seven days.

The NPPs were asked to present their prepared accident management procedures to identify and
manage the given scenarios. The procedures had to specify also time-critical actions and any
interdependence. The consumption balance of safety equipment, instrumentation, lighting, communication
and the availability of sufficient personnel had to be demonstrated.

In case of severe accident management, the operators had to explain how they would transport mobile
equipment, how they would refuel equipment, connect the equipment together technically and also prove
that the tasks could be carried out by the shift-personnel. How the equipment is stored in a robust manner
safe from seismic and flooding and where corresponding documentation is kept, also had to be explained.
For open items, a clear time-schedule had to be given. The relevant locations were visited during the
inspections.

8. New Layer seven

The central storage facility was requested by the Swiss Federal Nuclear Safety Inspectorate as an
immediate measure and it was implemented only three months after the accident in Fukushima. The Swiss
NPPs operators organized a common operating crew for the storage facility and submitted the operating
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concept to the Swiss Federal Nuclear Safety Inspectorate. The Inspectorate reviewed this concept and
inspected the storage facility. Pumps, diesel units, hoses, fuel, cabling as well as food and documentation
are stored in a way to be easily accessible and transportable to the plant by truck or helicopter. The storage
facility was fully set up in time and first training exercises proved the feasibility of the concept. The
examination confirmed their readiness in practice for use. The safe and secure underground buildings are
well maintained with industrial loading ramps for transportation by land or air. Though there was no
practical doubt about the robustness of the storage facility against earthquake, it was however submitted to
examination of the corresponding standards by a third-party expertise.

In a training exercise, the transportation of a heavy generator by truck and a heavy pump by helicopter
was demonstrated. The transportation was carried out by the Swiss army and the coordination with the
ground personnel was drilled. Some improvements were identified and are being taken care of. Such
training is scheduled to be repeated periodically.

9. Conclusion

Although the electrical systems of Swiss NPPs are built according the Defence-in-depth principle and
are capable to withstand the defined design accidents, with the measures adopted on the Swiss NPPs two
additional layers of electrical supply were reinforced or introduced. They consist in a sixth layer with the
on-site accident management diesel generators and a seventh layer with the means of the off-site storage
facility.

The implementation of these precautionary measures to cope with a long-lasting total station blackout
was verified by the Swiss Federal Nuclear Safety Inspectorate. The inspections in all Swiss NPPs have
shown that strategies to prevent core damages were revised since the Fukushima accident and measures in
case of total station blackouts are in place.
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Electrical supply principle of Swiss NPPs
Layer 3 — reserve power supply
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Electrical supply principle of Swiss NPPs
Layer 5 — special emergency power supply
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Impact of Fukushima

As a measure directly triggered by Fukushima, the
Swiss Nuclear Authority required one centralised
electrical supply material depot useable in case of an
unlikely but extreme hazard in a NPP.

In addition, the operators added procedures and
equipment which are available on-site in prepared
condition to be used in such a case.
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Conclusion/ Summary

After the Fukushima event, the electrical design has
been revised and found to be as required by existing
regulations.

Nevertheless, to deal with the case of a total station-
blackout, additional equipement has been allocated,
allowing the supply of electricity to the NPP on a well-
prepared ad hoc basis.
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Strengthening the First Line of Defence:
Delayed Turbine Trip at SCRAM in Westinghouse type NPP’s

Ir. M.A.J. (Marcel) van Berlo
KFD (Authority for Nuclear Safety and Security ANVS),
Ministry of Infrastructure and Environment,
The Netherlands

Abstract

The availability of Information, Control and Power (ICP) is not treated as a Critical Safety Function
(CSF). After the Forsmark (2006) and Fukushima (2011) incidents there is reason to add ICP as a separate
CSF. Adding ICP as a separate CSF would possibly lead to procedural adaptations, or even design
changes, for Nuclear Power Plants.

As an example, this paper focusses on the transitions immediately after a SCRAM. At a SCRAM in
many nuclear power plants the turbine is tripped immediately to prevent the extraction of too much heat
from the reactor. However this requires a large and fast transition for the entire secondary system. The
rescheduled priorities could lead to the wish NOT to trip the turbine before load has been reduced and
alternative power has been secured.

This paper discusses a “soft landing” for the turbine by keeping it running after the SCRAM. Turbine
control can follow reactor power by controlling the pressure of the available residual steam from the steam
generator. With a proper control design this enables a flexible and precise control of primary temperatures
without any fast switching in the secondary system during the first %2 to 3 minutes. In this period reactor
load and turbine power are smoothly lowered to minimum levels during of which automatic preparatory
measures can be triggered. The normal transitions can be initiated in a staged form to provide a soft
landing for the entire secondary and electrical system.

Introduction

In the Westinghouse concept for nuclear installations there is a direct coupling between a SCRAM of
the reactor and the immediate trip of the steam turbine. The turbine load controller tries to keep constant
power output to the grid. At a SCRAM the drop in available power from the core results in further opening
of the turbine inlet valves. This will amplify the pressure drop and extract more heat from the primary
water. At a SCRAM this must be prevented in order to prevent re-criticality. This is the background for the
immediate trip of the turbine at a SCRAM. However this turbine trip is a major transient for the entire
secondary system:
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the turbine

the turbine bypass system
the condensate and feedwater loop
the steamgenerators
the grid

the supply electrical power to the in-house load
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This paper discusses this transient and the consequences for safe handling of the period immediately
after the SCRAM. An alternative control strategy is proposed in which the turbine tip is separated from the
SCRAM. This leads to a “soft landing” for the turbine avoiding most of the transients in the electrical- and
condensate system. More over the % - 3 minutes that are gained will allow for starting of the Emergency
Diesel Generators (EDG) as a running backup before power is switched. Even a staged transfer of internal
load to either grid connection or EDG-power is possible while the turbine is still running at reduced power.

Background

In the wake of the 1979 Three Mile Island incident Westinghouse developed a procedural approach to
improve nuclear safety with the goal to Prevent Radiation Release. This Emergency Operating Procedures
(EOP, 1979) and Emergency Response Guidline’s (ERG’s) aimed at protecting the three barriers by

fulfilling the requirements for the Critical Safety Functions (CSF).

Muclear
Safety
Goal

Barriers

Critical
Safety
Functions

Pravent Radiation Release
Fuel Matrix and Reactor Coolant Containmant
Clad Integrity Sysatem Integrity Integrity
Reactor Reactor
Subcriticality cﬁmg g:.‘i! Coaolant Coolant System Containment
Inventory Integrity

Figure 1. Critical Safety Factors as basis for Emergency Response Guidelines.

This well-developed approach is used for many nuclear installations in the world. A seventh CSF
considered is the availability of utilities. At the Three Miles Island incident the problems were not directly
related to the availability of Information, Control and Power (ICP), but much to the interpretation of the
information. This explains the development of the six CSF’s in the 80’s. The provision of power is a high
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priority in the Emergency Response Guidlines, but not as a CSF with its own priority. As Forsmark 2006
and Fukushima 2011 have shown ICP should probably be treated as a separate CSF. This would lead to a
more systematic evaluation of:

o Information: information is the crucial resource for all processes that do not rely on passive or inherent
mechanisms. Even for passive and inherent mechanisms information can be vital for evaluation of the
situation. Much of the information is provided by process-instrumentation. Power requirements are
generally relatively low (e.g. 1-100 W/instrument) which makes batteries a secure source of power for
many hours. Use of large batteries for many combined information points and data handling creates a
weakness in itself. In all cases an immediate loss of all information should be avoided. Batteries
should be scheduled for a graceful degradation instead.

¢ Control: to make information useful options to execute actions are needed. For control-actions (e.g. by
operating valves) the power requirements are somewhat higher (e.g. 0,1-10 kW/actuator), but the use
is mostly intermittent with a low duty cycle (e.g. 1 min per hr), so that this can still be provided by
batteries. In the classification of components options do (manual) actions over a (very) long time after
a blackout should be considered.

e Power: is needed for active systems like pumps, fans, cranes etc.. The consumption is often too high for
batteries and in practice Emergency Diesel Generators (EDG) are needed for providing emergency
backup power. Grid and turbine are only sources capable of providing enough power to provide all
functions of the first and second line of defence.

Figure 3.4.2-1: Robust power supply

Electrical Power for Protection
And Control
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Environmental conditions
- M&S

Figure 2. Levels of Defence in Depth for Power supply (NEA 2009, Didelsys p.68)

Adding ICP as a separate CSF would possibly lead to procedural adaptations, or even design changes,
for Nuclear Power Plants. As an example in this paper we focus on the transitions immediately after a
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SCRAM. The rescheduled priorities could lead to the wish NOT to trip the turbine before alternative power
is secured.

Problem definition

In the Westinghouse concept for nuclear installations a SCRAM of the reactor is immediately tripping
the steam turbine. A turbine trip, however, is a drastic action with profound impact for the entire
installation (NEA, 2009-nov-9). It involves an immediate disconnection of the generator from the grid. The
local grid can be influenced very much by the disconnection of the generator switch.

Depending on the configuration (machine-transformer, generator switch and startup-transformer) fast-
transfer switching may be needed to provide in-house load. The voltage, frequency and phase variations
caused by the switching are a risk of losing the grid connection or of triggering subsequent failures. In this
case the second line of defence is lost as a direct consequence of giving up the first line of defence. Then
there is a direct reliance on the EDG’s. The limited power available from the EDG’s has direct impact on
the options to support the CSF’s. Also the water-steam cycle is disrupted by tripping the turbine. This
could disturb feed-water supply to the steam generators.

The reason for the immediate trip of the turbine at a SCRAM is a consequence of the chosen control
structure in which the turbine is leading the power demand. The core is following the power demand by
keeping temperatures of the primary coolant stable. However at a SCRAM the drop in available power
from the core, and thus of the live steam pressure, will result in further opening of the turbine inlet valves.
This way the turbine load controller amplifies the pressure drop and, via the steam generators, lowers the
temperature of the primary coolant. At a SCRAM this must be prevented in order to prevent a renewed
criticality. Therefore, normally, an immediate turbine trip is triggered at a SCRAM. As an alternative a
concept for a smooth transition after a SCRAM is worked out below.

Consequences of a turbine trip

In the defence in depth concept the running turbine is effectively the major component of the first line
of defence:

e It closes the water-steam cycle: because of it continuous operation it is an always tested and
reliable heat sink.

e The turbine-generator: Generates power in parallel to the grid both stabilising and contributing
to the reliability of power availability.

The problem with the turbine trip at a scram is that both functions are given up instantaneously and
many components need to respond at the same time:

e Closure of turbine inlet valves and at the same time opening of turbine bypass valves and
opening of the valves for water injection for steam cooling.

o Drastic load increase and temperature transient for main condenser.

e Disconnection of generator switch at full generator load (or of main switch and fast transfer to
start transformer).

Due to the large power available at the moment of the trip the transients are maximal both on the
steam-side and on the electrical side of the turbine-generator system.

211



NEA/CSNI/R(2015)4

*

*
e

Ny

Figure 3. Function loss at failed transfer of electrical supply after turbine trip.

The trip of the generator generates large transients on the power lines it is a critical transition for the
grid because full load is switched off unscheduled an must be compensated in seconds. The grid voltage,
frequency and phase are disturbed and this can hamper local grid availability. Consequently reconnecting
the alternative feed (start-up transformer) is having a significant chance of failure, inducing (partial) loss of
electrical supply for the in-house-load. The internal configuration of the supply of the in-house-load (e.g.
generator switch or start-up transformers) can cause different behaviour. See the evaluation report of the
Forsmark incident by the DIDELSYS taskgroup (NEA, 2009-nov-9, p. 61)* for background on switching
the power. As an example the scheme of Figure 1 indicates a failed transfer of the in-house-load from
turbine-generator to grid supply. Then there is immediate reliance on the EDG’s. Due to the limited power
of these EDG’s all main pumps are non-available with EDG-power. This way a turbine trip generates
directly major additional consequences in the primary system.

The main components in the first line of the defence in the defence in depth are the running turbine
and closed water-steam-cycle. The turbine-generator also is the first line of defence for the power supply.
The problem with the turbine trip at a scram is that both functions are given up instantaneously with high
transients due to the large power available at that moment. The many components that have to act under
full load in a time critical transition are a risk of failure. Such failure could immediately hamper the second
line of defence. Therefore it is proposed to operate as long as possible with the turbine-generator in its
normal configuration.

Concept

Instead of tripping it, the turbine of a NPP could be used for handling the transition to a low power
stage after a SCRAM. It requires that the turbine is kept online in a way that controls the requirements for
the primary loop. The turbine inlet valves can be used for a smooth transition. Therefore the control of the
turbine inlet valves should be switched from normal control of the generator power output to the control of
the live steam pressure.

! NEA. (2009-nov-9). Defence in Depth of Electrical Systems and Grid Interaction, Final DIDELSYS Task
Group Report. Nuclear Energy Agency, Committee On The Safety Of Nuclear Installations. OECD.
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Live steam pressure is maintained following the same the time dependent pressure-setpoint as with
the controller of the bypass valves. The amplification of the live steam pressure drop will be avoided. A
feedforward steering will use the maximum available closing speed of the turbine inlet valves till the
appropriate pressure and live steam quantity are reached. For the steam generators pressure variations
could even be smaller because of the avoidance of timing problems normally caused by the transition from
turbine inlet valves to turbine bypass valves. As a consequence the bypass valves will not be needed in the
first time after the SCRAM and transients from the switch-over will be avoided.

This modification only involves adaptation of the turbine control system. The control behaviour of the
turbine inlet valves can be designed the same way as the turbine bypass valves. It results in significant
strengthening of the first line of defence by keeping the turbine running on the nuclear decay-heat for about
% to 3 minutes after the SCRAM. This could improve the robustness of the plant for other failures
immediately after the SCRAM.

Pressure setpoint -

W)

Figure 4. Switching of turbine control at SCRAM

With the proposed change the information flow will be reversed after the SCRAM: The nuclear decay
heat decreases with a curve in time. The turbine inlet valves will follow the decreasing steam production
by controlled throttling to keep the steam pressure stable. The turbine output power will be following the
nuclear decay heat. It will be reduced to 4% of nominal power in about halve a minute and will then
decrease to 3,5% after a minute and to 3% after about 3 minutes®. This can continue till the turbine
Reverse-Power-Protection triggers and the turbine is switched off. At this time, the transient on the
secondary water-steam-cycle and the electrical system is one or two orders of magnitude smaller.

Power supply is uninterrupted during this first minute. This means that all large pumps (Primary
Coolant Pumps, cooling water pumps, condensate pumps and feedwater pumps) remain operative for the
removal of large quantities of residual heat from the plant. The grid is stabilised by the running generator

2 Garland, 1998, Decay heat estimates
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and time is available to do necessary switching of components in a staged way. And because the secondary
water-steam-cycle remains intact during this first minute the inventory of water in the steam generator and
deaerator tank is preserved. In the time gained actions can be triggered to prepare a soft landing of the
process. By continued use of the entire normal secondary loop during the first minute transition the
chances of a Failure-on-Demand (FOD) will be decreased.

In the first half a minute action can be triggered to prepare a “soft landing” of the process. First of all
operators get alerted before the mass of alarms from all secondary processes get triggered. The Emergency
Diesel Generators (EDG’s) can be started in order to have them as running-standby. Even synchronisation
of an EDG could be possible.

Consequences of delaying the turbine trip

Running the turbine deliberately after a SCRAM is a deviation from the Westinghouse approach used
up to now. But it can be realised with relative little effort. It mainly involves switching the controller of the
turbine inlet valves from normal control on generator power to control on the live steam pressure. The
dynamics of the turbine inlet valves should be validated and compared to those of the turbine bypass
valves. These parameters should be used for a control design that will guarantee optimum performance
with regard to the influences on the primary loop. A PID-controller would probably be a simple and
sufficient base for the design of the controller. A feed-forward signal could send the turbine inlet valves to
a predefined position in anticipation of the required steam flow and pressure after the SCRAM.

The turbine will have to run for % to 3 minutes with a steam flow of 5-3%, which is below the
normal minimum for the turbine. But as the steam flow is small and the time is short the erosion effect of
wet steam on the turbine blades will be negligible. Generally turbine suppliers allow this low load
operation for a limited number of hours per year. It is a load comparable to the load for island operation of
the plant.

Possibly a number of other controllers of components in the secondary loop need to be validated for
this transient. Performance can be improved by adding a feed-forward signal that triggers on the SCRAM
command. In principle all these actions are less drastic with a delayed turbine trip than with an immediate
turbine trip.

In a situation without a generator switch (NEA, 2009-nov-9, p. 61)° the transfer of inhouse-load from
turbine to grid connection can be done while the turbine is still connected to the grid. Then the turbine-grid
connection is much more stable than when doing the transfer just at the moment of disconnecting the
generator. This greatly improves the chance on a correct fast-transfer. This is a major contribution to the
safety by keeping the first line of defence for power supply intact. Then it is possible to transfer in-house
load in separately (per redundancy) to the grid. If one of these fails the EDG is already running and supply
is restored with much less interruption. The soft running down power of the turbine-generator, instead of
the instant trip at full load, is also favourable for the grid operator.

Conclusion

A relative simple addition to the turbine control can keep the turbine online for % to 3 minutes after a
SCRAM. The turbine load controller can be switched to control of the life steam pressure with the turbine

. NEA. (2009-nov-9). Defence in Depth of Electrical Systems and Grid Interaction, Final DIDELSYS Task Group
Report. Nuclear Energy Agency, Committee On The Safety Of Nuclear Installations. OECD.
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inlet valves. The turbine will then follow the decreasing production of decay-heat. This enables control of
the life steam pressure without a transition to the turbine bypass valves.

The running generator stabilises the grid and power is gradually decreasing till the power reaches a
minimum of only a few percent of nominal load. Only then the turbine is tripped. Transients in as well the
secondary water-steam-cycle as the grid are one or two orders of magnitude smaller. This can be handled
by the first line of defence and reduces risk of also losing the second line of defence.

During the time of pressure control preparations for a soft landing can be initiated. EDG’s can be
started and in-house-load can be fast-transferred to grid connection while the generator is still coupled to
the grid. Staged switching of all components reduces chances on failure. For plant operators as well as the
grid operator a smoother transfer is favourable.
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Ministry of Infrastructure and the
Environment

Soft landing after
SCRAM

Strengthening the first line
of defence; Delayed trip of
the turbine

Ir. M.AJ.(Marcel) van Berlo

KFD / Authority Nuclear Safsty and Radiation Protection

Learnad

April 1-4, 2014

The KFD Department of Nuclear and
Radiological Safety, Security and
Safeguards in the Netherlands monitors
nuclear facilities, storage and transport
of nuclear material and non-proliferation
(preventing proliferation) of nuclear
materials and technology.

In the Netherlands:
* 1 NPP

* 2 Research reactors
* Fuel processing

* Waste storage

* Isotope production

Ministry of Infrastructure and the Environment 1 April 2012
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The Netherlands — NPP Borssele

« The Netherlands have one commercial nuclear power
plant in operation:

* NPP Borssele
« IRS plant code: NL-2
* PWR, 510 Mwe
- Start of operation 1973
* LTE envisaged until 2033

Ministry of Infrastructure

s

Critical Safety Functions
Westinghouse ERGs

Nuclear
Safety
Goal

Barriers

Critical
Safety
Functions

Prevent Radiation Release

,/[\

NEA/CSNI/R(2015)4

1 April 2014

Fuel Matrix and Reactor Coolant Containment
Clad Integrity System Integrity Integrity

Reector Reactor
Heat!
S c?:..-. Sink Coolant © 8 c
nventory Intogrity
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5
Critical Safety Functions

Three Mile Island is the origin of CSF's.
Based on problem with interpretation of information

Forsmark and Fukushima have shown
problems with:

» Power
« Control
« Information

Ministry of Infrastructure and the Environment 1 April 2012

5
Critical Safety Functions

Electrical and Control systems are used to
mitigate Otherrisks.

Electrical systems are interconnected

Separate
Needed: CSF for ICP.

Ministry of Infrastructure and the Environment

218



NEA/CSNI/R(2015)4

Power, Information and Control

Information, Control and Power should be

assigned a separate Critical Safety Function (CSF)

Information is crucial for assessment of the situation, even if there isno problem.

Control is crucialfor having optionsto react onsituations.

Power for smallcomponents.

Robustness = Graceful Degradation path

Ministry of Infrastructure and the Environment 1 April 2012

Soft landing after Scram

Atthe NPP Borssele (NL) turbine load control onfixed electrical output that
willcontinueto extract maximum energy out of thereactor at a SCRAM.

Thereforea SCRAM isautomatically inducing an immediate turbine

trip. Thisa major transient inthe entire secondary and electrical system. This

has also major secondary implicationsfor the primary system andthe
availabilty of utilities

The philosophy should be to keep the turbine running as long as possible.

The transtion can be postponedfor cneto several minuteswhen power levels
are much lower. Therefore grid implications are smoothed out whichreduces
the risk of Losing Of Offsite Power (LOOP). Inthemeantime switching of
components can be staged and chances of component failure or Station
BlackOut (SBO) can besignificantly reduced.

Following sheats explain thisstrengthening of the first line of defence.

Ministry of Infrastructure and the Environment 1 April 2012
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Process

Reactor

Ministry of Infrastructure and the memt 1 April 2012

Process Control: Basic information flow

[Power=fixed setpoint |

Pressure =floating

Temperature
= fixed setpoint]
I

Main plant control mechanism: Information flow
* Qutput power from generator to the grid isgiven.

* The turbinesucksthedemanded power fromthe life steamline.

* Thislowersthe secondary pressure.

* ThislowersthePrim. and Sec. Temperatures

* To keep coolant temperature stable: The reactor follows the power demand.

Ministry of Infrastructure and the Environment 1 April 2012
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Conventional transfer at SCRAM

[]
BANG - BANG transfer
Full power trip
* Electrical power switch off: 515 MW, ~10mSec (half a period)
* Reconnect startup transformers: 25 MW, <25 mSec
* Steamflow cutt off: 375 kg/sec in2sec
* Steam bypassopening + water injection in2sec

_ Transfer is initiated before SCRAM is evaluated ! “

Failed transfer after SCRAM

If_transfers fails:

* Loss ofallhigh-power pumps

* Loss off water steamcycle

* Fulldependency ondiesel engines only available for selected emergency equipment

This is a SINGLE “failure”, impairing primary and secondary system

Ministry of Infrastructure and the Environment 1 April 2012
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Defence in Depth

Figure 3.4.2-1: Robust power supply
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Proposal: Turbine feed at SCRAM

* Switch to presurecontrol

* Time to prepare soft landing.

Proposal: keep turbine running at SCRAM:

* Focus onstable andgradualload reduction.

Ministry of Infrastructure and the Environment

1 April 2012
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After SCRAM

[]
=C, 8ar
Ir 30
Turbine running as pressure controller at SCRAM: W AR e R e e 300
* Pressurecontrol: Stable primary temperatures. et \ B
* No switching during first % minute. s B
* Optimal hea extraction path. ] \ T
= 2 . I 100
* Time to prepare soft landing. 2% FF—HHK
* Ending at generator-reverse-power trip. - 1 t‘;"m A=
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Ministry of Infrastructure and the Environment
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Power available after SCRAM
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Ministry of Infrastructure and the Environment 1 April 2012

Soft Landing Preparation:

* Start Emergency Diesel Generators.

* Then transfer internal power to grid.  (This is with still connected turbine!)

* Waitfor decay heat to decrease and stabiise new operation (“one minuts)

Ministry of Infrastructure and the Environment 1 April 2012
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P

Transfer to bypass operation (~2 minutes)

PO G |

Soft Landing Procedure:
* Open bypassvalve.
* At Reverse Power from Generator protection disconnect 2enerator (st iow powerconaition).

Ministry of Infrastructure and t am 1 April 2012

Temperature|

setpoint 12’

Options to consider:
1. Stagedtransfer of redundanciesfrom turbineto grid.
2. Master-Slave control of primary coclant temperature.

Ministry of Infrastructure and the Environment 1 April 2012
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Turbine Regeling
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Conclusion after Fukushima
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Power, Information and Control should be

assigned a separate Critical Safety Function (CSF)

The turbineisfirst line of defence:

possible.

At a Scram the philosophy should be to keep the turbine running as long as

Transients inthe entire secondary and electrical system canbereduced
signifi@antly.
The risk of Losing Of Offsite Power (LOOP) canbereduced.

Requiresonly a simple additional pressure-controller

Ministry of Infrastructure and the Environment

Perspective

Anyreliance onoutsideworld is a risk in itsef.

Long term autarky autonomous operation
of key electrical systems on decay heat

1 April 2012

Primary loop inmedium hot standby (e.g. 200°C, 40bar)
Secondary micro-turbine (e.g. 200°C, 10 bar, <1 MW)

Air cooledcondenser.
Minimum equipment involved
No EDG.

Ministry of Infrastructure and the Environment

1 April 2012
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""Requirements for Robustness of Onsite Electric Power Systems™

Electrical Systems Design Applications on Japanese PWR Plants in Light of the Fukushima
Daiichi Accident
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Effects of Common Cause Failure on Electrical Systems
Kevin Pepper (ONR, UK)
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Electrical systems design applications on Japanese PWR plants in light
of the Fukushima Daiichi Accident

Tsutomu Nomoto

MHI, Japan

Abstract

After the Fukushima Daiichi nuclear power plant (1F-NPP) accident (i.e. Station Blackout), several
design enhancements have been incorporated or are under considering to Mitsubishi PWR plants’ design of
not only operational plants’ design but also new plants’ design.

Especially, there are several important enhancements in the area of the electrical system design. In
this presentation, design enhancements related to following electrical systems/equipment are introduced;
- Offsite Power System
- Emergency Power Source
- Safety-related Battery
- Alternative AC Power Supply Systems

In addition, relevant design requirements/conditions which are or will be considered in Mitsubishi
PWR plants are introduced.

1. Introduction of the Japanese PWR Plants

Currently, Japan has total 24 PWR plants and the electric output per unit is 340-579MWe for 2-loop
plants, 826-912MWe for 3-loop plants, and 1160-1180MWe for 4-loop plants. Each PWR plant location is
shown in Figure 1. The figure also shows its position and distance from the epicenter of the earthquake
which triggered the 1F-NPP accident. The figure shows that all the PWR plants are located away from the
epicenter of the earthquake and fortunately they suffered little damage caused by tsunami.

As of April 2014, all the nuclear power plants in Japan including PWR and BWR are not in operation
and a safety review are being performed to restart operations.

231



NEA/CSNI/R(2015)4

Total: 24 Units
TomariNPP @ @ @
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Figure 1. Site Location of the Japanese PWR Plants

2. Changes in the Japanese Regulatory Requirements Before and After the 1F-NPP Accident

Before the 1F-NPP accident, the nuclear power plants in Japan were designed in accordance with the
following guideline:

- Review Guide for Safety Design of Light Water Nuclear Power Reactor Facilities

This guideline required design consideration for SBO events as well as design requirements for
Design Basis Condition (DBC). However, the SBO duration assumed in the guideline was very short
compared to that of the 1F-NPP accident.

Since the 1F-NPP accident, the regulatory requirements had been reviewed in light of the lessons
learned from the accident, and the following new regulatory standards went into effect on July 8, 2013:

- Regulation on the Technical Standards for Commercial Nuclear Power Reactors and Associated
Facilities

In the new regulatory standards, the design requirements for DBC have been enhanced, and in
addition, those for Design Extension Condition (DEC) have been enhanced and added. Especially, in
consideration of the fact that the 1F-NPP accident had evolved into severe accident due to the extended
SBO, the new regulatory standards have included several important enhancements to electrical design. The
main design requirements/conditions are as follows:

- Improvement of reliability of the Offsite Power System

- Increase of the safety-related battery discharge duration

- Increase of the fuel tank capacity for the emergency power source

- Installation of alternative power supply system

- Enhancement of the protective capability against Extreme External Hazard
- Enhancement of the protective capability against terrorism/airplane crash
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The safety review based on the new regulatory standards is currently being performed for the nuclear
power plants in Japan. To enhance safety of the electrical system of the Mitsubishi PWR plants, some of
the above requirements have been incorporated to their electrical design and some are under consideration.
Section 3 below shows in detail the improved design principles and typical examples of how they are
incorporated in the actual design.

3. Design Improvement on the Electrical Power Systems

3.1 Offsite Power System

The regulatory requirements before the 1F-NPP accident required that the offsite power system be
designed to connect to a power grid via two or more transmission lines, but independency of each
transmission line was not considered.

The regulatory requirements after the 1F-NPP accident require that two or more transmission lines be
independent from each other. This design can prevent loss of all the transmission lines even if one of the
substations or switchyards fails. Also, the new regulatory requirements consider increase of a seismic
capacity for equipment/structures associated with the offsite power system to the extent possible, although
the offsite power system is non-safety classified. These design improvements enhance reliability of the
offsite power system.

3.2 Emergency Power Source

Before the 1F-NPP accident, emergency power sources had enough fuel stored onsite to supply power
to required loads for two to seven days. This capacity was determined for each plant by considering the
time needed to transport fuel from offsite for replenishment.

The regulatory requirements after the 1F-NPP accident assume that duration of loss of offsite power is
at least seven days. Therefore, any plants need to store fuel for emergency power sources onsite, which is
sufficient to operate for seven days. This enhances the functionality of emergency power sources.

3.3 Safety-related Battery

Before the 1F-NPP accident, there were no national guidelines which stated safety-related battery
capacity. Therefore, safety-related battery capacity was designed to be two hours based on the American
standard “Supplementary Criteria for Electrical Power Systems for Nuclear Power Plants.” However,
assuming SBO events like the 1F-NPP accident, it is necessary to increase battery capacity to cope with the
events using only dc power supply until restoration of ac power.

In light of the above lessons learned, the regulatory requirements after the 1F-NPP accident clearly
state the safety-related battery capacity as follows:

- Batteries should supply electric power for 8 hours without switching off the loads. After 8 hours,

the system should supply electric power for subsequent 16 hours (i.e. 24 hours in total) with
switching off the loads not required for safety purpose.
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Based on this requirement, it is necessary to increase the safety-related battery capacity so as to
supply power to required loads for 24 hours. The increase of battery capacity can be done by replacing
with larger capacity battery or providing additional batteries.

3.4 Alternative Power Supply Systems/Equipment

The regulatory requirements before the 1F-NPP accident did not require installation of back-up ac
power supply, i.e. alternative AC (AAC) power supply system, onsite, because early restoration of offsite
power or emergency power sources were expected. However, considering the case of the Extreme External
Hazard which was experienced during the 1F-NPP accident, it is necessary to assume that the offsite power
and emergency power sources cannot be restored for a prolonged time.

In light of the above lessons learned, the new regulatory standards require installation of alternative
power supply systems/equipment as follows:

- Deployment of transportable alternative power supply systems/equipment (e.g. power supply
vehicle and batteries)

- Installation of alternate current power supply system as a permanently-installed alternative
power supply system

In addition, the new regulatory standards require that alternative power supply systems/equipment be
independent and spatially separated from the DBC management system. These arrangements including the
diversification mentioned in the later section ensure that ac power supply is available even in the event of
SBO.

3.5 Loss of Normal Access to the UHS (LUHS)

All the PWR plants in Japan apply diesel generators (DGs) for emergency power sources. This type of
engine needs cooling water to operate, i.e. UHS needs to maintain its function to operate the diesel engine.
In this case, assuming that LUHS occurs due to external events, such as tsunami, all the emergency power
sources will fail. Therefore, it is necessary to install power sources which do not rely on UHS, e.g. gas
turbine generator (GTG) and air-cooled DG, in addition to emergency power sources. Applying this type of
power source for AAC can provide diversity between AAC and EPS (water-cooled), increasing the
reliability of the power supply systems.

3.6 Connection with Transportable AAC

As described in Section 3.4, Mitsubishi PWR plants are planning to install transportable AAC as
alternative power supply equipment. This power source normally stands by in the area onsite where safety
is ensured. In the event of SBO, it is moved near the building and connected manually to the connecting
port provided on the outward wall of the building. Providing multiple connecting ports in different places
prevent failure of connection due to common cause failure.

3.7 Extreme External Hazard

Before the 1F-NPP accident, plant design considered the effect of postulated natural phenomena, such
as earthquake, tsunami, flood, and freeze. However, in the 1F-NPP accident, external hazards, i.e.
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earthquake and tsunami, exceeding the design basis hit the plant and made the protection equipment
incapable. Taking into account the lessons learned from this experience, protection against the Extreme
External Hazard needs to be enhanced.

Specifically, the following protection measures can be considered:

v' For protection against tsunami/flooding

- Raising the height of the flood barrier

- Provision of adequate water seals to openings of the building

- Extension of the inlet/outlet duct of DG to locate the opening to a higher level
v" For protection against tornado

- Install a missile protection nets

3.8 Terrorism/Airplane Crash

Although the 1F-NPP accident was caused by natural phenomena, the new regulatory standards
enhance the requirements for protection against not only natural external hazards but man-induced external
hazards, e.g. terrorism and airplane crash.

Specifically, it is required that an independent facility be built outside the Reactor Building, which is
equipped with necessary equipment/systems, to cope with loss of safety function in the Reactor Building
due to terrorism or airplane crash. “Necessary equipment/systems” refer to those to prevent damage to the
containment vessel, e.g. pumps, power and water sources, and monitoring and control systems.
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1. Introduction of the Japanese PWR Plants -

» Site Location of the Japanese PWR Plants
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GenkainPF @ @ @ @
SendaiNPP @ @ @ 2-loop
@ 3-loop

lkataNPP @ @ @ @ 4-loop

© 2014 MITSUSSHIHEAVY NOUSTRIES, (TD. AlRphS Resenved 2

2. Changes in the Japanese Regulatory Requirements
Before and After the Fukushima Accident A sursvee

» Main Requirements for Electrical Design

Before Fukushima Daiichi Accident After Fukushima Daiichi Accident

» Reaqulation; » NewRegulation;
“‘Review Guide for Safety Designof “Regulation onthe Technical Standards for
LightWater Nuclear PowerReactor Commercial Nuclear Power Reactors and

Facilities™ Associated Facilities”

» Main Requirements; » Main Requirements;

v Installation ofemergency power v Improvement of reliability of the Offsite
supply systems Power System

v Ensuring the redundancy and v" Increase of the safety-related battery
independency for emergency discharge duration
power supply systems v Increase of the fueltank capacity for the

v Consideration ofa short-term emergency power source
Station Blackout(SBO) for v" Installation of alternative power supply
electrical design systems

v Enhancement ofthe protective capability
againstExtreme External Hazard

v" Enhancement ofthe protective capability
againstterrorism

© 2015 MITSUBSHIHEAVY NOUSTRIES, LTD. AIRphS Resened 3
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Details about the Regulatory Requirements o e—

» Before Fukushima Daiichi Accident

Review Guide for Safety Design of Light Water Nuclear Power ReactorFacilities

Guideline 27. Design Considerations against Loss of Power
The nuclear reactor facilities shall be so designad that safe shutdown and proper cooling of the reactor
after shutting down can be ensured in case of a short-term total AC power loss.

Guideline 48. Electrical Systems

(1) The electrical systems shall be designad to allow the structures, systems and components with safety
functions of especially high importance to be fad by sither of of f-sile power and emergency on-site power
when they nesd electric power to fulfill their safety functons.

{2) The off-site power system shall be connected to the slectric power system with two or more power
transmission lines.

{3) The emergency on-site power system shall incorporate redundancy or diversity and independence and
have enough capacity and capability to sccomplish the following properly even with an assumption of 2
single failure of its components.

1) Shutting down and cooling the reactor without the acceptable fuel design limits and design conditions for
the reactor coolant pressure boundary being excesdad in case of anticipsted operational occurrences.
2) Cooling the reactor cors and ensuring the integrity of the reactor containment and safety functions of
other necessary systEms and components in case of an accident, such as loss of reactor coolant.

{4) The electrical systems associated with safety functons of high importance shall be designed such that
their important portions can be tested and inspected on 3 periodical basis.

© 2015 MITSUSSHIHEAVY NOUSTRIES, (TD. AlRphs Resenved 4

Details about the Regulatory Requirements e e—

» After Fukushima Daiichi Accident

Interpratation of the Regutation on the Technical Standards for

Regulation on the Technical Standards
Commercial Nucksar Power Reactors and Associated Faclities

Tor Commercial Nuckear Power
Reactors and Associated Faclities

Arfiole 72 (Eleoirio power supply sysisen) Artiols 72 (Electirio power supply sysism)

A nuciese power reacior faciity shall be 1. The¥ Y SySer 20 engure power required” inthe

oo wEnther Y Clausa 1 mean the sysiemslequipmean: provided for e pupose of e Soliowing
SySIemSiequipmant 10 ansure slacic power MaSSLUres OF 8Ny OWHEr MASSIES WiTh SamMe Or Datiar affactivenass:

required for preventing significant 15 ar of ahemative power SupDly SySiemsiequipmeant

20 e rescior core, faliure Of rescior L Depiloyman: of yansporiadie afematve power Supply Sysiems/equipmant (&g
contsinment, significant damages 2 fuel power Supply vahicie and baneries)

assamblias in e spent fual pool and I insatiation of aRemate cuent power SUDDY SYSem as 8 parmanentl-instalied
significan: camages %0 e fusl assamplies I anematve power suDDly Sysem

e restior In shudown stte (hareinatier L The sbovs sysiemsiequipment Should De Indepandent of and spatially separsted
refemed 10 as “fuel assemplies within shut- fom Me sysemslequipmeant 0 COpe With design basis accidents.

COWn reacior), wWhan & sarious accident D The permansnciy-instalied girect Curent power Supply Sysiem with baneries should
ocours due 20 oSS Of power SUDply for Supply elacyic power 40r $ oS WENOW SWRChInG off the loads. “WInout swiching
Systemsiequipmant 20 CODa With design basis Off o2 loads” doas Mot InCiude e Casas whare tha joads Can Da assily swiichad of
accidens. in e raacior CoNY0l I00M OF AEJSCAnt I00MS SUCh &S AlacTic 100ms. Afer £ hours,

Te sysiam should Supply Slecyic power for suosaguant 16 howrs (Le. 24 hous
20%al) with swiching off e josds not required for safaty pupose.

© Such Yansporadle direct cument power supply Systemiequipmant should be
provided That Can SUpDly Slecyic power (direct Curent) for 24 hours 20 the
sSysemslequipr eguired for e responsa 10 serous acctidens,

d. in ;e case of multiple unt plants, necessary cables should be laid In advance 10
aliow elacTic power Imarchange among e unis by manual conneciion.

e Loss of functions of sation elecic equipmant (&g Motor control centers JWCCs),

and at leas?t one Tain should maintain IS function and aliow access of parsonnel.

S 2014 MITSUSSHIHEAVY NOUSTRIES, LTD. AlRphS Resenved 5
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3. Design Improvement on the Electrical Power Systems _ il

3.1 Offsite Power System

Before Fukushima Daiichi Accident After Fukushima Daiichi Accident

v Connectiontoa powergridviatwo or v Connectionto a power grid via two or
more powertransmission lines more independent powertransmission
lines
¥ Increase a seismic capacity of
equipment/structures associated with
offsite power system

Transmission Towsr A

Typical example

Switchyard A

Physically independent

witch
NPP ‘ Seowans Transmission Tower B

3.2 Emergency Power Source

Before Fukushima Daiichi Accident After Fukushima Daiichi Accident

v Capacity of fuel tank : 2to 7 days v' Capacity of fuel tank : atleast7 days
(Determined for each plant by

consideringthe time neededtotransport

the fuel from outside the plantfor

replenishment.)

S 2014 MITSUSSHIHEAVY NOUSTRIES, (TD. AIRphS Resensed 7
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3. Design Improvementon the Electrical Power Systems

Continued o sursumisn
3.3 Safety-related Battery
Before Fukushima Daiichi Accident After Fukushima Daiichi Accident
v Discharge Duration : v Discharge Duration :
2 hours 8 hours (withoutload shedding)

Subsequent 16 hours (with load shedding)

Typical example
Charger |

DC Switchboard

oads reqmred (5} oads not require ﬁ After & hours, switching off the loads
safety purpose rsafety pUrpOSE not required for safety purpose.

S 2014 MITSUSSHIHEAVY NOUSTRIES, (TD. AIRghS Resensed e

3. Design Improvementon the Electrical Power Systems
Continued A sursvee

3.4 Alternative Power Supply Systems/Equipment

Before Fukushima Daiichi Accident | After Fukushima Daiichi Accident

v NIA v" Installation of Permanent AAC
v" Deployment of transportable AAC
(e.g. power supplyvehicle)

N

Permanent AAC

%
8l |

Typical example

Train A Train B
Safety Medium Safety Medium Transportable AAC
\oltags Bus \oltage Bus
EPS-A EPS-B
© 2014 MTSUBSHHEAVY NOUSTRIES, LTD. AlRGhS Resanes 2
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3. Design Improvementon the Electrical Power Systems

Continued
3.5 Loss of Normal Access to the UHS (LUHS)

Before Fukushima Daiichi Accident After Fukushima Daiichi Accident

v NIA v Installation of power sources which do not
rely on UHS

Install power sources which do notrely on UHS (e.q. gas turbine generator,
air-cooled diesel generator) sothatthey can supply powerto the required
loads evenif LUHS occurs due to external events such astsunami.
Applying this type of power source for AAC can provide diversity between
AAC and EPS (water-cooled), increasing the reliability of the power supply
systems.

S 2014 MITSUSSHIHEAVY NOUSTRIES, (TD. AIRphS Resensed 10

3. Design Improvementon the Electrical Power Systems

3.6 Connection with Transportable AAC

Before Fukushima Daiichi Accident After Fukushima Daiichi Accident

v NIA v" Providing multiple connecting ports
v" Installation of each connecting port in
a different place

Connecting ports
Provide connecting ports in different | Typical example

placesto prevent failure to connect
with the transportable AAC due to

common cause failure.
. o

—67 o)
Transportable AAC

S 2014 MITSUSSHIHEAVY NOUSTRIES, (TD. AIRphS Resensed 1
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3. Design Improvementon the Electrical Power Systems
Continued

3.7 Extreme External Hazard

Before Fukushima Daiichi Accident After Fukushima Daiichi Accident
v Plant Designto ensurethatsafety is v Enhancement ofthe protective

not impaired by assumed natural capability against Extreme External

phenomena(*). Hazard

(*) earthquake, tsunami, flood, freeze, etc.

Typical example

Install a missile protection
nets

ocate the opening to a higher level

© 2014 MITSUSISHIHEAVY NOUSTRIES, LTD. AIRphS Resened 12

3. Design Improvementon the Electrical Power Systems
Continued

3.8 Terrorism/Airplane Crash

Before Fukushima Daiichi Accident| After Fukushima Daiichi Accident
v Protection of the safety function + Establishmentofan independentfacility
in the Reactor Building outside the Reactor Building dedicatedto

coping with loss of entire safety functionin
Reactor Building

v Provision of equipmentnecessaryto
prevent damage to the containmentvessel

Typical example

4 Control and
Loss ofsafety BEY, O rol ;
function in the L g9 VI R ER Gh SR Sy M-rionng
ReactorBuilding . M

Pump

Go— ’ Power source

ﬁ Water source
Independent facility

© 2014 MITSUBISHIHEAVY NDUSTRIES, (TD. ARphS Resened 13
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4. Conclusion H—

v" Since the Fukushima Daiichi accident, the regulatory requirements
had been reviewed in light of the lessons learned from the accident.

v" The new regulatory standards have included several important
enhancements to electrical design.

- Improvement of reliability of the Offsite Power System
- Increase of the safety-related battery discharge duration

- Increase of the fuel tank capacity for emergency power source
- Installation of AAC system

- Enhancement of the external hazards protection
- Enhancement of the man-induced external hazard protection

v" To enhance safety of the electrical system of the Japanese PWR
plants, some of the above requirements have been incorporated to
their electrical design and some are under consideration.

S 2015 MITSUSSHIHEAVY NOUSTRIES, (TD. AIRphS Resensed 14
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Effects of Common Cause Failure on Electrical Systems

Eur Ing Kevin Pepper B.Eng (Hons) C.Eng MIET
Electrical Inspector, Office for Nuclear Regulation, United Kingdom

Abstract

The essential electrical systems of reactor designs have developed progressively with an increased
focus on the use of redundant, segregated and independent safety system equipment ‘trains’. In this
arrangement, essential safety functions associated with safe shutdown and cooling of the reactor are
replicated on near identical electrical systems with each of the trains of safety system equipment supported
by a fully rated standby generator.

Development in designs has seen the number of trains increased to enable maintenance to be
undertaken with reactors at power, improving the economics of the units whilst maintaining nuclear safety.

This paper provides a background to common cause failure and provides examples where supporting
guidance and international experience is available. It also highlights the regulatory guidance available to
UK licensees.

Recent examples of common cause failures on plant in the UK are presented together with an issue
identified during the recent Generic Design Assessment review of new reactor designs within the UK. It
was identified that one design was claiming a very low probability of failure associated with the loss of a
single break and no-break voltage level, orders of magnitude below the target figure within ONR’s Safety
Assessment Principles. On closer scrutiny it was established that a significant safety function provided
from identical low voltage switchboards would be lost in the event of a common cause failure affecting
these boards.

The paper will explain the action that has been taken by the requesting party to improve the resilience
of the design and how this impacts on the ONR reliability targets for reactor designs within the UK.

1. Introduction

The events at Fukushima Daiichi in March 2011 are classic examples of Common Cause Failure.
Seismic and flooding events have long been recognised as a significant risk to electrical systems used to
support safe shutdown and post-trip cooling of nuclear power plants. On this occasion, the effect was the
inability to provide electrical power from either any of the off-site supplies or the on-site generators. This
paper will remind the reader of what constitutes common cause failure and why it is more encompassing
than the more widely used term common mode failure. It will provide background on the information that
is available to support UK licensees and describe some recent events in the UK which have challenged the
resilience of the common cause failure arrangements.
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2. Guidance

The International Atomic Energy Agency (IAEA) provides the following useful definition of
Common Cause Failure (CCF)":

Failure of two or more structures, systems or components due to a single specific event
or cause. For example, a design deficiency, a manufacturing deficiency, operation and
maintenance errors, a natural phenomenon, a man-induced event, saturation of signals,
or an unintended cascading effect from any other operation or failure within the plant
or a change in ambient conditions.

Common mode failure is defined by the IAEA as:

Failure of two or more structures, systems or components in the same manner or mode
due to a single event or cause. i.e. common mode failure is a type of common cause
failure in which the structures, systems or components fail in the same way.

Requirement 24 of IAEA Specific Safety Requirement SSR-2/17 states that the “design of equipment
shall take due account of the potenial for common cause failures”. There are also numerous guidelines for
the analysis of CCF for probabilistic safety assessment® and protecting digital 1&C systems®. This
definition highlights that common mode failure is in effect considered to be a subset of common cause
failure that considers the failing occurring through the same mechanism.

In the UK, the Office for Nuclear Regulation (ONR) provides guidance within a section of its Safety
Assessment Principles® (SAPs) entitled “Design for Reliability”. This section gives expectations on the
level of robustness that we expect for systems, considering both common cause failure and the single
failure criterion, providing specific principles that are expected to be targetted. The section states:

The design should incorporate redundancy to avoid the effects of random failure, and
diversity and segregation to avoid the effects of common cause failure. Examples of
diversity are different operating conditions, different working principles or different
design teams, different sizes of equipment, different manufacturers, different

1. “TAEA Safety Glossary”, IAEA, 2007
2 “Safety of Nuclear Power Plants: Design”, Specific Safety Requirement SSR-2/1, IAEA, 2012

%, “Procedures for conducting common cause failure analysis in probabilistic safety assessment”, IAEA-TECDOC-
648, IAEA, 1992

* “Protecting against Common Cause Failures in Digital I&C Systems of Nuclear Power Plants”, NP-T-1.5, IAEA,
2009

. “Safety Assessment Principles for Nuclear Facilities”, Office for Nuclear Regulation, 2006 Revision 1
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components, and types of equipment that use different physical methods. The design
should also be tolerant of random failure occurring anywhere within the safety systems
provided to secure each safety function.

One specific principle, EDR.3, states:

Common cause failure (CCF) should be explicitly addressed where a structure, system
or component important to safety employs redundant or diverse components,
measurements or actions to provide high reliability.

In the supporting paragraphs, it advises that CCF claims should be substantiated, with claims for CCF
no better than one failure per 100 000 demands, or equivance for a continuously acting system. This figure
is based on a judgement by ONR of the best limit that could reasonably be supported for a simple system
using currently available data and methods of analysis. It is indicated that a worse figure may need to be
used, of say 1 per 10 000 or 1 per 1000, according to the complexity and novelty of the system, the nature
of threat and the capability of the equipment. It also concedes that the continuing accumulation of good
data and advances in analysis could lead, in exceptional circumstances, to a situation where a strong case
could be made by the duty holder for better figures. In final advice, the SAPs indicate that where required
reliabilities cannot be achieved due to CCF considerations, the required safety function should be achieved
taking account of the concepts of diversity and segregation, and by providing at least two independent
safety measures.

3. International Activity

In terms of the statistics and high level event causes of CCF, there are a number of useful sources to
add a world context to CCF. Below are just some examples. The Organisation for Economic Co-operation
and Development (OECD)/Nuclear Energy Agency (NEA) through the International Common-Cause Data
Exchange (ICDE) project has sought to:

e collect and analyse CCF events over the long term so as to better understand such events,
their causes, and their prevention;

e generate qualitative insights into the root causes of CCF events which can then be used to
derive approaches or mechanisms for their prevention or for mitigating their
consequences;

o establish a mechanism for the efficient feedback of experience gained in connection with
CCF phenomena, including the development of defences against their occurrence, such
as indicators for risk based inspections;

e (generate guantitative insights and record event attributes to facilitate quantification of
CCF frequencies in member countries; and

e use the ICDE data to estimate CCF parameters.

To date this has considered diesel generators, motor-operated valves, batteries, control rod drives and
circuit breakers. The Nuclear Regulatory Commission (NRC) has collated and analysed CCF events from
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the United States of America in the Common Cause Failure Database, coding and classifying events. As
part of of this, NRC have selected the following specific topics; Emergency Diesel Generators, Motor-
Operated Valves Pumps and Circuit Breakers.

Additional events can be extracted from the joint IAEA/NEA Incident Reporting System (IRS)
database.

4 Recent Experience in the United Kingdom

From the international definitions, UK guidance and research undertaken by the OECD amongst
others, the issue of common cause failure is something widely recognised. And whilst it is considered that
the big issues have largely been identified and addressed on legacy plant, it is recognised that this is not an
issue that has been completely designed out of existing plant. The following are some recent examples
from the United Kingdom.

At one site, the emergency generators are located in a single building with internal barriers to provide
fire segregation. A single fire fighting distribution system feeds a fixed jet system for each generator.
During routine testing of the system for one generator, the flow was detected as a transient by the flow
switches of two of the systems which protect the remaining generators. Since these generator control
systems considered their respective fire fighting systems had operated, they inhibited the ability to start
them. The problem was immediately detected through alarms in the control room. Once the cause had been
identified and confirmation made that the fire system had not actually operated, the generators were started
and synchronised to demonstrate the availability of all the site generators. In this event, two generators
remained available at all times, which is the minimum declarable condition in the safety case, and it should
also be recognised that additional levels of electrical generators and diesel driven feed pumps remained
available. But this event serves as a reminder as to how a single event can render multiple plant
unavailable, even if for a short period. The system has since been modified by the licensee to prevent a
reoccurrence.

A similar event occurred at another site with a similar arrangement of multiple gas turbines in a single
building. During a post-maintenance test run of a gas turbine, the fixed jet fire system operated. Due to the
time taken to isolate the discharge, flooding was caused to the building drawing water into the air duct of
the running GT alternator. As a result of the flooding, the availability of the remaining three GTs was
challenged requiring a controlled shutdown.

It should be noted that in each of above, whilst a complete line of defence could have potentially been
lost, safe shutdown and cooling of the reactors would still have been assured by other systems on-site
which were not affected.

However, these issues are not just confined to legacy systems. A deterministic sensitivity study
undertaken during the recent GDA process of the UK EPR identified potentially severe consequences to
the plant from the postulated loss of the 690V emergency supply or 400V uninterruptible supply. As a
result of the sensitivity study, a detailed approach was adopted by the requesting party for the initiating
events of loss of 690V switchboards and loss of 400V switchboards based on:

¢ Identification of SSC/Safety Functions used in normal operation and impacted by the
initiating event
e Presentation of proposed design modifications to cope with the fault
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o Identification of required and available mitigation safety features/SSCs

e Proposed mitigation strategy taking into account the proposed design changes

e The detailed assessment determined design changes which included changing the
operating voltage of some 690V equipment to 400V

e design change to modify some key plant actuators to operate from the 220V DC system

In both cases, this would provide a diverse source of supply for key safety functions. Even with the
above modifications, the claimed failure frequency of the remaining loads on the 400V uninterruptible
power supply is 7.8x10° per year. SAP EDR 3, discussed above, places a limit on any single technology of
1x107 per year unless a strong case can be by the duty holder for better figures. Due consideration has
been given within ONR as to whether an acceptable case could be made. We determined that subject to any
Licensee meeting the following, the case was acceptable:

e The detailed design of the main switchboards, cables and supporting technology
demonstrates that the system is simple and very robust.

¢ An ALARRP analysis is undertaken by the Licensee at an early stage of detailed design to
judge whether it is reasonably practicable to provide a diverse manufacturer of
equipment for two out of the four trains.

e The detailed design analysis should show that sustained damage to the downstream
switchboards from a major failure of the invertors which renders them unable to function
can be ruled out deterministically.

e Through life support is at a level commensurate with the very high integrity required of
the system.

This work is still ongoing by the licensee of the first proposed UK EPR at Hinkley Point C to close
out this aspect.

Summary

Common Cause Failure is something that has been recognised for many years and designed out of
many legacy systems through diversity, segregation and separation. This paper has shown that Guidance is
available both from the IAEA, as well as national regulatory bodies. Information on CCF in relation to
specific equipment types is available from a number of organisations such as OECD or NRC. However, we
must never be complacent. There will still be plant safety systems out there which is not resilient against
CCF — whether due to changes in the nature of a hazardous event, the way in which the equipment is
operated or maintained, or in the design. With the increased reliance on electrical systems to support C&I
systems in shutdown and post-trip cooling, it is important that new reactor designs are given the depth of
analysis appropriate to ensure resilience against CCFs.
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Office for
Nuclear Regulation

Effects of Common Cause
Failure on Electrical Systems

Eur Ing Kevin Pepper B.Eng (Hons) CEng MIET
ONR Inspector - Safety

Common Cause Failure

What is it?

Common Cause vs. Common Mode
UK Regulatory Guidance

Examples from the UK
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What is it?

Failure of two or more structures, systemsor
components due to a single specificeventor
cause.

Forexample, a designdeficiency, a manufacturing
deficiency, operation and maintenance errors, a
natural phenomenon, a man-inducedevent,
saturation of signals, or an unintended cascading
effect from any other operation or failure within the
plantor a change in ambient conditions.

IAEA Glossary Definition

Office for
Nuciear Reguiation

International Operational Experience

* Fukushima Daiichi

— Inability to provide electrical power from
either:
+ Offsite supplies

* Onsite supplies
— Loss of multiple generators
— Loss of multiple switchboards

Office for
Nuciear Reguiation
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Common Cause vs. Common mode

* |nthe UK, we use the term Common Cause
not Common Mode

» Reason being Common Cause bounds
Common Mode failures

+ |AEA Glossary Definition — Common Mode

Failure of two or more structures, systems or
components in the same manner or mode due
to a single event or cause. i.e. common mode
failure is a type of common cause failure in which
the structures, systems or components fail in the
same way.

Office for
Nuciear Reguiation

UK Regulatory Guidance

» ONR “Safety Assessment Principles”
— Design of Reliability

— The design should incorporate redundancy to avoid the effects of
random failure, and diversity and segregation to avoid the effects
of common cause failure. Examples of diversity are different
operating conditions, different working principles or different
design teams, different sizes of equipment, different
manufacturers, different components, and types of equipment
that use different physical methods. The design should also be
tolerant of random failure occurring anywhere within the safety
systems provided to secure each safety function.

Office for
Nuciear Reguiation
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&

SAP Principle EDR.3

* Common cause failure (CCF) should be explicitly

addressed where a structure, system or component
important to safety employs redundant or diverse
components, measurements or actions to provide high
reliability.

Where required reliabilities cannot be achieved due to
CCF considerations, the required safety function should
be achieved taking account of the concepts of diversity
and segregation, and by providing at least two
independent safety measures

This is further clarified by the following paragraphs in the
text that places limits which are generally between
1.0x10-° — 1.0x10-3 /yr for continuously acting safety
Class 1 support systems.

Office for
Nuciear Reguiation

&

ONR Safety assessment guide on
safety systems

ONR's Guidance on Safety Systems (T/AST/003) sets expectations forthe
commeoen cause failure analyses of all nuclear safety support systems such
as electrical systems.

Considering electrical systems, we separate CCF of diesel generatorsfrom
CCF of Switchboards. Both needto be analysed but switchboard failures are
often more severe and can be bounding.

Classification basedon ONR SAP ECS.2

System Class | Failure Frequency/yr (ff)
Class 1 107%yrz ff 2107y
Class 2 L 10%yr2 1 > 107y
| Class 3 |10y = #f > 10y

Office for
Nuciear Reguiation
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Approachto analysing CCF

= The table in the previous slide means that deterministically the
following applies:
— As the diesel generators are demand basedtheir CCFis analysedin
conjunction with aninitiating event such as loss of offsite power
— The switchboards are generallyin operation at all times and therefore
their CCF, based on common voltage levels distributed by redundant
divisional switchboards, is aninfrequent design basis eventfor Class 1
andfrequent design basis eventfor Class 2.
» There is a difference in that the CCF of the EDGs is a demand
based failure in response to a loss of offsite power whereas the
switchboard failure is assumed to occur suddenly.

= The analyses of spurious switchboard CCF should cover a 72 hour
period

Office for
Nuciear Reguiation

Switchboard Failures

* Wherever there is common switchboard
technology at the same voltage level then:

— Class 1 switchboards must be analysed for
infrequent design basis events.

— Class 2 and 3 switchboards for frequent design
basis events.

Office for
Nuciear Reguiation
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Example - Before

]
e . 163 , Class 2 - Non Diesel
7 TT7 T T T T T T T backed Switchboards
1 ! ] 1111 ] l

Class 1 = Safety
Switchboards
ce=x -%

1 . Class 2 - Backup
{ Switchboards

Office for
Nuciear Reguiation

Example-Class 2 CCF

GRID GRWD
Class 2 - Non Diesel

{ . 1 é
backed Switchboards
b | W
Class 1 - Sadoty
Switchboards
= Rs =3
1R \

Class 2 - Backup
Switchboards

Office for
Nuciear Reguiation
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Example-Class 1 CCF

s Class 2« Non Diesel

rTTTTTTY ' EREREE B T T T T T T T T T T T backed Switchboards
11111 1111 . |

Class 1 = Sofety
Switchboards

,,,,,,

Office for
Nuciear Reguiation

No Diversity — Complete Failure for
an Infrequent Fault

GRID GRID

Class 2« Non Diesel
acked Switchboards

Class 1 = Sofety
Switchboards

Office for
Nuciear Reguiation
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Three Diverse Systems

Office for
Nuciear Reguiation

Recent UK Experience

» Failures of fire fighting systems leading to
multiple unavailability of essential
generators through
— Inhibiting of control systems
— Flooding of generator building

* In all cases
— complete failure was prevented

— Additional diverse cooling systems remained
available

Office for
Nuciear Reguiation
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Recent Generic Designh Assessment
Experience

+ Deterministic study identified loss of 690V
emergency or 400V uninterruptible system could
lead to potentially severe consequences

+ Detailed review by Requesting Party:
— Identification of SSC/Safety Functions
— Proposed design modifications

— Identification of required and available mitigation
SSC/Safety Functions

— Relocation of certain SSCs to alternative voltage
supplies (690V -= 400V ; 400V -> 220Vdc)

Office for
Nuciear Reguiation

Recent Generic Design Assessment
Experience

+ Claimed failure frequencg g7.8x1 07) still lower
than SAP guidance (1x107)

* ONR determined the case was acceptable
based on:

— Detailed design demonstrating design of system is
simple and very robust

— ALARP analysis to consider use of diverse
manufacturer for two out of the four trains

— Detailed analysis to show that failure of inverters
cannot result in sustained damage to switchboards

— Through life support is commensurate to the very high
integrity required.

Office for
Nuciear Reguiation
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Conclusion

Common Cause Failure is something
recognised across the industry as somethingto
be considered

Significant improvements have been made over
the years in respect of newer design and retrofits

Must never be complacent

With increased focus on electrical and C&l
systemsto s_ugpor_t reactor shutdown and post-
trip cooling, it has important that new reactor
designs are given the appropriate depth of
analysis against CCFs.

* for
war Reguiation

’
Nuch

Any Questions?

Email : Kevin.Pepper@onr.gsi.gov.uk

e for
war Reguiation
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A Survey of the Hazards to Electrical Power Systems

Gary Johnson
Independent Consultant, USA

Abstract

This paper presents the preliminary results of a survey of severe accidents and the lessons learned that
are important to the design of electrical power systems. This survey of historical accidents since 1952
identified 19 known incidents in which significant fuel melt occurred within a reactor core. In each of these
incidents unexpected events or event sequences played an important role. In all cases the event sequences
resulted in bypass of two or more levels of defense in depth.

This study offers clear lessons for electrical power robustness: 1) Robust design must be based upon a
clear understanding of what can go wrong, and 2) Robust design will reduce, but cannot eliminate, the
potential for failure of electrical power systems.

In order to better understand “what is the worst that can happen” known hazards are reviewed to
identify the challenges that they can present to electrical power systems.

Recognizing that unexpected events cannot always be prevented the paper discusses the need for
methods to restore plant power sources or provide for alternate power supplies when the plant power
sources fail.

1. Lessons learned from historical severe accidents

A literature review identified 19 severe accidents since criticality of the first man-made nuclear
reactor on December 2, 1942. These events occurred in very diverse reactor types. A report on these events
is expected in early 2015.

Many of the events happened before modern safety regulations and expression of safety culture. All
plants included defense in depth features, but most were designed before defense in depth principles' were
formally expressed. At some plants national security benefits took priority over design safety.

All of these accidents resulted from events that were either unforeseen or discounted as incredible.
Consequently provisions to prevent and to mitigate the effects of the events were inadequate, multiple
layers of defense failed and operators did not have the knowledge, training or procedures for response.

1 International Nuclear Safety Advisory Group-10, “Defense in Depth in Nuclear Safety,” INSAG-10,” International
Atomic Energy Agency, 1996.

259



NEA/CSNI/R(2015)4

In short, severe accidents result from limits to our knowledge, i.e., “unknown-unknowns” - things that we
cannot imagine, and ‘“known-unknowns” - things that we can imagine, but cannot accurately predict their
probability or effects. The more formal expression for these limits to knowledge is “epistemic uncertainty.”
Robust design must account for epistemic uncertainties.

The health and environmental effects of severe accidents have been lower than those resulting from
accidents or normal operation of other modes of energy generation?. The following discussion considers
three types of effects: prompt fatalities, delayed health effects, and interference with the enjoyment of
property outside of the plant premises.

Prompt fatalities

Two events, SL-1 in 1961, and Chernobyl in 1986 caused fatalities from the direct effects of radiation
exposure or from other causes during the emergency response at the plant site. At both SL-1 and
Chernobyl national security benefits took priority over design safety.

Three died in 1961 at SL-1, a US transportable power reactor.

At Chernobyl 28 deaths were attributed to acute radiation exposure. Another 19 highly exposed
survivors died in the next few years®. Some of these deaths were not due to radiation exposure. There were
no cases of acute radiation exposure to members of the public.

Chernobyl seems to bound the worse radiation environment that can result from a reactor accident. It
shows that early estimates of the prompt fatalities among the general public were exceedingly
conservative. By comparison Wikipedia recognizes 430 prompt worker fatalities and 100,681 prompt
public fatalities from other forms of energy production since 1965. The event that created the largest
number of fatalities was the 1975 collapse of a hydropower dam in China, which killed 100,000.

Delayed health effects

Three events, Windscale, Chernobyl and Fukushima have caused, or will still cause, delayed health
effects or fatalities. Epistemic uncertainties regarding health effects of low levels of radiation exposure,
and confounding effects of other possible causes make estimates of these effects controversial.

A 1988 report on the Windscale* event estimated an upper bound for public health effects of 100 fatal
cancers, 90 non-fatal cancers, and 10 heredity effects. The author went on to state that the actual numbers
are likely to be lower and may be zero.

For Chernobyl the main harmful radiation exposure to the public was increased thyroid cancer rates
in people who were children or adolescents at the time. Twenty years after the accident 6000 thyroid
cancers, 15 of which were fatal, were observed in these groups®. A substantial fraction of these cancers
probably resulted from the lack of prompt action to prevent ingestion of milk contaminated by ***1.

2 Caution. The analysis behind the following discussion was not very rigorous, but it is thought that a more rigorous
analysis would more fully support the conclusions. A more rigorous analysis would be very interesting.

3, “Sources and Effects of Ionizing Radiation, Volume II,” United Nations Scientific Committee on the Effects of
Atomic Radiation, 2011.

* Clarke, R., “The 1957 Windscale Accident Revisited,” paper presented at the REAC/TS International Conference
on the Medical Basis for Radiation Accident Preparedness, Oak Ridge, 1988.
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It will be many years before such information is available for the Fukushima accident, but based upon
the lower level of release and the more aggressive prevention and mitigation of radioactive iodine intake,
the Fukushima event will result in substantially fewer thyroid cancers than occurred at Chernobyl.

By comparison recent studies® estimate nuclear power has prevented 1.84 million air-pollution related
deaths that would have occurred if the nuclear energy had been produced instead using coal or gas.

Interference with the enjoyment of property outside of the plant premises

Two events, Chernobyl and Fukushima resulted in long-term evacuation of a sizeable area. At
Chernobyl approximately 130,000 people were relocated and a 2600-km? exclusion area was established.
For Fukushima the numbers are about 90,000 people and 300-km?. By comparison the tsunami alone
destroyed about 45,000 structures and is responsible for 200,000 people now living in evacuation shelters.
Another comparison can be made with the Three Gorges Dam that caused relocation of 1.2 million and it
impounds an area of 1045-km?.

Severe accidents contributes little to energy risks, so it seems reasonable that improving
electric power robustness may be an “as low as reasonably achievable” (ALARA) effort.

Severe accidents also have economic consequences. All of the severe accidents have resulted
in significant recovery and restoration costs. Plant replacement and cleanup costs at Fukushima
may be in the range of 100 to 300 billion US$. To utility CEOs a new nuclear power plant must
look like a “you bet your company” proposition. We must give buyers and operators confidence
that this is not the case. Consideration of the economic effects may justify more robustness
measures than consideration of health and environmental effects alone.

2. Reliability, defense in depth, and diversity in electrical power systems

Electrical power systems in today’s nuclear power plants are designed for extremely high reliability
and incorporate defense in depth strategies. Most of these systems were produced using management
systems that provided for design bases that are informed by plant safety analyses. The designs foster high
reliability and tolerance of failure; and provide redundant and diverse power sources and distribution so
that nearly every load can be supplied by two or more sources and via several paths.

IAEA DS 430° describes these strategies. These design strategies have served the nuclear industry
well. Nevertheless, events such as the 25 July 2006 Forsemark incident” and the Fukushima Daiichi
accident show that we cannot envision all events that may defeat these measures.

The concern is hazards that might cause common cause failure (CCF) of redundant or diverse supplies
making critical loads inoperable. Loss of all DC power would be the most severe event as most plants can
be brought to a controlled state for some time if DC is available. Also, without DC power many electrical

®, Kharecha, P. and Hansen, J., “Prevented Mortality and Greenhouse Gas Emissions from Historical and Projected
Nuclear Power,” Environmental Science and Technology, 47, p. 4889-4895, 2013.

® DS-430, “Design of Electrical Power Systems for Nuclear Power Plants,” International Atomic Energy

Commission, in publication.
" NEC/CSNI/R(2009)10, “Defense in Depth of Electrical Systems and Grid Interaction,” Nuclear Energy Agency,
20009.
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switchgear and standby AC power sources may be inoperable. Normal and emergency supplies should also
be robust with the highest attention paid to standby AC supplies and distribution.

Much attention has been given to emergency power sources, but the distribution systems are more
important. Batteries or generators might be available or brought in fairly rapidly; distribution systems
cannot so easily be replaced. Repair is time consuming and the events that caused failure of distribution
may prevent repair or impede the installation of temporary cabling, protective devices, and motor controls.

Further improvement of electrical power systems robustness will come from better understanding of
and better means to cope with the epistemic uncertainties concerning the hazards to electrical systems.

3. Hazards to electrical power systems

Hazards to electrical power systems can be categorized as:

o Internal Hazards: hazards that originate within the site boundary;
o External Hazards: hazards that originate outside of the site boundary; and
o Human Hazards: Hazards created by design mistakes, operational mistakes, or malicious acts.

Internal Hazards

IAEA Safety Guides NS-G-1.7%, and NS-G-1.11° describe the recognized internal hazards and discuss
means for preventing hazard events and mitigating their consequences. Table 1 summarizes internal
hazards and the typical means for preventing CCF. These means are identified as:

Location: Location of electrical equipment and cable away from hazards,

Separation: Physical separation and electrical isolation of redundant equipment and cable,
Barriers: Local barriers that protect equipment and cable from the hazard,

Coordination: Protective device coordination,

Qualification: Qualification of equipment and cable for the hazardous environment,

Fire protection: Provision for suppression of and protection against fire,

Drains: Provisions to prevent accumulation of water in electrical equipment.

Internal hazards result from design features. Designers try to minimize hazards but cannot eliminate
them all. Epistemic uncertainties for internal hazards are low because they are man-made. The greatest
uncertainties may concern the efficacy of the existing preventative and mitigative measures.

Following the Browns Ferry fire, existing cable and equipment separation criteria were questioned.
Before Browns Ferry separation distances of a few feet were assumed sufficient to prevent CCF in a fire.
Afterwards it was assumed that everything within a given fire area could be destroyed unless it was
specifically protected. The US industry performed analyses to confirm that plants could be brought to, and
maintained in a controlled state, if all equipment and cables in any fire area were destroyed. These
analyses were called “safe shutdown analyses.” The robustness of electrical systems in plant fires depends
upon such analyses. It also depends upon continued maintenance to ensure that the assumptions of the

8 NS-G-1.7, “Protection against Internal Fires and Explosions in the Design of Nuclear Power Plants,” International
Atomic Energy Commission, 2004.

° NS-G-1.11, “Protection against Internal Hazards other than Fires and Explosions in the Design of Nuclear Power
Plants,” International Atomic Energy Commission, 2004.
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analysis remain valid, e.g., that fire barriers including doors, dampers, and penetration seals remain
effective. It is incumbent upon plant electrical staff to be aware of the maintenance of such items.

Safe shutdown analysis should be maintained and extended to cover other hazards, such as flooding
and structural collapse, that affect large local areas.

Protective device coordination contributes to protection against every internal and external hazard.
Coordination studies should be documented and maintained for the life of the plant.

External Hazards

IAEA Safety Guides NS-G-1.5', and NS-G-1.6" describe the recognized external hazards and
discuss means for preventing hazard events and mitigating their consequences. Table 2 summarizes the
external hazards and the typical means for preventing CCF. These means are identified as:

Location: Location of electrical equipment and cable away from hazards;

Separation: Physical separation and electrical isolation of redundant equipment and cable;
Barriers: Local barriers (including structures) that protect equipment and cable from the hazard;
Coordination: Protective device coordination;

Qualification: Qualification of equipment and cable for the hazardous environment;

Fire protection: Plans, facilities, and staff for fighting external fires;

Electrical protection: Protective devices, grounding, surge suppressors, filtering, shielding.

Except for geomagnetic events, the epistemic uncertainty about external hazards is moderate. We
have studied these events for decades. Still events that exceed design bases occur nearly every year.

Our knowledge about geomagnetic events is more limited. We have been aware of such events for
about 150 years. Our knowledge comes from a relatively short period when we have been able to make
measurements and a longer time for which we have anecdotal information about aurora observations or the
effects on telegraph communications. Geomagnetic effects have been observed as far south as 8° south
latitude. Space weather researchers conclude that we should not be surprised when space weather effects
exceed the currently known events®.

We should understand the epistemic uncertainties in plant external event design bases and the
possibilities for more extreme events at each site. Where this identifies undesirable risks, practical means
for improving electrical system robustness should be considered, e.g., having both electrical and a driven
emergency feedwater pumps, berms around external equipment or improved electromagnetic decoupling.

Some hazards, such as flooding other than tsunami, volcanism, or geomagnetic storms, may give
advance warning. In these cases plans for taking protective measures on warning should exist.

The most troublesome consequences for some events will be indirect. For example, during the Mt. St.
Helens eruption, diesel air filters, and structural collapse of buildings containing power system equipment

1% NS-G-1.5, “External Events Excluding Earthquakes in the Design of Nuclear Power Plants,” International Atomic
Energy Commission, 2003.

1 NS-G-1.6, “Seismic Design and Qualification for Nuclear Power Plants,” International Atomic Energy

Commission, 2003.
2" Cliver, E, Svalgaard, L, “The 1859 Solar-Terrestrial Disturbance and the Current Limits of Extreme Space
Weather Activity,” Solar Physics, 224, p. 407-422.
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were among the concerns. Geomagnetic storms might not directly affect plant power systems but could
cause long-term loss of offsite power and hamper resupply of fuel for emergency generators.

Human Hazards

Human hazards include Operational Errors, Design Errors and Malicious Acts. IAEA DS-430°, DS-
431", Security Series 4, Security Series 8", NSS-13", and NSS 17" deal with these topics. Table 3
summarizes the human hazards and the typical means for preventing CCF. These means are identified as:

e Human Factors Engineering: Design of operational interfaces and maintenance provisions to
reduce the potential for human error,

e Training: Education, and qualification of operations, maintenance, design, and manufacturing
personnel for the tasks that they must perform,

e Procedures: Established, documented, verified and validated means for performing operations,
maintenance, design, and manufacturing activities,

e Design Standards: Corporate, national, and international standards that convey proven methods for
achieving technical and reliability characteristics of electrical systems,

e Access Control & Monitoring: Physical, administrative, and technical measures to inhibit
unauthorized physical or electronic access to electrical system equipment and to detect such access
if it does occur.

e Secure Development Environments: Design, implementation, and maintenance environments
having physical, logical, and programmatic controls to ensure that unwanted, unneeded, and
undocumented functionality is not maliciously introduced into digital systems,

Humans may be the largest source of epistemic uncertainty. Fourteen of the accidents considered were
initiated by human errors, and in some cases clever or heroic human actions terminated accidents.

NEA/CSNI/R/2009(10)" identified 23 events involving human errors. Most involved missteps during
maintenance. The report recommends task analysis for safety-related operations and maintenance
activities. This should also include also maintenance activities that could result in CCF within the preferred
power supply. Humans are more reliable if they are prepared in advance, have procedures or guidelines,
and realistically practice their tasks. Electrical staff involved in implementing SAMG should have this.

Mechanical and relay-based electrical devices are now being replaced with digital components. This
raises the question of how to prevent and mitigate CCF resulting from software errors. The 1&C
community has settled on the use of rigorous design procedures, design transparency, design standards,
defense in depth, and diversity. The electrical community should not uncritically accept the 1&C approach.
Digital devices for electrical systems are different from 1&C. For example, many electrical devices perform

3. DS-431, “Design of Instrumentation and Control Systems for Nuclear Power Plants,” International Atomic Energy
Commission, in final review.

! International Atomic Energy Commission Nuclear Security Series No. 4, “Engineering Safety Aspects of the

Protection of Nuclear Power Plants against Sabotage,” International Atomic Energy Commission, 2007.

> International Atomic Energy Commission Nuclear Safety Series No. 8, “Preventive and Protective Measures

against Insider Threats,” International Atomic Energy Commission, 2008.

!° International Atomic Energy Commission Nuclear Security Series No. 13, “Nuclear Security Requirements on

Physical Protection of Nuclear Material and Nuclear Facilities,” International Atomic Energy Commission, 2011.

Y International Atomic Energy Commission Nuclear Security Series No. 17, “Computer Security at Nuclear

Facilities,” International Atomic Energy Commission, 2011.
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exactly the same function in both nuclear and commercial applications, perform the same function during
normal operation and accident conditions, and are less likely to see untested operational profiles during
accident conditions. Such differences may allow the use of a simpler strategy for at least some electrical
equipment. The electrical community should work with researchers and regulators to develop a strategy for
electrical systems.

Operational errors and design errors are mistakes. Electrical systems must also deal with the
possibility of intentional mal-operation of components either directly or through the introduction of
malicious code. Digital devices create the risk of cyber attack. That such events can be created has been
demonstrated*®*® and at least one serious attack on nuclear facility electrical controls has occurred®.
Controlling electronic access to plant equipment, engineering development environments and design tools
is critical to controlling the risk. The potential consequences of malicious operation of electrical equipment
should be understood. If a cyber attack could result in serious plant consequences, use of non-digital
devices to prevent or mitigate these consequences should be considered.

8 Video, “Staged Cyber Attack Reveals Vulnerability in Power Grid,”
http://www.youtube.com/watch?v=fJyWngDco3q, retrieved 2014-02-09, CNN.

¥ “What You Need to Know (and Don’t) About the AURORA Vulnerability,” Power Magazine. 2013-09-01

? Langner, R. “To Kill a Centrifuge, A Technical Analysis of What Stuxnet’s Creators Tried to Achieve,”
http://www.langner.com/en/wp-content/uploads/2013/11/To-kill-a-centrifuge.pdf, retrieved 2014-02-09, Langner
Group (2013).
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Table 1. Summary of Internal Hazards and Protective Measures

Typical means for preventing
common cause failure
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Table 2. Summary of External Hazards and Protective Measures

Typical means for preventing
common cause failure
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Typical means for preventing
common cause failure
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Table 3. Summary of Human Hazards and Protective Measures
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Typical means for preventing common
cause failure

Comments

Secure Development Environment

Access Control & Monitoring

(@)
=
b
[<5)
=
D
S (%2}
p S
s 8
2 2| S
LL o 5 n
Vulnerable = < 3 c
Electrical E| £ S| 2
S S Q)
Hazard Components T = a Q
Operational Errors | Any equipment X X X
. Any equipment and
Design Errors Y equip X X X
cables
. Any equipment and Threats to hardware are mainly insider threats needing physical
Malicious Acts Y equip X X X X X y g phy

cables

access control only

269



NEA/CSNI/R(2015)4

4. Extremely extreme events

It would be foolhardy to believe that we can completely eliminate the possibility of total loss of
plant power such as happened at Fukushima-Daiichi.

Plants must be prepared for the worst-case events. Some necessary functions might be
accomplished without electrical power, but where it is needed electrical systems should provide power
to implement Severe Accident Management Guidelines (SAMG). These power systems should be
independent of the plant electrical systems to the extent possible (including independence from the
distribution systems) and must be suitable to supply at least the loads needed to support the “last
ditch” efforts of the SAMG, including pumps, valves, air compressors, lighting and instrumentation.
These goals might be accomplished with very simple portable supplies and battery backup for
designated severe accident monitoring instruments.

5. Conclusions

Severe accidents result from unexpected events that were not considered or were discounted in
the plant design or operations and that were not sufficiently mitigated by defense in depth measures.

Electrical power systems can be made more robust to such events by understanding the epistemic
uncertainties behind design basis requirements and taking action to deal with more extreme events.

Non-nuclear sources present greater risks to humans and the environment than nuclear power.
Thus, it is reasonable that improvements to the robustness of nuclear power plants follow an ALARA
approach. That being said, the cost of replacement power, plant replacement and cleanup following an
accident might justify more extensive measures.

Epistemic uncertainties are low for internal hazards. The main uncertainties may be the continued
effectiveness of the preventative measures. Safe-shutdown analyses should be kept up to date and
extended to cover other wide area hazards, such as, structural collapse and floods. Also electrical
coordination studies should be reviewed and maintained up to date.

Epistemic uncertainties are moderate for most external hazards. We understand the hazards
reasonably well, but hidden evidence is still to be uncovered and predictive models continue to
improve. Events that exceed external hazard design bases seem to occur every year. Electrical system
engineers should be aware of the epistemic uncertainties behind their external event design bases and
consider if practical measures can be taken to make the systems more robust.

Humans represent the greatest hazard to plants, including the electrical power systems. Human
error contributed to all nineteen severe accidents. Management systems have served us well, but more
effort needs to be given to imagine what failures errors might create and how they might be practically
addressed.

Electrical systems are beginning to extensively use digital components. This creates new
possibilities for CCF. The 1&C community has dealt with this issue. The electrical community should
consider if the 1&C approach or some other approach is appropriate for electrical systems.

The use of digital components raises the potential for cyber attack. Computer security features
should be introduced when digital components are installed in power systems. If potential
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consequences of cyber attack are unacceptable, hardware measures should be introduced to prevent or
mitigate these consequences. Reference 20 is highly recommended reading.

We can never eliminate the occurrence of unimagined events nor can we afford to build for all
worst imaginable cases. Plans and equipment must to be in place to deal with such occasions. This
should include plans for complete loss of plant AC and DC power. Electrical supplies that are
independent of the plant electrical power system should be available to service SAMG loads for “last
ditch” scenarios. Plant electrical staff should also be trained for and realistically practice their role in
implementing SAMG.

The next generation plants can tolerate loss of all site AC power for days as opposed to hours.

These features will improve safety, but we must consider the possibility of more extreme events such
as the loss of plant DC power, the failure of plant distribution systems, or longer-term station blackout.
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Failure of imagination (sometimes) leads to
severe accidents

* Severe accidents happen because of limits to our
knowledge for which:
— Plant is not designed to cope,
— Operators are not prepared to respond, and
— Multiple levels of defense in depth are often bypassed

* Most were initiated by operational errors, design
errors or both

* Design should consider epistemic uncertainties
— Unexpected events
— Hazards that may be bigger than design bases

— Unexpected consequences
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Severe accidents are bad, but safety risks
don’t justify extraordinary measures®
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What's the worst that can happento
electrical systems?
* Failure of all onsite and offsite power sources
* Failure of distribution systems
* Failure of all DC supplies
*» Station blackout

* Consideration of CCF should go beyond safety

systems It is not meantthat these should be
treated as safety systems, butthat CCF
— Off site supplies vulnerabilities should be identified and

; means forreducing vulnerabilities ALARA
— Normal supplies should be applied
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Internal Hazards

Are existing protective measures still effective?
Are further practical improvements possible?

Epistemic uncertainties about hazards is low

— Bigger uncertainty: effectiveness of protective measures?
Potential consequences should be fully studied,

— E.g., large local events fire, flood, structural collapse
Safety depends on continued effectiveness of
protective & mitigative measures

— Physical, e.g., fire barriers, dampers, cocoons

— Analytical, e.g., safe shutdown analyses

— Electrical, e.g., coordination

Active maintenance and configuration controlis
needed

External Hazards:
Consider improvements that can deal with fat tails?

Epistemic uncertainties are mostly moderate

— Events > design bases are frequent (~1/yr)

Understand limits and uncertainties : S
— Worst consequences, shape of “fat tails” | l i
Take ALARA measures . :

— For slow developing events — plans may be enough
Uncertainties for geomagnetic events are high

Keep in mind that effects on electrical power may be
indirect

— E.g., the important threats from volcanoes might be sulfur
dioxide concentration in the atmosphere or ashfall
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Human Hazards
Prepare for the unpredictable

* Humans are the least understood hazard

All severe accidents involved human error
— For most, human errors were the initiator

— Humans also took actions to terminate the accidents

* Humans are more reliable ifthey are properly prepared
— Imagine, plan, educate, train, and practice for the worst

The DIDELSYS report recommends task analysis for
safety system maintenance

— This should include preferred power supply

Digital devices creates risks of “software CCF”

— A prevention and mitigation strategy is needed
— The I1&C strategy might not be rightfor electrical
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Malicious acts are also a human hazard

Limit the threat and control the consequences

* So far personnel vetting and physical access control
have been effective
* Digital devices create new pathways
— Via plant networks
— Via development process
* Introduce cyber security measures when digital
devices installed
— Vendors should have secure development environments
* Understand worst consequences

— Non-digital measures to protect or mitigate high
consequence events.

Demonstration of cyber attack
Connecting generator to live bus, out of sync

CNN Exclusive
DHS Video

’
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Extremely extreme events

* Some hazards can’t be predicted

* Some hazards that can be predicted cannot be
reasonably prevented or adequately mitigated

* Remedy is severe accident management
— SAMG need a path for loss of all plant power
* Electrical staff need tobe trained and practiced for theirrole
— Power supplies, independent of plant power systems,
should be available to support these paths.
— These might be relatively simple
* Stand alone battery backup for designated instruments
* SimpleACsupplyfor “last ditch” pumpsandvents
— Not just more diesels, but sources and connections that
support specific loads

Conclusions

* Improvementto electrical system robustnesscan
have an ALARA goal

* Epistemic uncertainties and the most extreme
consequences should be understood
— Take practical measures

* |tis not possible to be robust to the unimaginable, or
even to most worst cases
— SAMG should include a loss of plant power supplies path

— Provide supplies and connections that are independent of
the plant to implement this path
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Modernization of Unit 2 at Oskarshamn NPP— Main Objectives, Experience
from Design, Separation of Operational and Nuclear Safety Equipment — Lessons Learned

Author Salah K. Kanaan
Nuclear Safety Analysis, El and I&C, OKG, Sweden

This paper aims to give a picture of Oskarshamn Nuclear Power Plant (OKG) experience from
design for one of the biggest modernization project in the world and focuses on what was learned that
is specific to robustness of electrical power systems, especially through Fukushima Station Blackout
(SBO).

The planning for unit 2 at OKG was initiated in 1967 and the plant was completed on time and
was synchronized to the grid October 2, 1974 and is of type BWR. Unit 2 was originally on 580 MW.
In 1982 a thermal power uprate was performed, from 1700 MWh to 1800 MWh (106% reactor
output).

A decision was made to perform a modernization and a new power uprate to 850 MW and there
were several reasons for this decision; New safety regulations from Swedish Radiation Safety
Authority (SSM), Ageing of important components and the initial focus was on safety and availability
— Project Plant Life Extension (Plex) was established and became the largest nuclear power
modernization in the world.

The modernization will lead to:

v New safety concept with 4 divisions instead for existing 2 with 2 new buildings South
Electrical Building (SEB) and North Electrical Building (NEB)

Completely new software - based equipments for monitoring, control and 1&C

New Low Pressure Turbine, new generator and main transformer

New MCR and simulator

Compliance with modern reactor safety requirements

Redundancy, Separation, Diversification, Earthquake

Reinforcement of existing safety functions

New Electricity - [&C ( electric power incl. reinforced emergency power and control
systems)

v" New buildings for Electricity - 1&C

v Reinforcement of existing process systems as well as installation of new ones

AN NN NN

Based on studies and good experiences on how to separate the operational and the safety
equipment, the project led to a completely new safety concept. The safety concept is based on fully
understanding the safety system that shall encompass all of the elements required to achieve a
protective or safety function. It is of utmost importance that the requirements on redundancy,
separation, diversification and earthquake will be fulfilled.

Okg had long technical discussions with the suppliers and the manufacturers of the new electrical
equipment including the power electronic to understand the idea of a proper design margins how to be
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specified, how to follow the regulations and how to be tested as part of the FAT. The experience
stretches to include the testing of the new EPS in accordance with the new regulations. The paper will
include some of the outcomes and the lessons learned from the installation of cable routing, new
switchgears, transformers, batteries and rectifiers.

Definition and Abbreviations

The following terms and definitions are used in this paper:'

diversification: two or more alternative systems or components that independently of each other
perform the same safety task, but in essentially different ways or by having different
characteristics.

common cause failure: a failure which simultaneously occurs in two or more systems or
components due to one specific event or cause.

ELAP Extended Loss of Alternating current Power
ELAP-PS ELAP dedicated Power Source

Benefits and Challenges

The Road to a future Modernized Plant

OKG contains 3 units of different generations. Unit 1 has been in operation since 1972, unit 2
since 1974 and unit 3 since 1985. All units are highly dependent on electrical power for cooling
Reactor Pressure Vessel (RPV) and Spent Fuel Pools (SFP).

The configuration and design of OKG is created by the Swedish company Asea-Atom with a
strong influence from the US safety requirements that is documented in 10CFR50, 10CFR50
Appendices and Regulatory Guides. The US requirements are continuously screened by OKG and new
or revised requirements are assessed with respect to positive impact on the safety of OKGs nuclear
power plants.

The content of the present paper is primarily related to matters "within design basis" except for
the questions specific to robustness of electrical power systems through Fukushima SBO, the content
is related to matters “beyond design basis”.

The main objective of project PLEX is to increase the safety measures and secure the availability,
power uprate unit 2, address some environmental measures and a step by step implementation during
the time period.

The purpose of the Project PLEX is among others to upgrade, to adapt and to modernize to state
of- the - art standards the Reactor Protection System (RPS), associated 1E controls and the Diverse
Protection System (DPS) including monitoring systems. Two new I&C platforms, one for RPS and
DPS respectively, are provided to implement the logic and control for all safety functions.

! The Swedish Radiation Safety Authority’s Regulations concerning the Design and Construction of Nuclear
Power Reactors, SSMFS 2008:17
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Safety & Availability

The safety increasing measures and securing the availability of unit 2 will ensure 60 years of
technical lifetime, as from 1974. Analysis regarding a power uprate was initiated, postponed and then
resumed during the period 2003-2007.

The focus in Plex is on the safety measures and is aimed at meeting the modern reactor safety
requirements stated in SSMFS 2008:17. A great number of measures are performed in order to meet
the requirements regarding redundancy, separation, diversification and earthquake protection. One of
the most important measure is to build a new diversified cooling chain for residual heat.

The modernization will lead to:

v New safety concept with 4 divisions instead for existing 2 with 2 new buildings South
Electrical Building (SEB) and North Electrical Building (NEB)

Completely new software - based equipments for monitoring, control and 1&C

New Low Pressure Turbine, new generator and main transformer

New MCR and simulator

Compliance with modern reactor safety requirements

Redundancy, Separation, Diversification, Earthquake

Reinforcement of existing safety functions

New Electricity - 1&C ( electric power incl. reinforced emergency power and control
systems)

New buildings for Electricity - 1&C

Reinforcement of existing process systems as well as installation of new ones

COLRRRR

v

v

Several large components required replacement at unit 2 to secure the availability once the unit’s
expected technical lifetime had been increased from 40 years to 60 years. Even before Plex was

initiated there was a decision made regarding replacing the generator and transformer at unit 2, which
was also done in 2005 and 2006.

A new low pressure turbine was required. Cracks on the low pressure rotors had been discovered.
New low pressure turbines were installed during the outage in 2009. At the same time, some repair
work was done on the condenser as well as some modernization work of auxiliary systems such as oil
system.

Project Turbic was planned before Plex. Control systems were changed to software based and the
control room interface was modified in connection to the outage in 2007.

A new and different design on inlet ports and blades leads to improved efficiency. Performance
measurements conducted afterwards indicate almost 45 MW higher output power, far better than the
35 MW that were promised beforehand.

Power uprate

Preliminary studies regarding a power uprate at unit 2 were successively performed during the
period 2003-2007 and the conclusion was reached that it would be possible. The final decision was
made in 2007. An environmental court order approving the power uprate was granted during the
autumn of 2009 and later on the government decision was granted.
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An increase of the power output means that the fuel will be more stressed and that the percentage
of fresh fuel increases. This will evidently lead to an increased use of fuel in proportion to the power
uprate.

Together with the efficiency improvement the total power uprate at unit 2 will be 36 percent,
which on a percentage basis is the highest power uprate in the world.

This means that there are new requirements imposed on the process systems, which in some cases
require reinforcement, such as valves with greater capacity and stronger mounting. Analyses are being
performed in order to establish the need.

Environmental

In connection to the environmental court examination of the entire OKG business including
power uprate at unit 3 and the modernization at unit 2, the Environmental Court established a set of
conditions to OKG for continued operation. Some of these conditions have been incorporated in
project Plex. These conditions concern the deep sea water intake for unit 1 and unit 2, the installation
of recombiners at unit 1 and unit 2, and the installation of carbon columns at unit 2.

A deep sea water intake will provide colder water to the station and thereby also colder water out
in to the bay. The objective is to protect the fish living in the bay from too high temperatures.
Improved efficiency in the units is a positive resulting effect, the colder the cooling water is, the
higher the production.

A reduction of the releases of radioactive substances to air and water is crucial. OKG’s emissions
are already far lower than the set limit values, but with the help of recombiners and carbon columns
these will be even further reduced.

Implementation

A decision regarding implementation over several years was made on an early stage in the
process. Experiences from modernization project at unit 1 (MOD) showed that logistically it would be
very difficult to perform all the planned activities during only one outage. A step by step
implementation during the time periods was crucial.

The Challenge of New Technical Requirements

Diversification:

The diversification design principle shall be applied in the design of the reactor’s defence in
depth to the extent that is reasonably practicable. Diversification in the power supply system was
discussed as a measure to avoid Common Cause Failures in the future. >

The requirement upon diversification in the new trains versus the existing trains of the electrical
power supply system had to be further emphasized. Attention to that question was taken up in the
design as well as in the validation of the system. It was recommended that a requirement on

%, The Swedish Radiation Safety Authority’s Regulations concerning the Design and Construction of Nuclear
Power Reactors, SSMFS 2008:17
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diversification should be valid for the following types of equipment: Diesel-generator sets, Rectifiers,
Inverters, Batteries, Circuit breakers, Relay protections.

Diesel generators belonging to division A and B shall be of diversified type and manufacture
versus the diesel generators in division C and D.?

The plant consists of about 9000 functions and components with some kind of electrical
connection. About 1300 are modernized in earlier projects and about 2200 of them are foreseen to be
modernized during the safety upgrade. The rest needs future modernization to secure another 30 years
operation.*

Figure 1 shows the idea behind the new safety concept with 4 sets of EDG in which each set
forms a complete autonomous unit.

The existing emergency power supply system consists of 2 separated safety divisions
Aand B

Replaced with 2 new DG including the auxiliary systems

Diversified by type and
Manufacturer

L=

Two additional emergency diesel generators including the auxiliary systems
(Divisions Cand D) will be installed in the new North building

The 4 sets are physically and functionally separated.
Each of the EDG sets forms a complete autonomous unit.

Figure 1. Safety concept with 4 divisions instead of existing 2

General Functional Requirements
New general functional requirements are for example:
V' Separation requirements (such as the separation of 1E/2E functions),

v" Redundancy requirements (such as a 4 channel structure for the new RPS),
v" Diversity requirements (such as usage of diversified input conditions).

%, Oskarshamn 2 - Project Plex - Technical Requirements - Subproject Reactor (BETA)

* 1&C Modernization Strategy and Estimated Volumes
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Detailed functional requirements

Detailed functional requirements on system level are specified in:

v The current OKG logic diagrams, which document the proven I&C design that meets
the presently applicable general requirements and

v" The Basic Design system descriptions which specify the new requirements on system
level that result from project PLEX.

Other Considerations

Unit 2 has 4 different diversified power generation systems. Se Figure 2

v Offsite grid (with possibility for house load operation)
v" Gas-turbine generators

v Emergency Diesel Generators (EDG)

V' Batteries

The core cooling function at unit 2 is jeopardized only if the four diversified power generation
systems are lost.

400KV Oskarshamn 2 oKV
p - - National Grid
3 X 130kv
Local network
400KV

Gas turbines

K6 6| 63kv

e ¥ H6 ¥ 63kV

) i 1 1 .~ 1
Ordinanie A8 ¥ | eaxv c6 ¥ eav 86 ¥ 6.3kV os | ¥ 6.3kV

busbars

Diesel back-up A ¥ 6akv ¢ ¥ 6akv 8 ¥ eaxv D ¥ 6akv

busbars S i
(=) (=) (=) O,
& & & &

¥ oav 8 0.4KV D 04KV

W

Diesel back-up A v 0.4kV c
busbars Py = py =
X X x
Battery back-up x x x x
el A $ 04kv c ¥ 04kv 8 $ 04kv 0 3 04kv

Figure 2. One-line diagram for Oskarshamn 2

The Gas Turbine Plant has historically been allocated to Unit 2 and it has been included in the
safety concept, classified as safety class 3 and electrical functional class 1E. Due to Project Plex, the
importance for Unit 2 will decrease.

284



NEA/CSNI/R(2015)4

Specific Challenges and lessons learned

Okg and for the EDG solution for unit 2 had long technical discussions with the suppliers and the
manufacturers of the new electrical equipment including the power electronic to understand the idea of
a proper design margins how to be specified, how to follow the regulations and how to be tested as
part of the FAT. The experience stretches to include the testing of the new EPS in accordance with the
new regulations.

Regulatory studies

In NPP, the importance of the formal using of Governmental regulations and industrial standards
has been highlighted in the Safety Analysis Report (SAR) for each NPP°. OKG has built a committee
known as Standard committee with the task to provide guidance for developing and implementing
standards to ensure reactor safety and evaluate new and revised codes, standards and documents
dealing with the design of nuclear power reactors before writing or updating the SAR. The codes and
standards that are prioritized at OKG are in accordance with SAR hierarchy.

At the design stage, OKG can address the interpretation of the Governmental codes and industrial
standards by attempting to find answers to two questions: how to tie in the Governmental codes e.g.
Regulatory Guides and the industrial standards e.g. IEEE standards, and how to integrate both types of
requirements in the design process.

It has been discussed at all levels at the plant to find an easy way of presenting the codes in
guestion and their related industrial standards in a good practical hierarchy. The work led to finding
modules presenting the hierarchy connections between the industrial IEEE standards related to class
1E power systems and Regulatory guide codes of the NRC Government regulations. Project PLEX
presented a hierarchy in which helped identifying the proper standards as early as possible in the
design process. The hierarchy can help OKG staff to better incorporate codes and standards and
implement them in the right way by®:

v" Making the hierarchy available in OKG homepage and have an easy access to them.

v" Conducting standard training for engineers, maintenance staff and for the management.

v" Developing and disseminating standards education materials that can be incorporated into
existing courses at the plants. Materials may include tutorials, case studies, lectures by
industry professionals and Standard committee personnel on the basics of standards, and
instruction on how to read and use the hierarchy lists.

v Developing examples of how to use standards in various foundations and experience change
from different projects at the plant.

v" Using the hierarchy lists when discussing different kinds of technical issues with suppliers and
the manufacturers at any level of the projects.

®. Oskarshamn 2 — Safety Analysis Report (SAR)

® The state of the use of hierarchy structure between IEEE standards and Nuclear Regulatory Guides related to
class 1E Power Systems by Salah Kanaan
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Dynamic Simulation Studies

In order to verify that the AC auxiliary power system at unit 2 is capable of providing sufficient
electric power to the modernised plant with preserved tolerances regarding frequency, current ratings
and voltage, a package of simulation studies was performed.

The auxiliary power system is modelled in Simpow power system simulation software. The
modelling scope included component details from the 400 kV and 130 kV connection points to the
power transmission network down to 400 V AC network. The DC network was represented as PQ —
load. The asynchronous loads on safety related busbars are modelled down to 10 kW. The loads at
non-safety busbars are modelled down to 75 kW. The rest of loads are modelled as lumped equivalent
loads.

The component data available was often not detailed enough for modelling purpose, especially
for asynchronous machines. Instead of being forced to use extremely conservative assumptions during
simulation studies, a lot of emphasis was put on modelling asynchronous machines correctly. For this
purpose we conducted extensive measurements of asynchronous machine start-ups. The measurements
were used for development of a parameterisation method based on IEEE standard. Machine
parameters generated with this method resulted in satisfactory results when dynamic simulations were
compared to measurements even for those cases when only rated machine parameters were available at
start.

Measurement based modelling was also applied for the diesel generator engines and control
systems as satisfactory data could not be obtained from the contractors. From the measurement data
obtained during set of dynamic tests the models of governor, AVR and excitation system were
developed. Even dynamic temperature dependence of engine turbo operation was represented in detail
which plays important role in dynamic simulation studies of diesel start sequences with cold engine.

The simulation studies performed were:’

Operation currents on all busbars

Short-circuit currents on all busbars

Start sequence on gas turbine secured non-safety busbars
Start sequence on diesel secured busbars

MAVA pump start and stop on non-safety busbars

Start of largest load on diesel secured busbars

Loss of largest load on diesel secured busbars

CORRRRS

Factory Acceptance Test related to the Disturbances in the External Grid

The design basis events and the disturbances in the external grid were discussed during different
phase at the project. The incident at Forsmark nuclear power plant in Sweden on the 25th of July 2006
has focused the interest on the interaction between events in external grid and the performance of
safety related equipment in the nuclear power plants.

The result of the simulations of all short-circuits or earth-fault cases have resulted in a set of a
limited number of design voltage and frequency profiles. Such profiles can be used in specification

" Oskarshamn 2 — Study outline — Analysis in PLEX Modernized Plant
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and testing of safety related equipment. The profiles have been used as initial conditions, and already
incorporated in SAR for unit 2.

The project faced a big challenge for testing the new UPS and the rectifiers to ensure that they
withstand all the voltage and frequency design profiles. The discussions with the supplier and the
manufacturers lead to a specific test adaptation resulted in an accepted output. Fig 3 shows the single
line diagram for the test facility for the tested rectifier.?

Infeed

AC Power unit Controller unit

= :
§ —

Tested Rectifier Battery
3~ —
Scope J
Load =
400A

Profile 1 and 2 : no Battery usage required
Profile 3 and 4 : battey simulated by another Rectifier
Profile 3to 13 ' real Battery

Fig 3 Single line diagram of test facility

Implementation during different time period

OKG learned from the modernization project at unit 1, that implementation during one time
period and one big outage was not the most optimal solution. Project PLEX planned the
implementation during different outages and a step by step during the time periods:

v" Outage 2007
v" Outage 2009

8 Factory Acceptance Test, FAT 115105 for Battery Charger/Battery Cubicle, AEG Power Solutions
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v' Outage 2013
v" Outage 2015 (Some other small implementation was planned in between presented periods).

Separation of 1E and 2E

Based on studies and good experiences on how to separate the operational and the safety
equipment, the project led to a completely new safety concept. The safety concept is based on fully
understanding the safety system that shall encompass all of the elements required to achieve a
protective or safety function. It is of utmost importance that the requirements on redundancy,
separation, diversification and earthquake will be fulfilled.

The Challenges specific to robustness of electrical power systems through Fukushima SBO

Following the nuclear accident in Fukushima the European Council of Ministers decided, March
25, 2011 that Member States would begin to review the safety of their nuclear facilities through a
comprehensive risk and safety assessment, so-called stress test.

A group was built and made an international survey of the most important historical events. The
complete picture shows a position beyond the design bases for the nuclear power plants.

On March 20, 2012 the USNRC issued an “Advance Notice of Proposed Rulemaking” regarding
a change of the 10CFR50.63, also known as the “Station Black-out rule”. The proposed change is to
extend the coping time for a SBO-situation to 8 hours without any AC-sources available and a coping
time of 72 hours without any external supplies arriving to the site.’

OKG took into account national and international experiences and future requirements and
followed Fukushima event continuously to understand what happened and what was needed to be
addressed.

Our assessment was that new postulated events like Loss of AC—power; Station Blackout (SBO)
for design of back fitting measures shall take expected requirement changes in the US into account.

Each function was analyzed with respect to their prerequisites (technical/functional, maintenance,
operation) and the prerequisites for the function were analyzed based on how they were affected by
external events.

Some of the conclusions from performed analysis are shown below: "

v" Ensuring that consumables are accessible (fuel, oil, filters, etc.) in the required amount
and in direct connection with diesel generators (and gas turbines) to withstand at least
72 hours of operation as well as central storage for a total of at least seven days’
operation

v Increased robustness may also be achieved by changing to a common fuel for all
diesel engines, if possible, and ensure that equipment for the transport of fuel within
the site from units not needed to other units with acute needs

° Project Kent - OKGs Position related to experiences after Fukushima

19 Project Kent — Consequences on OKG after Fukushima incident
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Existing instructions are developed with the assumption that external net return within
a few hours.

Review of existing relevant instructions and training/coaching of staff should be
implemented to improve the ability to maintain the power supply function in a long
term process.

Day tank volume for unit 1/unit 2 is not sufficient for multi-day operation. Fuel supply
in relation to long-term operation depends on storage tanks within the area, and
associated electric powered heating cables and pumps.

Review should be made of systems and equipment for fuel supply without any manual
steps to ensure fuel supply for at least seven days without influence of initial event
(earthquake) and external events (cold).

New requirements on ELAP-PS after Fukushima incident

After Loss of off-site power, emergency diesel generators and any alternate AC source but not the
loss of AC power to buses fed by station batteries through inverters, the alternate auxiliary power
source (ELAP-PS) shall be credited after 8 hours.

The ELAP-PS shall be designed for continuous operation (>72 hours)"!

The results of the study and the work done led to general improvements:

v

AN

AN

AN

Extend batteries discharge time by higher capacities and load shedding (The limiting
case for battery capacity sizing will normally be station blackout)
Secure power from the gas-turbines to all units
The power systems shall withstand severe weather conditions like low and high
temperature, heavy snowfall, seismic condition, flooding and ice storms.
Seismic resistance up to 10”/year
Stationary diesels to feed the Multi Venting Scrubber System (MVSS), (Filtered
containment venting through an inerted multi-venturi scrubber system with a
decontamination factor of at least 500 was installed after Three Mile Island accident in
1979. Based on a governmental decision, all Swedish Nuclear Power Plants were back
fitted with severe accident mitigation systems)
Mobile diesels to charge the batteries
Enhancement between ordinary and alternative power sources by:
i. For unit 1: Install a new Reserve Diesel-Generator (RDG) and possibility to
decrease the demand and the requirement on the gas-turbines
ii. For unit 2: Install 2 new EDG
iii. For unit 3: Install automatic connection to the gas-turbines to cope with CCF
of the diesels.

Unit 1 and unit 3 take credit of an alternate AC power source in order to fulfil SSMFS 2008:17
810. (CCF in reactor protection system in unit 1 and CCF in diesel generators or diesel cooling
systems in unit 3). OKG had to face the fact that the existing Gas Turbine Plant, including the GTGs,
that supply electrical backup power were commissioned in 1972 and have to be renewed and/or go a
major over-hauled. Availability of the Gas Turbine Power Plant is decreasing and maintenance cost is

1 ENSREG - Interpretations and assumptions
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increasing. Main supplier Siemens has in 2012 withdrawn the service and spare parts for these power
packs, due to a low quantity.

There is an ongoing study at OKG to decide whether it is feasible possible to exchange the
existing GTP with a new Power turbine or even with a Diesel-Generator (DG). The study preliminary
points out the reliability and availability for both GTG and DG, but the background is not to full extent
clear.'

Many lessons were learned from the maintenance departments, main supplier, international and
national forum to cope with the ageing auxiliary power supply at OKG.

New Alternate Power Source Classification

The classification of the alternate AC power source is affected by a number of parameters. We
still have conflicted interpretation on how we deal with whether this should be classified as a Non-
Nuclear Safety (NNS) or not.

In a non released SSM document they required classification of systems and components credited
to cope with CCF as follows:

- If existing system and components are credited NNS is  acceptable with additional
requirements regarding testing and  readiness for operation

- If new systems and components are credited the classification these should be in accordance
with the ordinary function (Safety classified).

Due to this uncertainty an investigation is on-going to prepare a quality assurance concept which
allows industrial standard components to be used. The working title of the new safety class is “Safety
Class 3*”,

Conclusion

The importance of the modernization of unit 2 is to fulfil the requirements on redundancy,
separation, diversification and earthquake. This OKG has learned through compliance with the
Swedish Radiation Safety Authority new requirements especially after Forsmark 1 incident on the 25"
of July 2006.

Parallel with the modernization project at unit 2, OKG has learned from the experiences in the
Fukushima event; took into account national and international experiences and future requirements,
followed Fukushima event continuously and finally the results of the study and the work done led to
general improvements presented in this paper.

12" Oskarshamn 1, 2 och 3 - Project KENT - Recommendation of concept for new auxiliary power generation
facility
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CSNI International Workshopon

ROBUSTNESS OF ELECTRICAL SYSTEMS OF NPPs
in Light of the Fukushima Daiichi Accident

Modernization of unit 2 — Main objectives, experience from
design, separation of operational and nuclear safety
equipment - Lessons learned

Salah Kanaan Engineer Nuclear Safety Analysis

- ett foretag i E. ON koncernen

&5 of Al 25
TAD

Oskarhamn NPP (OKG)

Electrical Systems
The site contains 3 units of different generations

Unit 1 in operation since 1972
Unit 2 since 1974
Unit 3 since 1985

All units are highly dependent on electrical power for cooling
(Reactor Pressure Vessel, RPV) and (Spent Fuel Pools, SFP)

0kg
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Configuration and design of OKG NPP

The configuration and design of OKGs nuclear power plants is
created by the Swedish company Asea-Atom with a strong
influence from the US safety requirements that is documented in
10CFR50, 10CFR50 Appendices and Regulatory Guides.

The US requirements are continuously screened by OKG and
new or revised requirements are assessed with respect to
positive impact on the safety of OKGs nuclear power plants.

Theroadto a future modernized Plant

New safety regulations
SKIFS 2004:2 (SwedishRadiation Safety Authority Regulatory Code)

Power uprate

* The poweroutput situationin Scandinavia led to preliminary studies
especially afterthe decommissioning of Barseback NPP.

Ageing replacements and maintenance
* 02 was commissionedin 1974
Modemizationrequired, old parts require replacement

Strategic decision regarding extended technical lifetime to 60 years of
operation
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Modernization of unit 2
ProjectPlex
Plant

Life
EXtension
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Benefits & Challenges

Safety increasing measures in accordance with SSM’s
regulations (Divercification, separation, earthquake etc.)

Secure the availability (ensuring 60 years)
Power uprate (To meet the demand)

Environmental measures (fresh fuel increase due to power
uprate, A deep water intake, protect the fish in the bay from
high t and new recombiners and carbon columns for CO2

A step by step implementation during the time periods:

Outage 2007
Outage 2009
Qutage 2013
Outage 2015

implementation in between periods okg

S Kanaan Osashan NFECSN Wokshop 11h-&h O Agl) 2014, ROBUSTNESSE OF ELECTRCAL SYSTEME I NFFs

Safety Increasing measures

Compliance with Main measures
modern reactor » . — S—
« New cooling chain for residual hea
S_afety « New Reactor Protection System
requirements including the modernization of the
MCR.
» New Electricity - I&C ( electric power
+ Redundancy incl. reinforced emergency power and
i N X control systems). New buildings
* Diversification « Separation between operational and

Separation safety classified electric power

« New protection in the ventilation

Earthquake system during fire

« Enhanced barrier function and
reinforcement in some process
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The existing emergency power supply system consists of 2 separated

safety divisions A and B

. 4

| Replaced with 2 new DG including the auxiliary systems |

Diversified by type and
Manufacturer

a2

Two additional emergency diesel generators including the auxiliary
systems (Divisions C and D) will be installed in the new North building

The 4 sets are physically and functionally separated.
Each of the EDG sets forms a complete autonomous unit.

okg
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Power uprate measures in year 2015

e Increase the thermal power output from 1800MW to 2300 MW
(an increase of circa 28%)

e Increased thermal output by increasing the power output of fuel

» These measures together with the turbine work (ca 50MWe)
will give an increase from circa 610 MWe to circa 840 Mwe
(approximately 37 % )

« Upagrading the capacity of process systems
(safety functions as well as operational functions)

e License from the Environmental Court and SSM/the Government

Specific Challenges and lessons learned

1. Regulatory studies

0 It has been discussed at all levels at the plant to find an easy way of presenting
the Governmental Codes and theirrelatedindustrial standards in a good practical
hierarchy. The work led to finding modules presentingthe hierarchy connections
between theindustrial IEEE standards related to class1E powersystemsand
Regulatory guide codes of the NRC Government regulations.

The presented hierarchy helpedidentifyingthe proper standards as early as possible
in the design process. The hierarchy can help OKG staff to better incorporate codes
and standards and implementthemin the right way.
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Specific Challenges and lessons learned

2. Dynamic Simulation Studies

Q3 In orderto verify that the AC auxiliary power systemat unit 2 is capable of
providing sufficientelectric power to the modernised plant with preserved tolerances

regardingfrequency, current ratings and voltage, a package of simulation studies
was performed.

1. A parameterisation method forAMbased on IEEE standardwas developped

2. Satisfactory data couldnot be obtained fromthe contractors. Fromthe

measurementdata obtained during setof dynamic tests the models of govemor,
AVR and excitation systemwere developed.

3. Evendynamic temperature dependence of engine turbooperation was
representedin detail which playsimportantrole in dynamic simulation studies of
diesel start sequenceswith cold engine.

Specific Challenges and lessons learned

3. FAT related to the disturbances in the External Grid

QO The project faceda big challenge for testing the newUPS and the rectifiers to
ensurethat theywithstandall the voltage and frequency design profiles.

The discussions with the supplierand the manufacturers led to a specific test
adaptation resultedin an accepted output.
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Specific Challenges and lessons learned

4. Implementation during different time period

O OKG learnedfromthe modernization project at unit 1, that implementationduring
one time period and one big outage was not the most optimal solution.

Project PLEX planned the implementation during different outagesand a stepby
step duringthetime periods:

Outage 2007

Outage 2009

Outage 2013

Outage 2015 (Someother small implementationwas plannedin between presented
period).

Challenges specific to electrical power systems through Fukushima SBO

Following the nuclear accident in Fukushima the European Council of
Ministers decided, March 25, 2011 that Member States would begin
to review the safety of their nuclear facilities through a

comprehensive risk and safety assessment, so-called stress test

A group was built and made an international survey of the most
important historical events. The complete picture shows a position
beyond the design bases for the nuclear

Our assessment was that new postulated events like Loss of
AC-power; Station Blackout (SBO) for design of back fitting

measures shall take expected requirement changes in the US
into account.
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The ELAP-PS shall be designed for continuous operation (>72
hours based on ENSREG - Interpretations and assumptions)

Ongoing study to use GTP or DG. The study preliminary points
out the reliability and availability for both, but the background is
not to full extent clear

The results of the study and the work done led to general
improvements.

S Kanaan Oskarshamn NPP,CSNI Workshop 1th-4th of Apnil 2014, ROBUSTNESS OF ELECTRICAL SYSTEMS

The improvements are as follow:

1. Extend batteries discharge time by higher capacities and load
shedding (The limiting case for battery capacity sizing will normally be
ELAP & LUHS)

2. Secure power from the gas-turbines to all units

3. The power systems shall withstand severe weather conditions
like low and high temperature, heavy snowfall, seismic condition,
flooding and ice storms.

4. Seismic resistance up to 10-%/year

okg

- ett foretag | E.ON koncernen
S of NPPs
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5. Stationary diesels to feed the MVSS, Multi Venting Scrubber

System (Filteredcontainment venting through an inerted multi-venturi
scrubber system with a decontaminationfactorof atleast 500 was installed
after Three Mile Isiand accidentin 1979. Based on a govemmental decision,
all Swedish Nuclear Power Plants were back fittedwithsevere accident

mitigationsystems)

6. Mobile diesels to charge the batteries

7. Enhancement between ordinary and alternative power sources by:

-For unit 1: Install a new RDG and possibility to decrease the
demand and the requirement on the gas-turbines

-For unit 2: Install 2 new EDG

-For unit 3: Install automatic connection to the gas-turbines to cope
with CCF of the diesels.

S Kanaan Osiashamn NFECS Wosshop 11025 o Agl) 2014, ROBUSTNESS OF ELECTRCAL SYSTEME T NAFs 20
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Existing Gas Turbine Plant

The Gas Turbine Plant has historically been allocated to Unit 2
and it has been included in the safety concept, classified as
safety class 3 and electrical functional class 1E. Due to Project
Plex. the importance for Unit 2 will decrease.

« Unit 1 MOD-project installed RPS and diesel control equipment
based on the same platform which creates CCF. To cope with
that the Diversified reactor Protection System (DPS) and the high
pressure core injection system are fed from the gas turbines.

Unit 3 is dependent on the gas turbines due to CCF in the
diesels and their cooling system. The regulator have stated that
new equipment used to diversify a function must be classified as

the system it diversifies.
0kg

Existing gas turbine plant status

The main conclusions of the gas turbine status are:

e All Units are dependent on the existing gas turbines. The criteria for
repairing them will be 28 days after project Plex, today itis14 days.
If a break down occurs that would take longer to repair, than 14 or
28 days, all Units have to shut down.

# The buildings are poor, there is leakage and the weak design has to
be upgraded to fulfill extreme weather conditions. The chimneys are
damaged.

e The Power Turbine have had problems with cracks in the inner
guide vanes. This has led to 2 break downs in the past.

e There is lack of spare parts for the auxiliary systems. Old reI%k
technology and avalhblllty 5 decreasmg g

Oskasharn NFECI Wokshop 1ih-&h o Agl) 2614, ROBUSTNESSOF ELE ’CC.-:-E-'E'""
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number of parameters:

or not.

“Safety Class 3*".

New alternate power source classification

The classification of the alternate AC power source is affected by a

e We still have conflicted interpretation on how we deal with
whether this should be classified as a Non-Nuclear Safety (NNS)

e Due to this uncertainty an investigation is on-going to prepare a
quality assurance concept which allows industrial standard
components to be used. The working title of the new safety class is

302




NEA/CSNI/R(2015)4

303



NEA/CSNI/R(2015)4

RCC-E A Design Code for 1&C and Electrical Systems

JM HAURE
EDF SEPTEN, Villeurbanne

Abstract: RCC-E a design code for 1&C and electrical systems

The paper deals with the stakes and strength of the RCC-E code applicable to Electrical and
Instrumentation and control systems and components as regards dealing with safety class functions.

The document is interlacing specifications between

Owners, safety authorities, designers, and suppliers

IAEA safety guides and IEC standards.

The code is periodically updated and published by French Society for Design and Construction
rules for Nuclear Island Components (AFCEN).

The code is compliant with third generation PWR nuclear islands and aims to suit with national
regulations as needed in a companion document.

The Feedback experience of Fukushima and the licensing of UKEPR in the framework of
Generic Design Assessment are lessons learnt that should be considered in the upgrading of the code.

The code gathers a set of requirements and relevant good practices of several PWR design and
construction practices related to the electrical and 1&C systems and components, and electrical
engineering documents dealing with systems, equipment and layout designs.

Comprehensive statement including some recent developments will be provided about:
- Offsite and onsite sources requirements including sources dealing the total loss of off sites and main

onsite sources.

- Highlights of a relevant protection level against high frequencies disturbances emitted by lightning
strokes,

Interfaces data used by any supplier or designer such as site data, rooms temperature, equipment
maximum design temperature, alternative current and direct current electrical network voltages and
frequency variation ranges, environmental conditions decoupling data,

- Environmental Qualification process including normal, mild (earthquake resistant), harsh and severe
accident ambient conditions. A suit made approach based on families, which are defined as a
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combination of mission time, duration and abnormal conditions (pressure, temperature, radiation),
enables to better cope with Environmental Qualifications.

- Electrical equipment separation requirements and isolation and decoupling solutions.

1. Introduction

The nuclear safety of the nuclear power stations is articulated around a certain number of
important aspects for the maintenance and the improvement of the level of safety. The following fields
are very largely dependent:

- standardization and the development of the codes,

- The standardization facilitates the analysis of the experience feedback and vice versa, the
benefit drawn from the experience feedback and all the more considerable as the
standardization is high.

- The international exchanges contribute significantly in the research and the experience
feedback.

French nuclear industry (owners and industrialists) mobilizes engineers and technicians whose
work is devoted to safety: organization, studies, tests, monitoring, audits internal and external,
etc.

The roles of the various partners are summarized:

- the public authorities define the general objectives of safety,

- the owner proposes technical methods to reach them and justifies them,

- the public authorities make sure of the adequacy of these methods to the laid down objectives,
- The owner implements the approved provisions.

- The public authorities check the good implementation of the provisions.

The presentation hopes to contribute to clarify the relationship of trust brought by the
standardization, the development of the codes in answer to technical recommendations of the Safety
Authorities.

2. Standardization

The standardization initiated by EDF with the fossil power plants during the Sixties was
implemented for the nuclear plants. It consists to build units identical with the differences limited to
the site adaptation (riverside or seaside), the nuclear steam supply systems, the turbo-generator group
and the same suppliers provide all the equipment and circuits identical. Three great series were
launched:

- PWR 900, 34 units
- PWR 1300, 20 units
- PWR 1450, 4 units

The generic studies, evaluations of safety, manufacturing drawings, the equipment of machine,
manufacturing methods, of construction, are deadened on all the series, of reproducible quality and
faster to implement. The spare parts are the same ones for all the series. The erection teams are
acquainted with the methods; the procedures of control are applicable to all the series, the operating
teams trained on simulators.
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The generic defects, i.e. common to all the power plants of the series cost sometimes expensive.
The experience shows that the systematic vigilance and inspections make it possible to be alerted of
certain defects before they degenerate and to bring their solutions adapted on the NPP series or the
whole NPP fleet.

To maintain the principle of standardization, the detail improvements made to a NPP of a series
are then implemented to all the NPP of the series, to keep the standardized series of plants.

3. Regulations Codes and Standards

A series of directives fixes rules and practical technical as regards with nuclear safety are emitted
by the NNSA, lay down the general objectives, and are relatively very few. It is up to industry to
propose the application methods that are subjected to the NNSA approval. The figure 1 shows an
example of regulatory pyramid.

A series of directives fixe rules as regards nuclear safety. It deals with four important topics:

- the equipment under pressures,

- the organization of quality,

- withdrawals and discharges from nuclear facilities,

- Nuisances and external risks arising from operation of nuclear facilities.

Two on four themes are related to design and construction codes:

- With regard to the equipment under pressure, nuclear installations include two of them: on the
one hand, those, which are nuclear, field specific, i.e. those that confine of the radioactive
releases, on the other hand those of the conventional field that are not specific nuclear
installations.

- As regards quality, the rules of assurance and organization of the quality, which the owners
shall follow at the three stages of the design, the construction, and the exploitation of the
nuclear installation. It is indeed fundamental for the safety that the nuclear island either built
in strict conformity with the specifications fixed at the time of its design. It is the object of the
provisions known as “of quality assurance” reinforced by the IAEA GSR3 guide and its
updating under drafting.

The safety options are specified by the NNSA when reviewing a project basic design. The
recommendations put forth by the NNSA that define in various technical fields of the objectives of
safety and describe practices that they judge satisfactory to respect these objectives.

The codes of nuclear industry such as the Rules of Design and Construction (RCC) and EPR
Technical Codes (ETC) provide the set of the rules, codes, and standards that the owner implements at
the time of the design, the realization, and the start-up of the important equipment for safety. The
owners and manufacturers have developed “Rules of Design and Construction” (RCC) which
concretely transpose the requirements of the regulations while reflecting the industrial good practice.
The RCC and ETC cover the following fields:

- RCC-M: Rules of design and construction applicable to the mechanical components for the
pressurized water reactors,

- RCC-MRXx: Rules of design and construction applicable to the mechanical components for the
fast and 4th generation reactors,

- RCC-E: Rules of design and construction applicable to the electrical and 1&C equipment,

- RCC-C Rules of design and construction applicable to the fuel assemblies,
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Initially had been created codes for the following fields:

- RCC-G: Rules of design and construction applicable to civil works engineering,
- RCC-I: Rules of design and construction applicable to fire protection,

They were replaced respectively by the codes:

- ETC-C: EPR Civil Technical Codes for works,
- ETC-F: EPR Technical Codes for Fire protection.

One specific to the in-service inspection and maintenance:

- RSE-M: In-Service Inspection Rules for Mechanical Components of PWR Nuclear Islands

These rules are written and published by French Association for the rules of design, construction,
and monitoring in exploitation of the Nuclear Steam Supply System (AFCEN), in which in particular
EDF, AREVA NP and CEA take part.

The NNSA carries out the evaluation of the codes and their revisions.

4. RCC-E

History The coding process related to nuclear island was undertaken in April 1978 under the
leadership of EDF and AREVA NP (ex-FRAMATOME) and with the participation of the principal
industrialists implied in the realization of the nuclear program. Thirty plants of the French nuclear
program were already in construction or service. The practices of design and construction were already
highly standardized. A high level of quality had been reached and maintained in spite of the
difficulties of realization of a so wide program. These practices were dispersed in a great number of
technical specifications established by the manufacturers and checked by the architect-owner EDF.
The implementation of this code aimed:

- to simplify the circuits of approval of the documents,
- tofix a precise contractual base,

- to improve the effects of the standardization,

- to enable doing offers for the exportation,

- To clarify the applicable rules for the NNSA.

The development of the RCC-E allowed a wide dialog between owner (EDF), the manufacturers,
and the various suppliers whose objective was to examine from every angle the “state of Art”. The
industrialists were not ready to let a code specifying requirements on a part of their know-how; finally,
they ended up collaborating in its development. The RCC-E gathers in one document the generic rules
making possible to specify the various packages, electrical equipment, and instrumentation and control
equipment contributing to safety classified functions. These requirements are defined for a safety
redundancy of a pressurized water reactor. Project Data Books respectively supplement the generic
rules for the NPP in exploitation and the EPR, 3rd generation of NPP.

Design Experience and references: The RCC-E was used:

- in France for the NPP series PWR 1300, PWR 1450 and EPR, i.e. 13 NPPs,
- In South Korea, South Africa and China. France for the PWR900 sold, i.e. 10 NPPs,
- in China for the
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o CPR 1000 Program, 19 NPPs (HongYangHe 4*1000MW, Ningde 4*1000MW,
Yangjiang 4*1000MW, Fuging 2*1000MW, Fangjiashan 2*1000MW)
o EPR Taishan 2*1650MW

The appropriation of the RCC-E 2005 and its translation were undertaken by China in 2009.
Actually, the RCC-E code has been used for the design and construction of above 50 NPPs.

The 2012 version is the sixth edition of RCC-E. It is applicable to existing NPP and NPP 3rd
generation EPR. The later shall be used for UK EPR.

Project Data books supplement rules generic rules with specific characteristics to existing NPP or
NPP 3rd generation EPR.

The scope of application of the requirements is the activities of design, manufacture, and
construction and of maintenance. The industrial architect, engineering of NPPs, the installation
engineering departments, the clients and the manufacturers and suppliers follow the RCC-E. The
applicability of the RCC-E can be summarized through the

The referenced standards, International standards account for 84% of the standards used. Few
remaining French standards correspond to requirements that are not yet within the international
standardization.

The input data result from the safety analyses report and the national technical regulations. They
include/understand in particular

- the definition of the characteristics of the extra high voltage grid-NPP interface,
- the project industrial policy,

- the project safety classification,

- the number of safety train, and

- The accidents envelopes of basic design accidents and severe accidents.

The documentation used is described and contents defined for some the engineering documents:

- Electric systems,

- 1&C control systems,

- Equipment and its manufacturing and environmental qualification,
- Layout engineering

- Engineering documentation.

Electrical equipment and/or I&C equipment contributing to safety-classified functions are
powered by power and control sources that fulfil the requirements concerning:

- the independence of the off-site electric sources,

- the sizing of the power transformers,

- the sizing of the on-site power sources (standby sources, ultimate power sources, DC and
AC vital sources)

- the coordination of the characteristics of the plant electric network (voltage, current and
insulation),

- the personnel safety and the equipment protection against the electromagnetic interferences,

- the electric separation between equipment of different safety classes,

- guarantee of availability of the equipment and functions,
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- Interchangeability of the materials,
- Use of smart devices.

The 1&C equipment, contributing to the safety functions implemented in the reactor protection
system fulfils in more the requirements:

- Of 1&C general architecture,

- Of development and qualification of the programmed software system according to the
required safety class,

- Engineering of the human factor,

- Means of control, communications, and safety information in control rooms.

The demonstration of equipment environmental qualification An electromechanical chain (figure
3) defines the list of equipment to be qualified. The proof, that equipment withstands the
environmental conditions, is provided by conformity to the establishment of qualification requirements
that rely on:

- Agreement of a supplier and its material,

- Establishment of a program of qualification based on one of the following methods,
analysis, the analogy, modelling, tests of the type (preferred solution) or a combination of
these methods qualification.

- Documentation associated with the process of qualification, identification of the qualified
model and its manufacturing processes and of control, the guarantee of compliance of the
materials of series with the qualified model material, the program of qualification and
specifications of tests associated, the anomalies of test, the reports of test and the report of
qualification.

- The approach of ambience families determines, on the basis of the time of mission of the
equipment, the customized conditions of environment envelopes of the constraints resulting
from design accidents and severe accidents including seismic loads.

- Electrical and electronic materials qualification master list.

Supplemented requirements are raised for the construction of the small electric and electronic
components such as the sensors, electronic circuits, the terminals and clips, the cabinets, boxes etc...
Those requirements make it possible to conceive all the industrial aspects for this equipment. They are
supplemented by requirements about the obsolescence of the components, electronic cards.

The great principles of nuclear safety are identical in all the countries. However, the differences
in their application can lead to differences in the requirements in safety, even on different levels of
safety. The approaches of safety were indeed constituted progressively of the construction of the
successive generations of nuclear installations, and were developed by the originators according to the
technologies selected.

The wvarious actors, authorities of safety, experts, research organizations, owners, and
manufacturers for a long time tied relations for exchange information on their approaches and their
practices, to even harmonize them. In addition to the numerous relations and bilateral agreements, it is
necessary to underline the work of harmonization made within international agencies.

The regulation concerns the responsibility for the authorities for each country, but, today, several
interests convergent to go further in the harmonization:

- in the long term, the requirements as regards protection of the populations and the
environment should not be significantly different,
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- The harmonization of safety is one of the answers to the opening of the markets and the
internationalization of the nuclear safety operators at least in the European plan, for the
nuclear power plants.

5. CONCLUSION

RCC-E Evolutions have been requested by:

- The export of nuclear power stations,

- The development of the EPR in collaboration with SIEMENS, AREVA and of the German
owners.

- The UK EPR licensing process,

- DIDLESYS recommendations.

These modifications have already purged the code of the discriminatory requirements.
A last stage consists to maintain the code as close as possible with the evolution of:

- the feedback experience of the Chinese users and manufacturers;
- IEC standards,
- IAEA safety guides and relevant good practices,
- The WENRA Safety Reference Levels.
- The Fukushima and ROBELSYS feedback experience.
ACRONYMS
NNSA: National Nuclear Safety Authority
EDF: Electricité de France, French nuclear power station operator
CEA: French Atomic Agency
NPP: Nuclear Power Plant

AFCEN : French Association in charge of RCC writing
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[2] RCC-E 2012 AFCEN and projects data books
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ROBELSYS:

Robustness provided by RCC-E in
electrical systems

RCCE
Electrical and I&C systems, equipmentand Layout — Design
and Construction rules for Nuclear Islands
publishedin English, French, and Chinese
www.afcen.com

JM. HAURE - RCCE Chairman
Phone: +32(0) 472827032
e-mail :jean-michel haure@edf . fr
12-14 avenus Dutrisvoz

F - 85628 Villeurbanne

ROBELSYS - Aorll 2+, 2014 - Parls

Jean-Michel HAURE, aten-RCCE @ All Tignts resaned pi

afcen|

( Comply with TSO Requirements (P, Q, TimeversusUmin) )

Equipment Design

(Guaranteea suitable power supply complying ;
with the safety duties=>Electric System Architectu

Provide a reliable uninterrupted power supp!
=>Electric System Architecture

in electrical equipment and systems layout

uaranteetherequiredindependence
=>Electric System Architecture

Provide a reliable and robust equipment
complyingwith the harsh conditions

ROSELSYS -Aoril 24, 2014

- Parls Jean-Michel HAURE, a%cen-RCC-E © All rignts resened p2
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Number of SBO,
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afcen|

GRID REQUIREMENTS

ROBELSYS - Aorll 2+, 2014 - Parls Jean-Michel HAURE, aten-RCCE @ All Tignts resaned ps

afcen|

» Nuclear power plant (Cl and NI parts) has to fulfill the requirements of the
grid code,

> i.e.the powerproduction partand the auxiliary systemsin Cland NI.

» Grid code frequency range requirements induces consequences on the
design of
> electrical systems;
> fluid and safety systems;
» reactorcoredesign;

» Discussions shall be launched to define a fair agreement between Grid
Operator, Safety Authorities and Plant designers

ROBELSYS - Aorll 2+, 2014 - Parls Jean-Michel HAURE, aken-RCC-E @ All Tignts resened pb
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» High reliability of the switchyard

station -
» The collapsing of one tower r ?E_ : ?",:?*7 Lo %o stason transtommer
+ shall notimpact the other transmission TR — N ._4-.?{':;,._1
fins. 20

+ Rotats towards the other line
+  $hall respect siactrical alstancs

» High reliability of the connection
to the switchyard station
» The station transformer and the L ——
standby transformer connections of i
the same unit towards the switchyard @
shall Tees
+ not ba instsliad on 3 common towsr or o0 o Sonoen @
galiary.
* have saparats routes
Busng
Femacior
Baldng
S
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ELECTRICAL SYSTEM ENGINEERING
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Lossof _ Lossofall
standby off
site source

Loads nesded to safely supply the grid and
enzble 3 safe plant operation

Loads needed to shutdown the plant- with
normal means

Loads nesdad to control the plant within

Design Basis Condiions

ROBELSYS - Aorll 2+, 2014 - Parls

Jeaniicnz| HAURE. 30en-RCC-E © All rignts resened )
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"/ DEC loads

DEC-SA loads

ons afcen|

» Electrical disturbances per network
o Voltage (Min, max, duration,
harmonics)
o Current (short-circuit, overloads)
o Frequency circa 50Hz and high
frequency
o Adapted to the each network
» Worldwide and Project feedback
experiences
o UK EPR GDA

o Ferroresonance

o Olkiluoto
o AVRovervoltage,
o Overvolatgesin the electrical system

o Byron
o Open phasedetection

o Fukushima,...

ROSELSYS - Aprll 2+, 2014 - Parls

Jean-Miche| HAURE, a%en-RCC-E © All rignts resened 210
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v Coordination of electrical parameters

EHV
Gnd » Voltage, current and insulation
v Verification and validation of internal
evencency robustness
S “‘;},_‘.j‘.:c'?" » Circa 50Hz
(Mg) * Short-circuit, voltage transients with

penalising load balances
* Ferroresonance

* Harmonics
A i * Resupply by portable sources
4 &) source (fukushima)

» High frequency phenomena
* Overvoltages (ligthning, surges)
» Acceptance criteria

* Variation of voltage in the defined
tolerances

* Breaking capacity of switchgear
* Transformerreactances

ROBSELSYS - Aorll 2+, 2014 - Parls Jean-Michel HAURE, atcen-RCC-E © All Tignts resaned o1
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Robustness to Electrical transient

ROBELSYS - Aorll 2+, 2014 - Parls Jean-Michel HAURE, aken-RCC-E @ All Tignts resened pi2
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(=0
T
EHV Short-circuit l i
at terminal ends o - 0 O S
= 1 e
ol | R : | S - -
» St ) L1
=A==
o r !
1
! e
:—:-il::;';:”{::’:"::ﬁ::.:' ;:l.ll LI L
E—— V)
Failure of houseloadoperation|
& changeoverfrom ST to AT
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VOLTAGE COORDINATION | |CURRENT COORDINATION |

(=] Mak

Sizing Cases i b TasPmer |«
GEH 0
&Q Eoa

GEWD0ICE

R
\ 7 024U U =1 56U |
lwa
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Related Equipment: Transformers, Motors, EDG, SBO, Cables, Switchboards,
Switchgear, Batteries

ROBELSYS - Aorll 2+, 2014 - Parls Jean-Michel HAURE, aken-RCC-E @ All Tignts resened D14
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ELECTRICAL EQUIPMENT ENGINEERING

ROBELSYS - Aorll 2+, 2014 - Parls Jean-Michel HAURE, aten-RCCE @ All Tignts resaned p17

afcen|
[ca |

v" Sizing and cperational requirements

» Power rating based on load balance for considered situations + 10% overszing
than worst case load

» Fuel tank capacity allowing EDG to run for 2 days at full load
v" Loss of off-site power

» Automatic Start-up within ~15s

» Sequentizlly loading of busbar and squipment
v" Backup operations required protections

» Protection against mechanical overspeed only

» Other protections if need be, complying:
* 200013 gk wie
« Protect te gensraior unit from rapkd oeterioration

v Start-up and loading conditions, step available each Ss

RCCE C2412-1:
0.6(T=T4) <
T'=$10[>' : : ) r;-S‘eg,“.
120,956 120 866y
U075, U>0.80U,
ROBELSYS - Aorll 209, 2014 - Parls B T eanicnel HAURE, sfcen-RCC-E 2 All rignts resened pi8
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LAYOUT ENGINEERING
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v RCC-Eis a high level document that

» provides a comprehensive set of requirements on
» Grid connection and transmission lines
* Plant step-down transformers
» Internal Interruptible and uninterruptible network and power sources
« The validation and verifications analyses
* Equipment design and environmental qualification
+ Layout engineering
+ Suitable documentation

» Provides confidence to the users, robustness to the design and

construction processes
» In other words you ....

ROBELSYS - Aorll 2+, 2014 - Parls Jean-Michel HAURE, aten-RCCE @ All Tignts resaned P27
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AFCEN thanks you for your attention and
hope welcoming you in RCC-E committee
Thank You,
== Merci
Topic Open for Question
JOIN AFCEN: www.afcen.com
JM. HAURE - RCCE Chairman
Phone +33(0)4 72827092
e-mall Jean-michzl naure@edt
12-14 awenue Dutrievoz
F-69623 Vileuroann2
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Overall strategy and architecture for Post-Fukushima-mitigation and mitigation
on other events in the Electrical System

Waldemar Geissler
AREVA GmbH
Paul-Gossen-Str. 100
91052 Erlangen, Germany

Abstract

1. INTRODUCTION

In NPPs the Electrical System is an auxiliary system which has to deserve other systems important for
safety and/or operation like fluid systems, HVAC etc.

A few events during the last years have nevertheless pointed out the crucial importance of this
auxiliary system “Electrical System” for the safety of the plant.

The main events are:
- Forsmark 1
- Fukushima Daiichi
- Byron2
- Forsmark 3

The difference between the other events and the Fukushima-event relating to the Electrical System is
the high degree of physical destruction which has not allowed a fast restoration of the power supply in
Fukushima.

In the proposed presentation the different events are shortly presented in the field of electrical
Ssystems and possible or foreseen countermeasures are also shown.

2. MAIN CONTENT

The presentation will show the following main parts:
e Definition of the main external and internal hazards affecting the Electrical Systems
e Short presentation of Forsmark and Byron events and selected or possible
countermeasures
e Considered events (Design Extension Conditions):
i. Long Term LOOP

ii. Long Term SBO

iii. Extended Loss of AC power

iv. Combination of events
e The DEC conditions are considered in power and shutdown states of the plant
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e Approach based on fixed (non-mobile) installed equipment
e Connection of mobile power sources in the long term phase (after 7 days)
e Conclusions

In more detail the following will be presented:

1. Electrical transients

a) Forsmark 1:

This topic was already treated in the frame of DIDELSY'S and will presented very shortly
b) Byron 2:

Phase interruption due to the break of an insulator in an 345-kV-switchyard. The failure was not
detected by the installed measuring system and the EPS-Diesels not started.
c) Forsmark 3:

During the plant outage and the power supply from the main grid via main transformer and auxiliary
transformer the HV circuit breaker was opened in two phases only, due to a loose cable connection.
Caused by the low currents in the outage phase installed protection devices were not activated. A
Station-Black-Out of 26 minutes occurred before the situation was detected in the MCR and the EPS-
Diesels started by interruption of the power supply of the EPSS.

d) Technical background and possible countermeasures referring Byron 2 and Forsmark 3:

The influence of transformer connection groups and measuring concepts for EPS-Diesel-starts will be
presented.

II. PWR Plant state and restoration of power supply
e) The different power states will be defined in the frame of the Fukushima event:

The power states like Long Term LOOP, Long Term SBO and Loss of AC power will be presented
and countermeasures will be shown.

II1. Conclusion
f) Conclusion

A general conclusion referring the robustness of Electrical Systems will be shown, especially for the
example of the EPR.

3. SUMMARY

The aim of the presentation is to give an general overview over the architecture of the Electrical
System in an NPP under consideration of design extension events. The robustness of the Electrical
Systems can be verified in this way.
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Overall strategy and architecture for Post-Fukushima-mitigation and mitigation
on other events in the Electrical System

Waldemar Geissler
AREVA GmbH, Germany

1. Introduction
The Electrical System of a Nuclear Power Plant has a crucial role for the safety of the NPP.

During the last years a few events have shown the vulnerability of the Electrical System referring to
external hazards, from the electrical grid and also from natural phenomena.

The main events are:

Forsmark 1
Fukushima Daiichi
Byron 2

Forsmark 3

Forsmark 1 was treated in the frame of other workshops, therefore the phase interruptions in case of
Byron 2 and Forsmark 3 and also the external hazard in case of Fukushima will be treated in this
document.

2. Main non-electrical hazards affecting electrical power supply

The main non-electrical hazards which affects the Electrical Power Supply System are:

Earthquake

Flooding

Fire

Wind and Tornado

Other extreme weather conditions (e.g. snow, icing, sandstorm...)
Explosion waves

Air Plane Crash

The electrical hazards are shown in a separate chapter of this document.

As the Fukushima event and his consequences are generally well known, this will not be handled in
this document.

In the next chapter are shown measures in case of beyond-design-accidents, which could be the result
of an event like in Fukushima.
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3. Post Fukushima — main scenario considered for electrical power supply

The main scenario considered for the Electrical Power Supply System in the frame of the Post-
Fukushima investigations are:

Loss of Offsite Power (LOOP) / Loss of Preferred Power - DBC event, duration: 72 h
Station Black Out (SBO) — DEC-A event, duration: 24 h

Long Term LOOP — beyond design, duration > 72 h

Long Term SBO — beyond design, duration > 24 h

Extended/Total Loss of AC Power (ELAP) — Grids, EDG, SBO/AAC power sources not
available, only the battery buffered DC and AC electrical systems are in operation

Remark: Modern power plants fulfill the DBC- and DEC-requirements (LOOP and SBO), therefore
this is not treated in the presentation.

3.1 Long Term LOOP > 72 h
Boundary conditions: LOOP, On-site power sources available (EDG and SBO, also UPS systems)

e EDG has be designed for 72 h continuous operation, SBO for 24 h

e In case of Long Term LOOP the operation of the on-site-power-sources is required to cool the
core.

o After a time load shedding of fluid system loads (redundant design) in order to not consume
too much fuel.

e Possibilities to increase the fuel as additional tanks or connections between tanks and refilling
opportunities.

3.2 Long Term SBO >24 h
Boundary conditions: LOOP and loss of EDG’s, SBO available, also UPS systems

SBO has be designed for 24 h continuous operation.

In case of Long Term SBO the operation of the SBO DG is required.

Load shedding in order to reduce the fuel consumption (redundant systems).

Possibilities to increase the fuel as additional tanks or connections between tanks and refilling
opportunities.

Remark: Fuel tanks are designed for operation with rated load. As the balanced load is generally
lower, the SBO fuel tank has a safety margin (operation > 24 h possible).
33 Extended/Total Loss of AC Power >2h

Boundary conditions: LOOP, On-site power sources not available (EDG and SBO), only battery
buffered DC and AC systems available)

e For this beyond design scenario different possibilities to handle for Electrical Systems are
imaginable, e.g. use of fixed or mobile power sources at defined switchboards.
e Use of non-electrical power sources for defined functions

For the connection of mobile power sources precautionary measures are recommended.
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Installation of dedicated cabinets in the switchgears.

Pulling of cables

Installation of fixed connectors

Holes in the walls of the buildings, closed in normal cases, as shown in the next picture

Resume and recommendations

The following conclusions can be drawn:

e For these beyond design scenarios different Defense in Depth lines are necessary.
o The site and buildings of the NPP have to be selected and executed accordingly:

o The site should be located or protected in such a way that external hazards as flooding
have a low probability.

o The buildings with safety equipment shall be designed and build protected against
earthquake and tight in case of flooding, also other hazards as explosion waves or air
plane crash should be considered.

e For special measures like connection of mobile power sources precautionary measures should
be installed.

e Accident manuals should be adapted and the staff has to be trained for these measures.
Supply of electrical power is not enough, the process systems and I&C have to be also
operable to prevent core melt.

4. Main electrical hazards affecting electrical power supply

The main electrical hazards which affects the Electrical Power Supply System are:

a)

Fast transients

Direct and indirect lightning strikes
Switching

Arcing faults

Transmission line phenomena
Resonance phenomena
Electromagnetic Pulse phenomena
Geomagnetic Induced Currents (GIC)
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b) Other failures
e Earth faults
e Phase interruptions

4.1 Voltage and frequency variations

Failures in Electrical Systems cause generally variations of voltage and frequency.

a) Slow voltage variations:
e (Caused by missing or excess reactive power in the grid, large load flows, faulty voltage control
equipment in the grid.
e Compensation by using of on-load tap changer for the step-up and auxiliary (normal,
emergency and standby) transformers or should be handled by the automatic voltage regulator
(AVR) of the main generator

b) Fast/transient voltage variations:
e (Caused by short-circuits, switch-over, lightning strikes, transition to houseload operation.
Range between 1ms to seconds.
o No compensation by active measures, equipment has to be designed for such phenomena or
protected against them
c) Frequency variations:
e (Caused generally by missing or excess active power.
e Several defense lines in the grid and in the plant, e.g. transition to houseload operation. Can
not easily be compensated.

An example of defined voltage and frequency limits and variations in case of an FRT (fault ride
trough) is shown in the next figures:

A
Grid voltage (pu) Frequency (Hz)
531
- 52 - island oper. after 3
OgD large power

51

30 min 10 hours/year
10% power reduction

50.3 1 hour 1 hour
501 10% 10%
reduction reduction

497 Continuous operation at nominal power
49
30
power
— 0% at 49 Hz
025 48 15% 47.5 at Hz
47 | | | | |

85 920 95 100 105 110
Grid voltage (%)

v

0 025 0.75
Source: NORDEL
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Voltage and frequency variations are also caused by failures which are not “standardized” in grid
codes. These failures are:

d) Fast transients

Direct and indirect lightning strikes
Switching

Arcing faults

Transmission line phenomena
Resonance phenomena
Electromagnetic Pulse phenomena
Geomagnetic Induced Currents (GIC)

e) Other failures
e Earth faults
e Phase interruptions

Examples of this type of failures are shown in the next two figures:

Voltage transient in Forsmark 1:

MDF1 M1 - Stirsie_Snabb_2006-07-25 01 - 13:25:02
Yioove Y3 ¥4
% 10 % T 10
25 -
2 -
pq - 08 i il ]
22 - -
2 o eSS -

- 08 T 06
20 = -
19 = -
18 - -

= 04 =04
17 E
18 4 =
51 oe 5 1oz
14 14
13 13
12~ 00 12 Lo

I y J ‘ T y T T T y | ' 1
590 535 80.0 B0.5 810 B15 620
¥ Tid

¥ 3
—M1-611KB31 [KV] —— N1 - 611K832 [kv]
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Phase interruption — single phase interruption on the HV side:

4.2

Single-Phase Interruption

Undisturbed (HV Side)

ULs Ups

Uz Uz

Cases of phase interruptions — Byron 2 and Forsmark 3

Byron 2 event.

During power operation in Byron 2:

January 30th, 2012 at Byron Unit 2, USA
o The C-Phase broke, resulting in a Phase C open circuit and a high impedance ground
fault
o Open phase condition and resulting voltage unbalance — unit protective relaying was
not designed to detect
o Reactor trip and finally the control room operators detected the failure and tripped the
breakers to separate unit buses from offsite power sources, in order to initiate EDG
automatic start and operation
EDG start is initiated by a voltage measurement in a two-out-of-two-logic, not met in this case

Forsmark 3 event.

During the outage in Forsmark 3:

only one (of two) external busbars connected to the plant because of maintenance on the
external grid switch yard.

The alternative power source was disconnected because of change to a new 70 kV switch yard
(This operating conditions is only allowed during outage)

On the 30th of May 2013 the plant circuit breaker to the 400 kV grid was disconnected in two
phases only, due to a loose cable connected to one of three poles for the breaker tripping
device. Breaker failure protection not activated due to low current (limit not reached).

No start of the EDG’s (two-out-of-three-logic at 65%Ur) because limiting values were not
reached (Main and auxiliary transformers have a Y/A-connection and the star-point ist
grounded).

Voltage measurement for the MCR between L1 and L2 only: value ok, no alarm.
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e After 20 minutes the operators separated manually the safety busses from the external grid,
after them automatic start of the Diesels and supply of the safety buses.

e Equipment on safety and non-safety busbar with protection for “phase-disconnection” stopped
automatically. Electrical machines lacking protection for “phase-disconnection” did not stop
and some of them get minor damages.

5. Considerations in principle, based on a one-phase-interruption (Byron)

In this chapter are described main influence factors referring the consequences of a phase interruption
on the HV side of an Unit Auxiliary Transformer.

The following boundary conditions have to be considered:

e Connection of the Unit Auxiliary Transformer (on the Insulated Phase Busduct or on the HV
grid) has an significant importance.

e Open phase transmission over the main, auxiliary or standby transformers depends on the
transformer vector group: Yy, Ay, Yd, etc. and the secondary side loading conditions

e Grounding of the transformers (or not) has an significant influence
Loading conditions of the plant (power operation, outage etc.) has a significant influence

e Start conditions for the Emergency Diesels (e.g. 20f2 or 20f3 measurement, at 80%Ur, at 65%
etc.).

a) Voltage in the unit in case of an Unit Auxiliary Transformer with a Y/Y -connection, not grounded.

ILla=0A
IL2a=26 A
IL3a=26 A
; 30a=0A
UL1a= 115574 kV
Ul2a = 231,034 kV L
Ul3a = 230,898 kV
= | IL1a=0A
Ula =115540 kV 232 26 A
IL3a=26A
H0a=0A
I/-
FIRA
&P
ILla=0A
, IL2a= 977 A
IL3a= 977 A
30a=0A
UL1a= 0,002 kv
UZa=3118kY __ |
Ul3a = 5,116 kv
UOa = 0,000 kv IL1a=0A
IL2a= 97T A
IL3a= 977 A
0a=0A
v
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. Single-Phase Interruption Single-Phase Interruption
Undisturbed (HV Side) (Aux. System)
ULg UL3 UL3
f
UL| ULI
U Uiz U J

e One phase in the system has voltage 0(zero)
o Phase angle between the two remaining phases changed from 120° to 180°
e Voltage measurement 20f3 would start the Emergency Diesel Generator

Remark: Other treatment of the transformer Y-point (e.g. solid grounding) would produce other
results. Furthermore motors in operation would have an influence.
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b) Voltage in the unit in case of an Unit Auxiliary Transformer with a Y/A-connection, not grounded.

f

L 1a = 63,566 kV
Ul2a=127,102kV
U3a =126 380KV
Uba=63561 kV

p
[

Ulta= 2839 kY
Uza =588k _|
Ulsa =293 kY

Ula=0,000 KV

(o
@

IL1a=0A
IL2a=4TA
IL3a=4TA
J0a=0A

IL1a=0A
I2a=4TA
IL3a=4TA
J0a=0A

17

IL1a =567 A
IL2a=1134A
IL3a =567 A
J0a=0A

—
IL1a =567 A
I2a=1134A
IL3a =567 A
J0a=0A

v

p
-
- .

ungestart

Uyys= 100%

Spannungsvektoren Spannungsvektoren
05-5eite US-Seite
UL
I
I
I
|| U 3= 50%
|
[l
o,
o
i
| |
|I Uy = 50%
| 1
1
| Spannungsvektoren Uy
vy und Uy, gleich !

Ermittiung der verketteten Spannung U, aus der Leiter-Erde-Spannung U

Upag=-Ug+ Uy / Upgg=U 3+ Upp / Upg=-U, + U

Uppts = Uz = 86% Ur
U=0

e No phase in the system has voltage 0(zero)

e Phase angle between the phases changed from 120° to 180° (for L1-L2 and L2-L3) and 0° (for L2-
L3)
Due to the angle shift two voltage values would be 86%Ur (>80%UTr)

e Voltage measurement 20f3 with limit <80%Ur would not start the EDG

Remark: Other treatment of the transformer Y-point (e.g. solid grounding) would produce other
results. Furthermore motors in operation would have an influence.

Open phase detection — Resume:

e Connection type of the Unit Auxiliary System is important (via generator transformer or direct on

the HV-grid)

e Open phase transmission over the auxiliary and standby transformers depends on the transformer
vector group: Yy, Ay etc., the Y-point-grounding and secondary side loading conditions.

e Influence of running motors (load conditions) is high.

Statement: No general applicable solution is available. Detailed investigations to be done for each

plant.
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e Electrical Protection:
o Individual equipment protection, e.g. out-of-balance-protection for motors

o Digital protection devices for negative sequence measurements could detect the
failure. Setting values are challenging.

6. Improvements in power plants, without consideration of deeper electrical calculations

In this chapter are described improvements, which do not require deeper investigations in the area of
electrical calculations and protection settings.

o Show all voltages in the Main Control Room, all the time

L1-L2

L2-L3

L3-L1

e Foralarms: Use a type of measurement that all voltages are monitored
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o Use for the automatic start of the Emergency Diesels 20f3 instead 20f2 measurements. Divers
measurement to the voltage, e.g. frequency, could also be considered

MV SWGR VOLT MV SWGR VOLT MV SWGR VOLT MV SWGR FREQ MV SWGR FREQ MV SWGR FREQ
L1-L2 L2-L3 L3-L1 L1-L2 L2-13 L3-L1

o O O O O O

w

(AT (B3 HFics (ASTHPIS (BT HFIcs (AT HPics (BZITHFEs

L

i

(B3 HFEO]- EDG start division d

7. Summary

The following can be summarized:

e Electrical Power Supply System is a supporting system, but the availability and the robustness of
the electrical system is of major importance for the safety of the plant.

e Independently from the plant concept, a robustness analysis should be done, considering hazards
and electrical transients.

e Robustness against CCF of support systems — analysis should asses the cliff edge effect of
unexpected events trough ALARP

339



NEA/CSNI/R(2015)4

A

AREVA

forward-looking energy

A

AREVA

ROSELSYS —Overalisrategy In Eearicsl Symens, AREVA Wabiamer Gatser, Aorii2014  Side 1 RESTRICTED AREVA

Overall strategy and architecture for
Post-Fukushima-mitigation and
mitigation on other eventsin the
Electrical System

Waldemar Geissler

AREVA

Senior Advisor

Electrical System Architecture A
RESTRICTED AREVA A R E VA

forward-iocking enorgy

340



NEA/CSNI/R(2015)4
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Hazards with influence on the
Electrical Power Supply

» Non-electrical hazards:
¢ Earthquake
+ Flooding
# Fire
4+ Wind and Tornado
+ Other extremeweatherconditions (e.g. snow, icing, sandstorm...)
4 Explosion waves
4 AirPlane Crash

» Electrical hazards:
+ Presented in afollowing chapter

A

AREVA
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Events considered after
Fukushima for Electrical Systems

» Loss of Offsite Power (LOOP) / Loss of Preferred Power - DBC
event, duration: 72 h

» Station Black Out (SBO) — DEC-A event, duration: 24 h
» Long Term LOOP - beyond design, duration >72 h
» Long Term SBO - beyond design, duration > 24 h

» Extended/Total Loss of AC Power (ELAP) - Grids, EDG, SBO/AAC
power sources not available, only the battery buffered DC and AC
electrical systems are in operation

Remark: Modern power plants fulfill the DBC- and DEC-
requirements (LOOP and SBO), therefore this is not treated in the
presentation.

A

= Y \ x AREVA
ROBELSYS —Overalisratagy In Eecricsl Sysenms, AREVA, Watiamar Gatser, Aorfi2014 Side 7 RESTRICTED AREVA ooyl by

Long Term LOOP >72 h
Enhancement of onsite power supply

Boundary conditions:
LOOP, On-site power sources available (EDG and SBO, also UPS systems)
» EDG has be designed for 72 h continuous operation, SBO for 24 h

» In caseof Long Term LOOP the operation of the on-site-power-sourcesis
required to cool the core.

» After a time load shedding of fluid system loads (redundant design) in order
to not consume too much fuel.

» Possibilities to increase the fuel as additional tanks or connections between
tanks and refilling opportunities.

A
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Long Term SBO >24 h

Boundary conditions:

LOOP and loss of EDG’s, SBO available, also UPS systems

SBO has be designed for 24 h continuous operation.

» In caseof Long Term SBO the operation of the SBO DG is required.

» Load shedding in order to reduce the fuel consumption (redundant systems).
>

Possibilities to increase the fuel as additional tanks or connections between
tanks and refilling opportunities.

v

Remark: Fuel tanks are designed for operation with rated load. As the
balanced load is generally lower, the SBO fuel tank has a safety
margin (operation > 24 h possible).

A
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Extended/Total Loss of AC Power >2 h

Boundary conditions:

LOOP, On-site power sources not avaifable (EDG and SBO), only battery
buffered DC and AC systems available)

» For this beyond design scenario different possibilities to handle for Electrical
Systems are imaginable, e.g. use of fixed or mobile power sources at defined
switchboards.

» Use of non-electrical power sources for defined functions.

A
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Connection of mobile power sources

» For the connection of mobile power sources precautionary measures are
recommended.
4 Installation of dedicated cabinets in the switchgears.
4 Pulling of cables
4 Holes in the walls of the buildings, closed in normal cases

A

AREVA

[
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Resume and recomedations

» For these beyond design scenarios different Defense in Depth lines a
necessary.

» The site and buildings of the NPP have to be selected and executed
accordingly:

4 The site should be located or protected in such a way that external hazards as flooding have a
low probability.

4 The buildings with safety equipment shall be designed and build protected against earthquake
and tight in case of flooding, also other hazards as explosion waves or air plane crash should
be considered.

» For special measures like connection of mobile power sources precautionary
measures should be installed.

» Accident manuals should be adapted and the staff has to be trained for
these measures.

» Supply of electrical power is not enough, the process systems and I&C have
to be also operable to prevent core melt.

A

AREVA
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Main electrical hazards
affecting Electrical Power

Supply

A

RESTRICTED AREVA AREVA

forward-locking enorgy

7

Voltage and frequency variations
and transients from “undefined”
grid failures

» Fast transients
# Directand indirect lightning strikes
+ Switching
+ Arcing faults
# Transmissionline phenomena
+ Resonance phenomena
+ Electromagnetic Pulse phenomena
+ Geomagnetic Induced Currents (GIC)

» Other failures

+ Earth faults
+ Phase interruptions

A
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Voltage and Frequency
Variations

» Slow voltage variations:
+ Causedby missingor excess reactive powerin the grid, large load flows, faulty
voltage control equipmentin the grid.

+ Compensation by using of on-load tap changerforthe step-up and auxiliary
(normal, emergencyand standby) transformers orshould be handled by the
automaticvoltage regulator (AVR) of the main generator

» Transient voltage variations:

+ Causedby shortcircuits, switch-over, lightning strikes, transition to houseload
operation. Range between 1msto seconds.

+ No compensation by active measures, equipment hasto be designedfor such
phenomena orprotectedagainstthem

» Frequency variations:
¢ Causedgenenrally by missingor excessive active power.

+ Severaldefenselinesinthegridand in the plant, e.g. transitionto houseload
operation. Can noteasily be compensated.

ROBE.5YS ~Oueral sy 1 EETG S/SarE AREVA NSDamy Gemer o204 B8 ~oorm coom oo A E VA

Voltage and frequency variations
— Requirements from grid codes

» Nordel grid code and fault ride through characteristic

Fraguency (Hz)
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Voltag and frequency variations
and transients from “undefined”
grid failures

» Fast transients
+ Directand indirect lightning strikes
+ Switching
+ Arcing faults
# Transmissionline phenomena
+ Resonancephenomena
+ Electromagnetic Pulse phenomena
+ Geomagnetic Induced Currents (GIC)

» Other failures

+ Earth faults
+ Phase interruptions

A

ROBE.5YS - Oueral sy 1 EETG SymarE AREVA NaDemy Gemer o204 Boe 7 oo oo oo AREVA

[

Not “standardized” failures -

transients and phase interruptions

» Voltage transient Forsmark 1  » Phase interruption - e.g.
single phase interruption

- LR Rt P Scnf

A
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Byron 2 event - Interruption of one

phase
» January 30th, 2012 at Byron Unit 2,
; USA
s:o;s:« yo y # The C-Phase broke, resulting in a Phase C
S open circuit and a high impedance ground
N fault
Insulator f 4 Open phase condition and resulting voltage
: ,_S“’f" unbalance — unit protective relaying was not
designed to detect
‘ # Reactortrip and finalty the controlroom
Collapsed 1 operators detected the failure and tripped the
fl C-Phase Bus — ' breakers to separate unit buses fromoffsite

power sources, in order to initiate EDG
automatic start and operation

L § A
Lol =g Yo » EDG start is initiated by a voltage
‘_. 13 us measurement in a two-out-of-two-logic,

e not met in this case

Source: Exeslon A

= " = : . AREVA
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P L

Forsmark 3 event- Interruption of two
phases

» Outage in Forsmark3:

» only one (of two) external busbars connected to the plant because of maintenance on the
external grid switch yard.

» The zalternative power source was disconnected because of change to a new 70 kV switch
yard (This operating conditions is only allowed during outage)

» On the 30th of May 2013 the plantcircuit breaker to the 400 kV grid was disconnected in
two phases only, due to 2 loose cable connected to one of three poles for the breaker
tripping device. Breaker failure protection not activated due to low current (limit not
reached).

» No start of the EDG's (two-out-of-three-logic at 65%Ur) because limiting values were not
reached (Main and auxiliary transformers have a Y/A-connection and the star-pointist
grounded).

Voltage measurement for the MCR between L1 and L2 only: value ok, no alarm.

After 20 minutes the operators separated manually the safety busses from the external
grid, after them automatic start of the Diesels and supply of the safety buses.

» Equipment on safety and non-safety busbar with protection for “phase-disconnection”
stopped automatically. Electrical machines lacking protection for “phase-disconnection”
did not stop and some of them get minor damages.

= ‘ = : . AREVA
ROSELSYS - Overslisrategy In Eeonial Sysens, AREVA, 'WaDanar Gatmser, Aorii2014 Side D RESTRICTED AREVA
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Consideration in principle,
based on a one-phase-
interruption (Byron)

A

RESTRICTED AREVA A R E VA

forward-locking enorgy

Boundary conditions for open-phase-
detections

» Connection of the Unit Auxiliary Transformer (on the Insulated Phase
Busduct or on the HV grid) has an significant importance.

» Open phase transmission over the main, auxiliary or standby transformers
depends on the transformervector group: Yy, Ay, Yd, etc. and the
secondary side loading conditions

» Grounding of the transformers (or not) has an significant influence

» Loading conditions of the plant (power operation, outage etc.) has a
significant influence

» Start conditions for the Emergency Diesels (e.g. 20f2 or 20f3 measurement,
at 80%Ur, at 65% etc.).

AREVA
RESTRICTED AREVA  wuwsivany wuny
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Open Phase Detection Y/Y-transformer not grounded,
single phase circuit interruption
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» Ons phass In tha system has voitags 0[zero)
» Phass angle betwssn the two remaining phases changed from 120° to 180°
» \oitags maasurament 2073 would start the Emergancy Disssl Ganerator A
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Open Phase Detection Y/A-transformer, not
grounded, single phase circuit interruption
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Byron Event, Open Phase Detection Y/A-transformer
single phase circuit interruption -
voltage conductor to ground
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No phass In the system has voitags 0(2sro0)

Phass angle betwssn the phasss changed from 120° to 180° (for L1-L2 and L2-L3) and ¢° {for L2-L3)

Dus to the angis shift two voitages valuss would be 853tUr (»30%:Ur)

Voitags massurement 2073 with Bmit <30%Ur would not start the EDG A

=ve - " = = P AREVA
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Open Phase Detection - Resume

Statements:

» Connection type of the Unit Auxiliary System is important (via
generator transformer or direct on the HV-grid)

» Open phase transmission over the auxiliary and standby
transformers depends on the transformer vector group: Yy, Ay etc.,
the Y-point-grounding and secondary side loading conditions.

» Influence of running motors (load conditions) is high.
Statement: No general applicable solution is available. Detailed
investigations to be done for each plant.

» Electrical Protection:
4 Individual equipment protection, e.g. out-of-balance-protection formotors
+ Digital protection devices for negative sequence measurements coulddetectthe
failure. Settingvalues are challenging.
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Improvements in power
plants, without
consideration of deeper
electrical calculations

RESTRICTED AREVA

A

AREVA

forward-locking enorgy

Open-phase-detections — possible

improvements

» Show all voltages in the Main
Control Room, all the time.

» For alarms: Use a type of
measurement that all voltages

are monitored.
L1-L2 .
PI— e
592 KA8156 =0t ” S
2-13 @IS .99 kv L R
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L3-L1 FIA| EREE] LY
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Open-phase-detections — possible
improvements

» Use for the automatic start of the Emergency Diesels 20f3 instead 20f2
measurements.

» Divers measurementto the voltage, e.g. frequency, could also be
considered
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Summary

» Electrical Power Supply System is a supporting system, but the
availability and the robustness of the electrical system is of major
importance for the safety of the plant.

» Independently from the plant concept, a robustness analysis should
be done, considering hazards and electrical transients.

» Robustness against CCF of support systems — analysis should asses
the cliff edge effect of unexpected events trough ALARP

Thank you!
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or its content to any third party or its publication, in whole or
in part, are specifically prohibited, unless AREVA has
provided its prior written consent.

This document and any information it contains shall not be
used for any other purpose than the one for which they were
provided.
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Comparison between Different Power Sources for
Emergency Power Supply at Nuclear Power Plants

Magnus Lenasson, MSc
Solvina AB, Sweden

Abstract
Currently the Swedish nuclear power plants are using diesel generator sets and to some extent gas
turbines as their emergency AC power sources and batteries as their emergency DC power sources.

In the laws governing Swedish nuclear activity, no specific power sources are prescribed. On the other
hand, diversification of safety functions should be considered, as well as simplicity and reliability in the
safety systems. So far the choices of emergency power sources have been similar between different power
plants, and therefore this project investigated a number of alternative power sources and if they are suitable
for use as emergency power on nuclear power plants.

The goals of the project were to:
- Define the parameters that are essential for rending a power source suitable for use at a

nuclear power plant.

- Present the characteristics of a number of power sources regarding the defined
parameters.

- Compile the suitability of the different power sources.

- Make implementation suggestions for the less conventional of the investigated power
sources. (unconventional in the investigated application)

10 different power sources in total have been investigated and to various degrees deemed suitable
Out of the 10 power sources, diesel generators, batteries and to some extent gas turbines are seen as
conventional technology at the nuclear power plants. In relation to them the other power sources have been
assessed regarding diversification gains, foremost with regards to external events. The power sources with
the largest diversification gains are:
- Internal steam turbine
- Hydro power
- Thermoelectric generators

The work should first and foremost put focus on the fact that under the right circumstances there are
power sources that can complement conventional power sources and yield substantial diversification gains.
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1. Background and purpose

This paper is a shortened version of the report “Comparison between different power sources for
emergency power supply at nuclear power plants”'. The report is financed by Elforsk — Swedish Electrical
Utilities’ R & D Company.

The background of the report is that the Fukushima accident showed how redundant but not
diversified power sources can be destroyed by external events. This might lead to increased focus on
diversification, from the industry and/or the regulating authorities.

A number of essential parameters for a power source to work as emergency power supply at a nuclear
power plant have been identified; ten different power sources have then been evaluated with respect to
these parameters.

The report is supposed to work as a knowledge base and decision support when new nuclear power
plants or reinvestments in old ones are considered.

The studied power sources are:

- Diesel generators

- Gas turbines

- Internal steam turbines

- Externals steam turbines
- Hydro power plant

- Batteries

- Fuel cells

- Stirling engines

- Thermoelectric elements
- Flywheels

The power sources are evaluated for five different applications, each application with its own
acceptance criteria for each of the essential parameters. The five applications are:

- Onsite emergency AC source
- Onsite emergency DC source
- Alternate AC source, small
- Alternate AC source, large
- Alternate AC source, mobile

Mainly Swedish preconditions are considered in the report, but most of the results are applicable in
any other country.

2. Essential parameters

In this chapter the parameters that have been identified as essential for a power source to act as
emergency power source at a nuclear power plant are listed and explained. In the original report!
acceptance criteria for the different applications are defined.
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Available power
The parameter demonstrates in which power intervals the power sources are available.
Available energy and energy density

The parameter demonstrates how large quantities of primary energy carrier that is required for the
different power sources.

Maximum operation time

The parameter demonstrates if there are limitations on how long the different power sources could be
in operation without any planned outages given that fuel is supplied.

Dynamic operation

The parameter demonstrates how the different power sources are controlled (frequency and voltage
control) and how they react on motor starts and load rejection for example.

Starting time

The parameter demonstrates how soon after a loss of offsite power the supplied grid can be
reenergized.

Realizability of power source within or outside the protected area

The parameter demonstrates how large the power source is and which special preconditions it
requires. Based on this an assessment is made if it is feasible to realize the power source within the
protected area or outside it.

Availability and reliability

The parameter demonstrates the availability and reliability of the different power sources.

Definitions:

. - tfo
Availability = 1——, where
tot

t,, = Forced outage hours during operation and standby

t,..= Total amount of hours in operation and standby

S

Reliability = , Where

as

n, = Number of starts

N, = Number of attempted starts
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Possibility to classify as safety equipment

This parameter demonstrates if the different power sources have been classified as safety equipment
earlier or if it is possible to do so in the future. To evaluate the possibility to classify a power source in the
future the main focus is the accumulated operation time of the power source.

Sensitivity to external events

The parameter demonstrates what kinds of external events the different power sources are sensitive to.
The different external events are divided into four groups:

- Mechanical impact, for example wind, precipitation (snow), explosions, earthquake

- Impact of water, for example precipitation (rain), sea waves, high sea level, flood.

- Clogging of dampers, air intakes and heat exchangers, for example precipitation
(snow), ice storms, missiles due to wind

- Extreme temperatures

This parameter is used to evaluate diversification gains, i.e. if the different power sources are sensitive
to the same types of external events or not. Sensitivity to different types of external events makes it less
likely that all power sources are taken out simultaneous.

Additional risks of challenging existing equipment

The parameter demonstrates what additional risks the different power sources pose to the existing
equipment on site. The additional risks are divided into the following groups:

- Explosives

- Fire load

- Large rotating masses
- Hazardous substances
- Electrical transients

Aspects of maintenance and operational readiness

The parameter demonstrates if any special maintenance measures or measures to assure operational
readiness can prevent the possibility to operate the different power sources in the intended way. Special
attention is payed to possible tests or measures that have to be performed during the plant’s normal
operation period.

Mobility

The parameter demonstrates if the different power sources can be made mobile.

Investment and operational costs

The parameter demonstrates the investment costs and the operational costs for the different power

sources. The costs are for the equipment alone, so the additional costs for a possible safety classification
process and for the projects installing the equipment are not included.
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3. Summaries for different power sources

3.1 Diesel generators

The suitability of diesel generators in different applications is seen in table 1. Diesel generators are
already implemented as several redundant units in nuclear power plants worldwide.

Table 1. The suitability of diesel generators

Diesel generators

Application Suitable Suitable under | Unsuitable
certain
preconditions

Onsite emergency AC source X

Onsite emergency DC source Xt

Alternate AC source, small X

Alternate AC source, large X2

Alternate AC source, mobile X

1) Unsuitable due to starting time>0
2) Suitable if several units are connected in parallell.

3.2 Gas turbines

The suitability of gas turbines in different applications is seen in table 2. Gas turbines are suitable to
implement as several redundant units.
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Table 2. The suitability of gas turbines

Gas turbines

Application Suitable Suitable under | Unsuitable
certain
preconditions
Onsite emergency AC source X!
Onsite emergency DC source X!
Alternate AC source, small X
Alternate AC source, large X
Alternate AC source, mobile X2

1) Unsuitable due to starting time>20 s

2) Suitable if less than 72 hours’ worth of fuel is accepted or a separate solution for the fuel is
provided.

3.3 Internal steam turbine

The concept “internal steam turbine” is a steam turbine driven by steam from the main process in the
nuclear power plant. The suitability of internal steam turbines in different applications is seen in table 3.
Internal steam turbine is only suitable to implement as a single unit due to lack of power.

Table 3. The suitability of internal steam turbine

Internal steam turbine

Application Suitable Suitable under | Unsuitable
certain
preconditions
Onsite emergency AC source X1
Onsite emergency DC source X2
Alternate AC source, small X3
Alternate AC source, large X
Alternate AC source, mobile X

1) Unsuitable due to lack of power at reactor outages and damages at the RCPB
2) Unsuitable due to starting time>0

3) Suitable if the available power is sufficient

*) Unsuitable due to lack of available power

%) Unsuitable power source to make mobile
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3.4 External steam turbine

The concept “external steam turbine” consists of an offsite heat and power plant (CHP) that has a
dedicated line to the nuclear power plant. At a blackout the offsite plant disconnects from the grid and
starts feeding the nuclear power plant. The suitability of external steam turbines in different applications is
seen in table 4. External steam turbines can be implemented as several redundant units in case suitable
units can be found in the vicinity of the nuclear power plant and the separation between them is sufficient.

The concept with external steam turbines is characterized by:

Relatively large diversification gains due to a site separated from the nuclear power
plant.

No challenges to existing equipment

Many external parameters that should coincide: Possibility to depose enough heat,
existence of suitable external power plant (or willingness to invest in one), willingness
to act as emergency power supply to nuclear power plant.

Existing power plants hard to classify as safety (1E / CatA etc.) equipment

The line between the external power plant and the nuclear power plant must be
protected.

Table 4. The suitability of extern steam turbine

External steam turbine

Application Suitable Suitable under | Unsuitable
certain
preconditions
Onsite emergency AC source Xt
Onsite emergency DC source X2
Alternate AC source, small X3
Alternate AC source, large xX*
Alternate AC source, mobile X5

1) Suitable provided that a suitable power plant exists/is built and that safety classification can be

achieved

2) Unsuitable due to starting time > 0

3) Suitable provided that a suitable power plant exists/is built

*) Unsuitable due to lack of available power

%) Unsuitable power source to make mobile
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3.5 Hydro power plant

The concept “hydro power plant” consists of an offsite hydro power plant that has a dedicated line to
the nuclear power plant. At a blackout the offsite plant disconnects from the grid and starts feeding the
nuclear power plant. The suitability of hydro power plants in different applications is seen in table 5.
Hydro power plants can be implemented as several redundant units in case suitable units can be found in
the vicinity of the nuclear power plant and the separation between them is sufficient.

The concept with hydro power plants is characterized by:

- Large diversification gains due to a site separated from the nuclear power plant and that
the power generation is not based on combustion.

- No challenges to existing equipment

- Hard to evaluate the suitability of a hydro power plant without testing it’s island
operation capabilities.

- Some external parameters should coincide: Existence of suitable hydro power plant (or
willingness to invest in one), willingness to act as emergency power supply to nuclear
power plant.

- Existing power plants hard to classify as safety class (1E / Cat A etc.) equipment

- The line between the external power plant and the nuclear power plant must be
protected.

Table 5. The suitability of hydro power plant

Hydro power plant

Application Suitable Suitable under | Unsuitable
certain
preconditions
Onsite emergency AC source Xt
Onsite emergency DC source X2
Alternate AC source, small X3
Alternate AC source, large xX*
Alternate AC source, mobile X5

1) Suitable provided that a suitable power plant exists/is built and that safety classification can be
achieved

2) Unsuitable due to starting time>0
3) Suitable provided that a suitable power plant exists/is built
*) Unsuitable due to lack of available power

%) Unsuitable to make mobile
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3.6 Batteries

The suitability of batteries in different applications is seen in table 6. Batteries are already
implemented as several redundant units in nuclear power plants worldwide.

The concept with batteries is characterized by:

- Operation time normally <24 hours

- Possible to dimension power and energy modularly

- Continuously loading and able to deliver power instantly.

- Well established technology, new types are developed continuously

Table 6. The suitability of batteries

Batteries
Application Suitable Suita_ble under | Unsuitable
certain
preconditions
Onsite emergency AC source Xt
Onsite emergency DC source X
Alternate AC source, small Xt
Alternate AC source, large Xt
Alternate AC source, mobile Xt

1) Unsuitable due to operation time < 72 hours

3.7 Fuel cells

The suitability of fuel cells in different applications is seen in table 7. They have in total too many
shortcomings and doubts to be deemed suitable for any application. Their availability and dynamic
behavior is insufficient and the diversification gains are small.
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Table 7. The suitability of fuel cells

Fuel cells

Application Suitable Suitable under | Unsuitable
certain
preconditions

Onsite emergency AC source

Onsite emergency DC source

Alternate AC source, small

Alternate AC source, large

X X [ X | X [X

Alternate AC source, mobile

3.8 Stirling engines

The suitability of stirling engines in different applications is seen in table 8. Stirling engines would
require higher temperatures than what is available in a nuclear power plant to function satisfactorily, they
are therefore deemed unsuitable for all applications.

Table 8. The suitability of stirling engines

Stirling engines

Application Suitable Suitable under | Unsuitable
certain
preconditions
Onsite emergency AC source X1
Onsite emergency DC source Xt

Alternate AC source, small

Alternate AC source, large X1

Alternate AC source, mobile Xt

1) Unsuitable since the available heat in the process is not sufficient

3.9 Thermoelectric generators

The suitability of thermoelectric generators in different applications is seen in table 9. Thermoelectric
generators can only be implemented as a single unit due to lack of power.

The concept with thermoelectric generators is characterized by:

- Relatively large diversification gains due to resilience to low temperature and absence
of gas formation.

- Hard to create a robust and simple solution that can supply a sufficient amount of
elements with heat.

- Creates heat losses in the process.
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- Cannot be charged during times with available AC power.
- Only available when process heat is available, not during outages for example.

Table 9. The suitability of thermoelectric generators

Thermoelectric generators

Application Suitable Suitable under | Unsuitable
certain
preconditions
Onsite emergency AC source X!
Onsite emergency DC source X?
Alternate AC source, small Xt
Alternate AC source, large Xt
Alternate AC source, mobile x3

1) Unsuitable due to lack of available power

2) Suitable provided sufficient access to heating and cooling and that it is acceptable that it is only
available when process heat is available.

3) Unsuitable due to lack of available power and that it is not suitable for mobility.

3.10 Flywheels

The suitability of flywheels in different applications is seen in table 10. Flywheels can only cope with
short discharge times and are therefore not suitable for any of the stated applications, the minimum
required discharge time is 8 hours.

The concept with flywheels is characterized by:
- Potential for high power discharges. Resilience to large number of discharges of

different magnitudes.
- Only viable for short discharge times due to losses.
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Table 10. The suitability of flywheels

Flywheels
Application Suitable Suita_ble under | Unsuitable
certain
preconditions
Onsite emergency AC source X!
Safety class DC source X1
Alternate AC source, small Xt
Alternate AC source, large Xt
Alternate AC source, mobile Xt

1) Unsuitable due to insufficent discharge time.

5. Conclusions

Out of the 10 power sources, diesel generators, batteries and to some extent gas turbines are seen as
conventional technology at the nuclear power plants. In relation to them the other power sources have been
assessed regarding diversification gains, foremost with regards to external events. The power sources with
the largest diversification gains are:

- Internal steam turbine
- Hydro power
- Thermoelectric generators

Of these three hydro power is the only one that can be available during reactor outages and accidents
where steam is not available in the main process.

References

[1] Magnus Lenasson, “Comparison between different power sources for emergency power supply at
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Advancing Ruggedness of Nuclear Stations
By Expanding Defence In Depth in Critical Areas

Thomas Koshy, Section Head, Nuclear Power Technology Development, IAEA, Vienna, Austria

Abstract

The nuclear industry continues to rise above the challenges it has faced over the years from external
events and internal events. Fukushima event has shed light on a few vulnerabilities that could be overcome
by utilizing the current state of technology.

Common cause from sea water ingression was not conceived to have the entire electrical power
system including AC & DC disabled beyond reasonable recovery. Rather than focusing on the solutions
for lessons from Fukushima, it is better to address “Fukushima type” events and advance the resilience of
the NPPs. The effort needs to be on exploring different approaches to overcome such vulnerabilities so
that a variety of solutions are available to make appropriate choices on improving NPP ruggedness based
on anticipated challenges in the regions.

In a technology neutral approach for light water reactors (LWR) there are 4 critical areas that are
significant for ensuring nuclear safety. (1) Reactor trip, (2) Depressurization, (3) Emergency Core Cooling,
and (4) Containment integrity. The reactor trip had not suffered any significant setbacks in the immediate
past but provisions to address Anticipated Transients without Scram (ATWS) were generally included in
most designs. While the technology has advanced, software driven/assisted trips are becoming popular and
desirable. However, a diverse approach with least probability of potential interference needs to be
provided in the control room and remote shutdown area to advance the ruggedness of rector trip.
Depressurization is essential for passive as well as active cooling systems and therefore the approaches to
depressurize should have more than one approach to ensure its success. In the absence of diverse
approaches to depressurize, it is more important to consider RCS cooling capability during accidents or
transients while the reactor is at a higher pressure. In the area of Emergency Core Cooling, the events
history demonstrates greater success on diversity than increasing redundancy. There are several events
both external and internal that could cause the failure of AC motor driven cooling systems. DC operated
steam driven systems and diesel driven cooling systems have avoided several near core melt conditions.
Containment Integrity is the last defence for protecting the people and the environment. Diversity in
containment cooling is essential for keeping the pressure transients under control. Design provisions to
connect potable cooling systems for heat removal and capability to flood the reactor cavity are essential.
Recognizing the remote possibility of a severe accident, reliable containment venting (capability to operate
with potable energy sources) and filtering could be explored as an option for ensuring an additional layer
of protection. These four critical areas need to be viewed as layers in the defence of depth and
consequently would require a design that fully removes and common cause failures. Ruggedness of these
layers can be achieved only when the process signal sources, power supply and processing of the logic is
executed independently. The electrical power system should be re-evaluated for bringing flexibility and
adaptability for achieving greater level of safety.

Key Words: Fukushima, reactor trip, depressurization, emergency core cooling, containment
integrity
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1. Background

The nuclear industry has faced several challenges resulting from major plant events but it continues to
rise above the challenges from both external and internal events. Fukushima event of 2011 has shed light
on a few new vulnerabilities such as common cause failures of the entire electrical power system, extended
station blackout, loss of infra-structure for long term, etc., These problems could be overcome utilizing the
current state of technology.

External events have been addressed in varying degrees based on the historical data available in
several regions. Hurricanes, seismic events, flooding etc., have been considered to be manageable with the
design and compensatory measures that were developed for plant specific applications. A large scale
Tsunami that could disable the electrical infra-structure for both offsite and onsite was an unprecedented
event. A sea water ingression as a common cause was not conceived to have the entire electrical power
system including AC & DC disabled beyond reasonable recovery. Rather than focusing on the specific
solutions and lessons from Fukushima, it is better to address “Fukushima type” events and advance the
resilience of the NPPs. The effort needs to be on exploring different approaches to overcome such
vulnerabilities so that a variety of solutions are available to the designers and owners to make appropriate
choices for improving NPP ruggedness based on anticipated challenges in specific regions.

2. Nuclear Safety Basics

It is essential to review the primary goals while seeking to find better solutions to the evolving
challenges. The reactor can be brought to safe conditions from an operating mode by terminating the chain
reaction and making prompt provisions for removing decay heat. Most reactors are operating at an
elevated pressure and temperature while sustaining a chain reaction for producing power. In a technology
neutral approach for Light Water Reactors (LWR) there are 4 critical areas that are significant for ensuring
nuclear safety. (1) Reactor trip, (2) Depressurization, (3) Emergency Core Cooling, and (4) Containment
Integrity. The approaches should consider each function to be critical and design a high level of reliability
for ensuring nuclear safety under all anticipated conditions.

3. Approaches for Rugged Design
3.1 Reactor Trip

The capability for reactor trip had not suffered any significant setbacks in the immediate past because
the lessons from the past have been addressed reasonably well. These lessons have to be guarded
adequately to preserve its demonstrated reliability and advance in performance. A failure to trip the reactor
occurred resulting from the binding of the breaker trip bar inside the breaker mechanism that was not
overcome by the energy stored in the charged spring. The technology at the time was to rely on the
compressed spring force for actuating the trip bar on a valid trip demand. This binding issue was removed
by adding another DC solenoid that was energized to actuate the trip bar with more force thus bringing in
diversity to trip bar operation of the breaker. In addition, further provisions were made to address
Anticipated Transients without Scram (ATWS). The concise requirements in this area are in
10CFR50.62". The ATWS solutions required alternate methods to terminate the chain reaction. While the
technology has advanced, software driven/assisted trips are becoming popular and desirable. However, a
diverse approach with least probability of potential interference needs to be provided in the control room
and remote shutdown area to enhance the ruggedness of rector trip.

! United States Nuclear Regulatory Commission, Code of Federal Regulations Section 10 Energy Part 50
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Reactor Trip (inserting the control rods to terminate fission) is a critical nuclear safety function and
therefore, it must be independent of other critical functions. On June 29, 2007, North Anna Power Station
experienced a spurious actuation of reactor trip, and emergency core cooling injection into the reactor
caused by a diode failure’. Because of the nature of the failure, the licensee could not reset from the
control room the actuation signal for some “B” train equipment, which resulted in overfilling the
pressurizer and multiple actuations of a pressurizer power-operated relief valve (PORV) to limit Reactor
Coolant System (RCS) pressure. RCS inventory from the PORV discharged to the pressurizer relief tank
(PRT), rupturing one of the PRT rupture disks, which allowed RCS water to reach the containment
basement. The operators had to detach relays, remove fuses etc., to reset the actuation. While large scale
integration has certain inherent benefits in reducing cost and operational convenience, it is proving to be
undesirable for the prompt resetting safety injection actuation or for reverting to manual actions during
emergency.

|EEE Std 603-2009 IEEE Std 603-2009
|IEEE Standard Criteria for Safety Systems for Nuclear Power Generating Stations IEEE Standard Criteria for Safety Systems for Nuclear Power Generating Stations
e wJ
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Figure A.2—Typical safety system block diagram Figure A.3—Elements for emergency core cooling

The Figure A.2 and A.3 are excerpts from the IEEE 603-2009° that is endorsed by the USNRC. These
two diagrams in the appendix are given in the standard to clearly explain that the reactor trip function
needs to have independent signals for plant variables, power supply and its actuation. The diagram in the
left points to the variables (process signals) exclusively supplying input for reactor trip function. The
power supply block is supporting the respective support systems associated with reactor trip function.

The diagram on the right indicates similar requirements for emergency core cooling system. The
power supply is shown to be different than for reactor trip with “1E” sign to indicate that it should have a

2 US Nuclear Regulatory Commission Information Notice 2009-03
http://pbadupws.nrc.gov/docs/ML0830/ML083080368.pdf

% 603-2009 - IEEE Standard Criteria for Safety Systems for Nuclear Power Generating Stations
http://standards.ieee.org/findstds/standard/603-2009.html
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higher pedigree in relation to the power supply for reactor trip in that the reactor trip could be
accomplished with a fail-safe logic. This approach provides a full diversity between reactor trip and
emergency core cooling. (See section 4.0 for specific details on electrical power supply arrangements).

3.2 Depressurization

RCS depressurization is essential for passive as well as active cooling systems and therefore, the
approaches to depressurize should have more than one method to ensure its success even though the
actuation logic is developed as part of emergency core cooling. The technological advancements have led
to software driven systems and usually the manual actions from control room also rely on certain level of
software assistance. However, it is highly advisable to preserve a direct wired manual depressurization
capability or a manual valve opening provision from an accessible location, to be utilized during
emergency to overcome any potential software lock up or other magnetic/electronic interferences.

3.3 Emergency Core Cooling

Even when there is a diverse approach for depressurization, it is essential to consider RCS cooling
capability during accidents or transients while the reactor is holding a higher pressure. In the area of
Emergency Core Cooling, the events history demonstrates greater success for diversity than increase in
redundancy. An extended nuclear station blackout occurred at Narora Unit #1* . A main turbine blade
ejection resulted in lubricating oil fire that expanded into a hydrogen fire. The entire AC power system
failed that disabled all electric driven emergency core cooling. The failures of the electrical buses made all
the motor driven cooling systems inoperable even though power sources are available. Diesel driven fire
pumps were the only operable safety system and it injected water into the steam generator and prevented a
core failure. The Fukushima event of 2011 caused a similar failure of all AC systems beyond reasonable
recovery both on site and off site. The isolation condenser and steam driven cooling systems were the only
operable systems in this event. These systems should be designed for very long-term operation, well
beyond 90 days, to ensure cold shutdown.

There are several events both external and internal that could cause the failure of AC motor driven
cooling systems. DC operated steam driven systems and diesel driven cooling systems have avoided
several near core melt conditions. Diversity in emergency core cooling capability is critical for overcoming
such common cause failures. It is more beneficial to increase diversity rather than increase redundancy
beyond three trains.

3.4 Containment Integrity

Containment Integrity is the last defence for protecting the people and the environment. The
capability of the containment needs to be evaluated against a severe accident and therefore the design
should withstand such events. Diversity in containment cooling is essential for keeping the pressure
transients under control. Design provisions to connect potable cooling systems for heat removal and
capability to flood the reactor cavity are essential. Recognizing the remote possibility of a severe accident,
reliable containment venting (capability to operate with potable energy sources) and filtering would be
necessary for ensuring an additional layer of protection especially if the plant is near populous regions.

These four critical areas for nuclear safety need to be viewed as separate layers of the defence in
depth and consequently would require a design that fully removes any common cause failures.
Ruggedness in each of these layers can be achieved only when the process signals, power supplies and
processing of the logic is conducted independently. These systems should have a manual over ride
capability with least interferences as an added layer of diversity.

*_IAEA International Reporting System (IRS) No: 6341- http://irs.iaea.org/wfrmAvailableReports.aspx
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4. Robust Electrical Power System
4.1 AC System

The general requirements for reactor safety are addressed in IAEA document on Safety of Nuclear
Power Plants®. The IAEA safety Guide® on electrical power system is being revised to further enhance the
requirements on diversity. In light of the above critical functions discussed above for LWRs, the electrical
power system should be re-evaluated for bringing flexibility and adaptability for achieving greater level of
safety. The robustness of the onsite power system could be improved by incorporating the lessons from the
historical events and preserving them. For reactors with active core cooling systems, onsite AC power is
very critical. Even for passive reactors, it is advisable to have reliable onsite offsite power sources as back
up for emergency and long term core cooling.

The electrical one line diagram provides certain expanded features for a rugged onsite AC power
system. Some of general concepts given below are shared in IEEE standard 765’ while it is not stated as a
requirement but as suggested approaches.

1. Generator output breaker to disconnect the plant from the grid while the support system gets
uninterrupted power. It removes the need for a fast transfer to offsite power.

2. Each safety bus provided with two diverse offsite power sources without any intervening buses to
advance its reliability

3. The safety buses have a dedicated emergency diesel generator, and a connection to the Alternate
AC power bus with more than one source.

® Safety of Nuclear Power Plants: Design: No. SSR-2/1: wwwhpub.iaea.org/MTCD/publications/PDF/Pub1534 web.pdf.
¢ Design of Emergency Power Systems NS-G-1.8 : www-pub.iaea.org/MTCD/publications/PDF/Pub1188_web.pdf.

" |EEE Standard for Preferred Power Supply (PPS) for Nuclear Power Generating Stations (NPGS).
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ONE LINE AC DIAGRAM: THREE TRAIN SYSTEM (n+2)

TRANSMISSION _SYSTEM

SWITCHYARDS

HIGH WOLTAGE
(S00KV Typ.)

VOLTAGE LEVEL 2
(135 KV Typ.)

R L et | T L_ o+ . |

Start up

Transformers

Auxiliary . m P

Transformers |
Y Y Y

FULL LOAD |

GENERATO!

OUTPUT

EREAKER _)

J p) | |

‘ NONCLASS 1E BUS A \ || NON CLASS 1E BUS B

-

P NON CLASS 1E BUS C |
MAIN ' | |
GENERATOR ) > 5 . ) N
| CLASS 1E BUS A | | | CLASS 1E BUS B |"' | CLASS 1E BUS C [
;

D) | D D) ) EMERGENCY
I ,-" DIESEL
EMERGENCY ) EMERGENCY e
DIESEL ® DIESEL ® ® BENERATCR
GENERATCR GENERATCR |

| ALTERNATE |
) AC POWER )

ALTERMATE OTHER
POWER SOURCES

WITH DIVERSITY SOURCES

4.2 DC System

The DC bus is essential for providing electrical protection for the AC buses and switchgear. It also the
motive power for the operation of breakers that power AC motor driven pumps and it is required for
automatically and manually realigning available AC power sources. It powers certain critical valves under
station blackout conditions until AC power is recovered. .

The onsite DC system should be designed with provisions for further increasing the availability of DC
bus. Historically, a failure of DC bus is the lowest in the electrical power system. However, the non-
electric cooling systems (Steam / diesel/compressed air driven injection) should make provisions for
locally powering critical components when plant events lead to failures at the bus level.

The figure below provides further clarifications on how the reactor protection system and emergency
core cooling could be separated to bring out independence. The power system can be powered though two
off site power sources, one diesel generator , and an additional swing battery charger that could be powered
from potable/ alternate power source. One or two trains of the equipment, if not all parts of the systems
should be designed to withstand external events. These provisions would further improve the ruggedness of
the DC power system.
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DC Bus One Line Diagram (One of Three Trains)
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The design should further make provisions for external powering and cross connecting of critical
monitoring and control functions to deal with extreme emergencies. An additional provision isto replicate
the critical controls at the remote shutdown station.

5. Conclusions

The resiliance of the current nuclear industry is the result of excellent engineering and extremely
trained operating staff prepared to handle anticipated challenges. The insights we have gathered from the
historic events should ispire our thoughts for advancing the design into a higher pleateau of robustness.
The Fuskushima event should inspire our endeavour to ensure nuclear safety even under extreme effects
of nature’s challenges.

The four elements that contribute to protecting the people and environment are the effectivenes in (1)
Reator Trip, (2) Depressurization, (3) Emergency Core Cooling, and (4) Containment Integrity. In each of
these elements, defence in depth should be should be seperately addressed. The benefits of diversity needs
to be recognized and implemented instead expanding more in redundancy. Provision for a manual over ride
with least interferences would form an added layer of diversity for emergency use.

378



NEA/CSNI/R(2015)4

Advancing Ruggedness of Nuclear
Stations By Expanding
Defense in Depth in Critical Areas
CSNI International Workshop
April 1-3, 2014 Paris, France

Thomas Koshy, Head
Nuclear Power Technology Development
Department of Nuclear Energy

Officer Of Nuclear Power Engineering Committee (IEEE)
¢ A
/ f_.‘:.;fv-"y
40
IAEA

Miarrationy Alcemne Energy Agenty

AGENDA

Critical Areas for Nuclear safety
Events History
Potential Challenges to Overcome
Diversity for Light water Reactors
* Reactor Trip
* Depressurization
* Emergency Core Cooling
* Containment Integrity
AC Power Systems
* Alternate Energy Sources (Central & Local)

{(5)1AEA R
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Critical Areas for Nuclear Safety
For Light Water Reactors

Reactor Trip
Depressurization
Emergency Core Cooling
Containment Integrity

Potential Challenges to Overcome

* External Events (beyond Design Bases)
* Tsunami, seismic event, forestfire, flooding,
malicious act, jet impact, volcano, sandstorm
* [nternal Events
* Explosion, fire, malicious act

* Plant Challenges

 Station Black out, Irrecoverable damageto AC
electric buses, Loss of control room

* D C bus failure
_*» Software lock up

(5 )1AEA
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Considerations for New Designs

We need to eliminate the known
vulnerabilities at a reasonable cost

Aim for greater availability and reliability for
safety systems and power generation

Defence in Depth through Redundancy
and Diversity are the key elements for
success

Incorporate Defence in Depth into all critical
areas of nuclear safety

(1) 1AEA

Reactor Trip Challenges & Solutions

* The Anticipated Transients with out SCRAM (10CFR
50.62)

» Solutions:

= Diverse tripping (Additional trip solenoid for actuating the
breaker trip bar) Alternate Rod Insertion/ boration -
diversity

 Direct-wired manually operated trip breakers with
capability to operate from control room and remote
shutdown area - diversity

The power supply, sensors and actuation exclusively
dedicated to frip function - redundancy

(1) 1AEA
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Reason for Separating ECCS & RPS

At North Anna, Unit 2, one diode failure
caused Rx Trip & ECCS actuation.

Consequently pressurizer overfilled, Power
operated relief valve (PORV) cycled several
times. Pressure relief tank rupture disk
ruptured (USNRC IN: 2009-03)

Safety Injection could not be reset from
control room to prevent primary system
going water solid

* A single failure affected RPS & ECCS
(S} 1AEA :

Reason for Separating ECCS & RPS

*» At Forsmark, 2 UPS failures caused:

* A reactor trip, Core Cooling Actuation ( 2 out of
4 trains injected water)

* Reliefvalves (ADS) stuck open 28 min. (until
power was recovered to vital bus)

Two UPS failures from a common cause

resulted in reactor trip & a LOCA (relief valve

stayed open) challenging RCS recovery

* Yankee Rowe also had a similar event when wital bus voltage
declined when coasting EDG remained connected to the bus)

 Remove shared elements between ECCS & RPS to

prevent common cause failures
IAEA T Koy, NFTOZIAZA
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[EEE Std 603-2009 ANNEX A: Endorsed m USNRC 10CEFR50

ALE 5% 05D 000 AT P 2000
AT Sarviant Crtena b Safety Sk by Nuces Poew Ganersing Stators L Daarciars Crwne Yo Sofety Jywtarms by Nucwsr Poew e gy SUbors

Figwes A2=Typical satety system block diapram Frgpare A SBloments 16 emargenty (ore codbng
Consider consequences of one or more UPS failures / loss of power etc.. and
?on uct a thorough failure modes and effects analysis (FMEA)

*L{ IA EA T Kosny, NFTOSAASA

Historic Events (rs report # 6341)

1993 Narora-1 Event

* Ejectedturbine blade caused a fire and
hydrogen explosion

* Complete loss of power — station blackout for
17hrs.

* Dieseldriven fire pumps aligned to inject water
into the steam generator

* No radiological impact onsite or offsite

(1) 1AEA
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Historic Events

2001 Maanshan
* Tropical storm caused loss of offsite power

Both Emergency Diesel Generators (EDG)
failed

Station blackout for 2 hours
AC safety buses became irrecoverable

One Diesel generator was later recovered to
establish core cooling

(1) 1AEA

Historic Events (rs report # 7783)

2006 Forsmark -1

« 400KV Switchyard work resulted in overvoltage
and an under voltage transient

* 2 out of the 4 trains of vital AC power lost and
the respective EDGs failed.

* Alternate AC power failed to start

* Half of the control room indications were lost

* Reliefvalves stayed open (LOCA?)

* Two busesthat operated had the same failure
susceptibility

.* A near - Station Black out event
(5 )1AEA s i
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Historic Events

2011 Fukushima

* Tsunami caused salt water ingress into plant
areas of several units

» Station Blackout for extended period

* DC controlled Steam-driven cooling system &
Ice condenser operated for limited periods

2012 Byron)

SBO for 8 min. immediately following Rx Trip:
close call for seal LOCA (NRC BULLETIN 2012-01)

(1) 1AEA
Event Statistics (1997-2012) irs reports

- Failed/Affected Systems: Emergency core
cooling -202

- Significant degradation of safety function -
284

» Degradation of containment
function/integrity- 44

(1) 1AEA
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Historic Successes

* Diesel-driven fire pump helped mitigation
* DC/Battery power controlled steam-driven
cooling systems:
» Reactor core isolation cooling
» Steam driven auxiliary feed systems
» Steam isolation condenser/ heat exchanger

* Alternate AC sources manually aligned to a
fault free bus helped core cooling

(1) 1AEA
Lessons from History

* Approaches to address low frequency / high
consequence events - Loss of Vital AC
Power
* Increasing diversity in core cooling could be

more effective than increasing redundancy

* Non-electric core cooling systems (PUMPS: diesel
driven, steam driven-dc controlled, compressed air-
driven, pressurized accumulators etc.,)

(1) 1AEA
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Emergency Core Cooling System

* Core Cooling Trains sized to mitigate a large
break LOCA (guillotine break of RCS cold leg)

* Three redundant trains of 100% capacity

« Train outage for Tech. spec. surveillance with
sufficient time for a thorough maintenance /
surveillance while preserving adequate
protection.

* Historic approaches

= 3 trains of 50% capacity eg. (IP 2&3); New
ABWR

» European designs with four trains of 50%
capacity

(Q *JIAEA TKoshy, NPTDSTAEA

Diversity in Core Cooling

Standby power for non-electric cooling
systems
* Diesel, Air, Steam driven

* Minimum of three non-electric cooling systems
protected from regional extreme environments,
strategically located: each one associated with a
train (Portable for severe accident conditions)

* Provision to cross connect power supply manually
during emergency

* Provision for external powering from skid mounted
energy sources

-+ Capability for remote operation

(*L IAEA S
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Diversity in Depressurization

* Depressurization — very critical for active &
passive cooling system

* (generallyachieved using multiple valves with
the same technology)

* Solutions:

* Incorporate minimum of two approaches
(electronically fired, pilot-air operated,..)

* Retain manual capability with DC powered
valves as a back up with provisions for external
powering or fully manual

~2 Capability for remote operation.
Q--J}IAEPA y sl

Diversity for
Preserving Containment Integrity
* Containment is the last defense
* Need to consider severe accident

* Solutions:
* Redundant spray headers with cooling capability
* Reliable hardened venting and filtration
* Hydrogen detection and control
» External provisions (potable equipment, etc.,)
= containment cooling

» Supplementing water supply for cavity flooding
« Hydrogen control

(1) 1AEA
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Containment pressure & hydrogen control

CFVS — Containment
Filtering Vent System

PAR — Passive Autocatalytic
Re-combiners

Severe accident Mitigation System

Installed after accident at TMI

Passive andfiltered containment
pressure release

Passive shortterm pressure release
atlarge LOCA

Possibilityto flood containment

Recovery options in case of lostheat
sink

Mobile independent systems(e.qg. for
power and hydrogen recombination)

Transition plans (SSMFS 2008:17)
add capability to mitigate effects of
extreme external events

(3 )1AEA
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Robust Power System

* Main Generator Output breaker

* Prevent power interruption to onsite power
systems following a generator trip (eliminates
the need for fast transfer)

* The additional costis recovered if one plant trip
is avoided

* Two sources of offsite power made available to
each safety bus for emergency and normal
shutdown

« It is desirable to upgrade the immediate switchyard
providing offsite power to be built and electrically
protected to a higher standard (l—'ukush/ma lesson)

(1) 1AEA
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Safety Bus Line Up

« Offsite powerneeds to be fed directly to the safety
bus without any intervening components to prevent
other vulnerabilities.

If safety bus is aligned to offsite power during
normal operation, it should have another off site
source for a fast transfer, and EDG power can be
the third source of power (offsite poweris the
preferred source)

All three phases of AC need monitoring &
Protection (Byron Event: IN 2012-03), and Grid
operator coordination to ensure capacity &

immediate availability
&_‘ IA EA T Kosny, NFTOEIAZA

Alternate AC Source

Protected from anticipated external events

specific to the region (seismic, flooding, hurricane,
dust storm, forest fire, etc.))

Onsite fuel for a minimum of 7 days

Minimum capacity to handle one full train of
ECCS, one RCS /recirc. pump, and a
service water pump concurrently for each
unit that is supported.

* Black start capability

(1) 1AEA
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{

Alternate AC Source

Standby power source for AAC needsto be froma
minimum of two trains from a unit or one source
from each unit (for multiple unit site) that is
supported

Protected, self-contained, with capability to remain
on standby without any external power for 72hrs.

Provisions for periodic full load test

Auto-connected power sources are vulnerable to
propagation of electrical failure
« manual breaker line up after clearing the electrical fault

is needed for AAC operation. (It is required for crediting it

~ . for SBO support)
Y IAEA

¥

DC Power System (Typical of Three)

Strategically located DC bus with two battery
chargers with at least one connected to an
alternate source

DC power for ECCS actuation with its

dedicated sensors and processing (Least
intervening components to reduce failure modes — inverter,

power supply modules etc., IEEE 603 concept)
Auctioneered power supply for increased reliability
Reactor Protection System (RPS) powered

from Vital AC (To be fail-safe such that any process
signal with a logic or support system outside the acceptable

band would trigger a reactor trip. IEEE 603 concepts)
(*Lj} IAEA ok e

Koy, N
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DC Bus One Line Diagram (One of Three Trains)
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Questions ?

Thank you for your attention
t.koshy@iaea.org

(1) 1AEA
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