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The EUROSAFE Forum is part of the EUROSAFE approach,
which consists of two further elements: the EUROSAFE
Tribune and the EUROSAFE Website. The general aim of
EUROSAFE is to contribute to fostering the convergence of
technical nuclear safety practices in a broad European con-
text. This is done by providing technical safety and research
organisations, safety authorities, power utilities, the rest of
the industry and non-governmental organisations mainly
from the European Union and East-European countries, and
international organisations with a platform for the presen-
tation of recent analyses and R&D in the field of nuclear safe-
ty, to share experiences, to exchange technical and scien-
tific opinions, and to conduct debates on key issues in the
fields of nuclear safety and radiation protection.

The EUROSAFE Forum 2005 focuses on “Safety Improve-
ments – Reasons  Strategies  Implementation” from the
point of view of the authorities, TSOs and industry and
presents the latest work in nuclear installation safety and
research, waste management, radiation safety as well as
nuclear material and nuclear facilities security carried out
by GRS, IRSN, AVN and their partners in the European
Union, Switzerland and Eastern Europe.

A high level of nuclear safety is a priority for the countries of
Europe. The technical safety organisations play an important
role in contributing to that objective through appropriate ap-
proaches to major safety issues as part of their assessments
and research activities.

The challenges to nuclear safety are international. Changes in
underlying technologies such as instrumentation and control,
the impact of electricity market deregulation, demands for im-
proved safety and safety management, the ageing of nuclear
facilities, waste management, maintaining and improving sci-
entific and technical knowledge, and the need for greater trans-
parency - these are all issues where the value of an interna-
tional approach is gaining increasing recognition.

The enlarged European Union of 25 countries, of which 13
use nuclear energy, will require closer collaboration between
technical safety organisations and even more convergence in
European nuclear safety practices. EUROSAFE aims to
respond to these needs.



14:00 Welcome
Welcome by the Directors of AVN, GRS, IRSN
Jean-Jacques Van Binnebeek, AVN Director General
Lothar Hahn, GRS Technical and Scientific Director
Jacques Repussard, IRSN Director General

Safety Improvements –
Reasons  Strategies  Implementation

14:30 Safety improvements – objectives and
methods
Pieter De Gelder, Head of Studies, Research and
Development at AVN
Martial Jorel, Head of Reactor Safety Division at IRSN
Heinz Liemersdorf, Head of Reactor Safety Analyses
Division at GRS

15:00 NPP safety improvements – licensees’
motivation and concerns
Ingvar Berglund, Head of Safety and Environment at
Forsmark NPP, Sweden

15:30 Implementation of safety improvements –
the role of the authority
Iván Lux, Nuclear Safety Directorate Deputy Director
General at HAEA, Hungary

16:00 Break

16:30 Panel Discussion
Perception of safety improvements by the general
public
Anne-Marie Lizin, Mayor of the City of Huy, Belgium
Jozef Misak, Director for Strategy at NRI-Rez, Czechia
Jean-Paul Samain, Director General of the Federal Agency
for Nuclear Control, Belgium
Johann Seidl, Head of Public Relations at Isar NPP, E.on,
Germany
Seppo Vuori, Chief Research Scientist at VTT, Finland

17:45 Guest Lecture
Andris Piebalgs, Energy Commissioner,
European Commission

18:30 Reception

20:00 Dinner

Technical Plenary
Presentations

The plenary presentations
and the discussion within the
panel and with the audience

will be chaired by
Jean-Pierre Contzen,

Former Director
General of the JRC of the

European Commission,
Professor at the Instituto

Técnico of Lisbon

Monday 7 November



Tuesday 8 November Seminars

Five seminars, that are open to all, will be held in
order to provide excellent opportunities for
comparing experiences and learning about recent
activities of IRSN, GRS, AVN and their partners in
the European Union and Eastern Europe.

9:00 AVN’s experience as TSO in safety assess-
ments of steam-generator-replacement and power-
uprate projects
M. Vincke, D. Gryffroy, N. Hollasky, G. Roussel (AVN)

9:30 The technico-economic optimization of the
improvement of the safety level of the PWR 900 MWe
units for their third ten-yearly outage thanks to the
cost - benefit analysis
A. Dubreuil-Chambardel (EDF/SEPTEN, France),
J.-P. Roux (EDF/DPN, France),
N. Gimet-Meca (EDF/CIPN, France)

10:00 Break

10:30 Safety improvements gained by taking into
account Fluid Structure Interaction when calculating
loads due to the propagation of pressure waves in
pipe systems
J. Perlia (TÜV-Süd, Germany)

11:00 Support of the Russian Nuclear Safety
Authority (Rostechnadzor) in developing the regula-
tory basis for dealing with ex-weapons plutonium
J.-P. Carreton (IRSN), N. Hollasky (AVN), B. Gmal (GRS),
A. Petry (RISKAUDIT)
with collaboration of:
S. Pilate (EC), B. Sicard (CEA, France),
J.-Y. Ravachol (DGSNR, France)

11:30 Assessment of safety-critical software
J. Gassino, J.-C. Peron, P. Régnier, B. Soubies (IRSN)

12:00 Lunch Break

13:30 Generic issues on sump clogging
W. Pointner, E. Kersting, B. Pütter (GRS)

14:00 European Utility Requirements: levelling the
European electricity producers’ playing ground for
new NPPs
L. Vanhoenacker (Tractebel Engineering, Belgium),
P. Berbey (EDF/SEPTEN, France)

Tuesday 8 November

Seminar 1

Nuclear
Installation

Safety -
Assessment
and Analysis

Chairpersons:

T. Foult, IRSN
H. Liemersdorf, GRS



SeminarsTuesday 8 November

14:30 Periodic Safety Review: modifications
resulting from the second ten-yearly outages of the
French 1300 MWe PWRs
I. Miramon (IRSN)

15:00 Break

15:30 Key issues in safety assessment of digital
I&C upgrades in Eastern-type NPPs
A. Lindner, G. Schnürer (ISTec, Germany),
M. A. Yastrebenetsky (SSTC, Ukraine)

16:00 Safety evaluation of the Finnish EPR project
J. Hyvärinen, P. Tiippana (STUK, Finland)

16:30 End of Seminar 1

9:00 Assessment and development of Molten
Corium Concrete Interaction models for the integral
code ASTEC
C. Spengler, H.-J. Allelein (GRS),
M. Cranga, F. Duval, J.-P. Van Dorsselaere (IRSN)

9:30 Iodine chemistry in hydrogen recombiners
J.-C. Sabroux, F. Deschamps (IRSN)

10:00 Break

10:30 Investigation of gas mixing and stratification
in the PANDA facility
J. Dreier (PSI, Switzerland)

11:00 Status and development of nuclear design
and accident simulation methods
A. Seubert, S. Langenbuch, W. Zwermann (GRS)

11:30 Validation of coupled thermal-hydraulic and
neutronic codes in international co-operation
K. Ivanov (PSU, USA), E. Sartori (NEA, France),
E. Royer (CEA, France), S. Langenbuch, K. Velkov (GRS)

12:00 Lunch Break

Seminar 2

Nuclear
Installation

Safety -
Research

Chairpersons:

M. De Franco, IRSN
V. Teschendorff, GRS



Tuesday 8 November Seminars Tuesday 8 November

Seminar 3

Environment
and Radiation

Protection

Chairpersons:

A.Oudiz, IRSN
G. Pretzsch, GRS

13:30 Validation of thermal-hydraulic codes for
boron dilution events in the context of the OECD/
SETH project
A. Bucalossi (AVN)

14:00 ECCS sump clogging and recirculation
issue: chemical effects programme
J.-M. Mattei, Y. Armand (IRSN),
A. Klementova, M. Liska (Trencin University, Slovakia),
I. Vicena, J. Batalik, B. Soltesz, V. Gubco (VUEZ, Slovakia)

14:30 Benchmarking of structural reliability
models for risk analyses of piping
B. Brickstad (SKI, Sweden), T. Schimpfke (GRS)

15:00 Break

15:30 German-Russian analysis simulator for
WWER-1000/W-320
A. Shukavin et al. ( VNIIAES-GET, Russia),
J. Steinborn, W. Richter (GRS)

16:00 An approach to knowledge management for
EUROSAFE projects
F. Goldschmidt (IRSN), P. De Gelder (AVN), D. Beraha (GRS)

16:30 End of Seminar 2

9:00 Crisis management: respective roles of
radiological consequences calculations and of
radioactivity measurements in the environment
A. Oudiz, B. Dufer, P. Dubiau, J.-P. Maigné (IRSN)

9:30 Experiments to quantify airborne release
from packages with dispersible radioactive materi-
als under accident conditions
R. Martens, F. Lange (GRS),
W. Koch, O. Nolte (FhG - ITEM, Germany)

10:00 Break
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10:30 Decision-aiding tool for the first counter-
measures to be implemented in the intermediate
phase
N. Réalès, B. Cessac, E. Quentric, F. Gallay, P. Dubiau (IRSN)

11:00 Radiological consequence analysis in case
of fire impact
W. Brücher, M. Sogalla (GRS)

11:30 Radiation field calculation in the vicinity of
Russian radioisotope generator sources
G. Pretzsch, K. Hummelsheim, P. Bogorinski (GRS)

12:00 Lunch Break

13:30 CORE Health project: production and use of
environmental radioactivity measurements data and
internal contamination data for the health status
follow-up of children in Belarus
C. Luccioni (IRSN), J.-C. Autret, M. Josset (ACRO, France),
M. Brugière, M. Costa, C. Georgescault (Médecins du
Monde, France)

14:00 Analysis of isotope inventory and dose of
post-irradiation samples of the TAKAHAMA-3
reactor with KENOREST
R. Kilger, U. Hesse, H.-J. Fett (GRS)

14:30 Requirements on official electronic dosime-
try systems - a concept for the use of official
electronic personal dosemeters in Germany
W. Pfeffer, J. Kaulard (GRS)

15:00 Break

15:30 Involvement of the population in the radio-
logical monitoring of their environment
J.-C. Autret, M. Josset (ACRO, France)

16:00 Preparing the heads of the local French
agriculture administration for the management of
radioactive contamination in rural territories
A. Dassonville (CGGREF, France)

16:30 End of Seminar 3



Tuesday 8 November Seminars Tuesday 8 November

Seminar 4

Nuclear Material
and Nuclear

Facilities Security

Chairpersons:

W. Gutschmidt, GRS
J. Joly, IRSN

9:00 Security culture
J. Jalouneix, D. Winter (IRSN)

9:30 The Spanish security system
E. Gil López (CSN, Spain)

10:00 Break

10:30 Exercises in the field of security
J. Aurelle, A. Nannini (IRSN)

11:00 Defense in depth used in the physical
protection of NPPs
W. Gutschmidt (GRS)

11:30 The ENSRA organisation
E. Gil López (CSN, Spain)

End of Seminar 4

12:00 Lunch Break



Seminars

Posters and computer

demonstrations

will be available for

consultations

throughout the Forum

Tuesday 8 November

Seminar 5

Waste
Management

Chairpersons:

W. Brewitz, GRS
M. Jorda, IRSN

13:30 The safety case for deep geological
disposal: GRS views on regulatory requirements
and practice
B. Baltes, K. Röhlig (GRS)

14:00 Present state of the art in the development
of a geological radioactive waste repository in
Ukraine
V. Shestopalov, Y. Rudenko (NAS, Ukraine),
W. Brewitz (GRS)

14:30 Underground waste disposal safety
research: development and application
of analytical tools and methodologies for the safety
case
W. Brewitz, D. Buhmann, J. Mönig (GRS)

15:00 Break

15:30 Activities of AVN in the Belgian context of
safety assessment of radioactive waste disposal
O. Smidts, V. Nys, P. De Gelder (AVN)

16:00 Geological disposal of radioactive waste:
elements of a safety approach
G. Bruno (IRSN), P. De Preter (ONDRAF/NIRAS, Belgium),
A. Grevoz (ANDRA, France), J. Maudoux (AFCN/FANC,
Belgium), V. Nys (AVN), P. Raimbault (DGSNR, France)

16:30 End of Seminar 5
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Useful Information

Venue

Location

Registration
and fee

The Forum

secretariat can be

contacted on both

Forum days by phone

+32 (0)2 224 31 11

+32 (0)2 224 34 56

Please send us your binding registration on the
attached reply card by 14 October 2005.
The registration fee is ¤ 500 (net =  ¤ 431.03 + 16 %
VAT = ¤ 68,97). Please transfer the registration fee by
14 October 2005 to the account of GRS at Dresdner
Bank AG Köln, SWIFT-BIC: DRES DE FF 370, IBAN
DE 84 3708 0040 0367 3030 00. The VAT Ident
number is DE 122792708. Please note that invoices
will only be sent on special request. Should you
require an invoice, please make a corresponding note
at your registration. The registration fee covers dinner,
lunch, and the conference documents.
A confirmation will be sent to you as soon as your
registration has been received. Cancellation after
14 October 2005 cannot be refunded.

Sheraton Brussels Hotel & Towers
Place Rogier 3
1210 Brussels, Belgium
Phone: +32 (0)2 224 31 11
Fax: +32 (0)2 224 34 56
www.sheraton.com/brussels

The Sheraton Brussels Hotel is situated in the City
Centre right next to the Gare du Nord. The Gare du
Nord can easily be reached from the Gare Midi by
public transport (Metro line 2 - direction Simonis,
exit Rogier). Brussels International Airport: Take
Airport City Express, Exit Nord.



Useful Information

Hotel reservation

Forum
documents

Forum
languages

At the Sheraton Brussels conference venue (see
above for address), rooms have been reserved for
conference participants at the special rate of ¤ 160.

In addition, rooms at a rate of ¤ 170 have been
reserved at the directly adjacent
Crowne Plaza
Rue Gineste 3
1210 Brussels, Belgium
Phone: +32 (0)2 203 62 00
Fax: +32 (0)2 203 55 55
(www.crowneplazabrussels.be)

Please arrange your own hotel accommodation by
26 September 2005, referring in each case to the
EUROSAFE Conference when booking your room.
After this date, the rooms will no longer be available at
the special rates.

! To facilitate your reservation you may use one of the
prepared booking forms attached.

Badges for participants and conference documents
will be available on the day from the conference
office.

The language of the conference on both days will be
English. On the first day, simultaneous interpreting
into Russian will be provided.



Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH
Schwertnergasse 1, 50667 Köln, Germany

Contact in Germany
Phone: +49 (0)221 20 68-842 – Fax: +49 (0)221 20 68-99 00

E-mail: Brunhilde.Laue@grs.de

Institut de Radioprotection et de Sûreté Nucléaire (IRSN)
BP 17, 92262 Fontenay-aux-Roses Cedex, France

Contact in France
Phone: +33 (1)58 35-74 43 – Fax: +33 (1)58 35-86 54

E-mail: nathalie.rutschkowsky@irsn.fr

Association Vinçotte Nuclear (AVN)
Rue Walcourt 148, 1070 Bruxelles, Belgium

Contact in Belgium
Phone: +32 (0)2 5280 181 – Fax: +32 (0)2 5280 101

E-mail: mro@avn.be

www.eurosafe-forum.org
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Safety Improvements – Reasons, Strategies, Implementation 
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The EUROSAFE Forum 2005 focused on "Safety Improvements – Reasons, Strategies, Implementation" 
from the point of view of the authorities, TSOs and industry and presented the latest work in nuclear 
installation safety and research, waste management, radiation safety as well as nuclear material and 
nuclear facilities security carried out by GRS, IRSN, AVN and their partners in the European Union, 
Switzerland and Eastern Europe. 
 
The event was rounded off by a poster exhibition. 
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Eurosafe Forum 2005
- Introduction -
Jean-JacquesVan Binnebeek, Director general of AVN

Ladies and gentlemen,

It is my pleasure to welcome you in Brussels for the 2005-edition of the EUROSAFE forum. The
under-title on the forum brochure, which translates the EUROSAFE approach objective, is:
“TowardsConvergence of Technical Nuclear Safety Practices in Europe”.

It will be developed later.

This is the first time that a EUROSAFE forum is organised with another partner than IRSN & GRS,
namely AVN. 
The presence of AVN in the organisation of this forum is actually not surprising.
AVN, which is the specialist of Nuclear Safety in Belgium since the very beginning of nuclear energy in
the country, has always been a strong supporter of international exchanges in nuclear safety
practices.
In particular, AVN already participated to the EUROSAFE programme Committee for the last 5 years. 

What are the objectives of this meeting?
This year EUROSAFE forum will focus on “the safety improvements, their reason, the associated
strategies and their implementation”, and gives the views of the various stakeholders, namely the
authorities, the technical safety organisation and the utilities. 
The programme will be discussed further by Mr Hahn.
As usual in the EUROSAFE for a; presentations of the latest technical developments on the proposed
theme, with interaction with other stakeholders, will serve as a starting point to discussions, exchange
of views between the participants.
This is the main purpose of the EUROSAFE forums.

This will involve, besides GRS, IRSN and AVN, their partners in the EU, Switzerland and Eastern
Europe.

This programme and the widespread European origin of the participants demonstrate once more the 
European anchorage of the EUROSAFE approach. 
The motto of the EUROSAFE approach, “Convergence (better Harmonisation) of technical nuclear
safety practices in Europe”, put an even stronger emphasis on that European anchorage. 
Also, the fact that, for the first time, the EUROSAFE forum is organised outside France or Germany
and is held in Brussels, as centre of European Union institutions, is by no means a coincidence. 
IRSN, GRS and AVN have always been strongly convinced that cooperation and exchanges of
experience in Nuclear and Radiation Safety are essential in Europe. 
Hence their initiative of cooperation, with other colleagues, to harmonise  the respective safety
assessment approaches. 
This initiative is actually some sort of technical and more detailed practical equivalent, on the field, of
the development, by WENRA, of harmonised safety levels for the national regulations.
Even more, 
the EUROSAFE members  (GRS-IRSN-AVB & partners) are actually deeply convinced that a nuclear
safety expertise pole is necessary in Europe 
and they are already working together in order to achieve this goal. 

My colleagues will develop this aspect further.

This European nuclear safety expertise pole could be based on some pooling of so-called TSO
capacities. 

What is a TSO?
TSO means “Technical Safety Organisation” (instead of “Technical Support Organisation”, without 
reference to safety and meaning anything, even accounting).
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The TSO concept has no frozen definition (and perhaps there is no need for one, as adjustments are
needed to cope with national practices), but only specific conditions:

• Is a non profit-making organisation
• Supports its national nuclear safety authority, in the field of nuclear and radiation

safety
• Performs safety assessments with a global regulatory approach on a regular basis and

with a broad scope
• Has a profound competence in nuclear and radiation safety (knowledge, expertise, long

standing experience, global overview)
• Maintain its expertise by an adequate training and knowledge management programme

for its staff
• Has a value charter implemented at all levels in the organisation and promoting: honesty

, independence, impartiality, consistency in the safety approach, respect for all
stakeholders

• Has a code of ethics, avoiding conflicts of interest in full transparency

In short
Basic conditions to be a TSO are 

to regularly give trustedglobal advises 
in Nuclear and radiation safety to its national Safety authorities
with sustained high competence,independence and ethics.

Moreover, when the TSO is not managed by the safety authority,
it may also be 

• an alternate source of regulatory ideas, of initiatives, of research in Nuclear &
Radiation Safety,

• but also an independent source of information for the political world, the media and the
Public.

By pooling TSO activities in Europe to create an European expertise pole 
• it is not only possible to harmonise safety assessment practices, 
• BUT also to share highly rare competences, otherwise not maintainable 
• AND to reinforce the national technical independence of judgement.

The initiatives to achieve these objectives will be further developed by my colleagues of IRSN and
GRS.

I thank you for your attention.



EUROSAFE Forum 2005 
 

- Introduction - 
 

Lothar Hahn, Technical and Scientific Director of GRS 
 
 
Ladies and gentlemen, 
 
Being the third in our trio of organisers, I would like to welcome you very warmly to 
our EUROSAFE Forum 2005. My special thanks go to our  Belgian partner 
Association Vinçotte Nuclear, our co-host here in Brussels, who with much 
commitment has taken part in the preparation and staging of this Forum. The fact that 
we have won a new co-organiser in AVN is to be seen as a signal that the 
EUROSAFE Forum is put on an even broader European basis. It is also a further 
milestone on the way to the creation of the EUROSAFE Association which – as my 
colleague Jacques Repussard has already pointed out – serves for bundling the 
competences of the European Technical Safety Organisations. 
 
In Berlin last year, the central theme was "Learning from Experience – A Cornerstone 
of Nuclear Safety". It is closely related to this year's theme "Safety Improvements - 
Reasons, Strategies, Implementation". It, too, emphasises the aspect of operational 
safety, from which new requirements for safety ensue.  
 
It has to be our common goal to analyse all signs that indicate a potential for safety 
improvements, irrespective of whatever interests may prevail. Safety improvements 
have always been a routine matter in nuclear power plants. 
 
Safety improvements are the result of new research findings, improved safety 
analysis methods, and the diversity of operating experience. They serve for the 
improved protection of man and the environment on the one hand and for the 
requisite reliability and availability for safe plant operation on the other. These goals 
are not in opposition; they rather more complement each other to a certain extent. 
 
The implementation of known safety improvement options is often preceded by 
intensive scientific discussions among all involved. It is the task of the independent 
experts to present and document comprehensibly their proposals and 
recommendations in agreement with the regulatory authority. On their part, the 
licensees are expected to be open to these recommendations and also to question 
them critically.  I believe that this perception of the different roles is part of a 
democratic process. In this context, the respective technical and administrational 
regulations in the different countries play a major role . For example, the German 
Atomic Energy Act stipulates that if modifications are applied, the necessary 
precautions against damage have to be taken in line with the state of the art in 
science and technology. Furthermore, nuclear technology has to meet international 
requirements set by the EU and the IAEA or laid down in other international 
agreements, e. g. in connection with radiation protection and the transport of 
radioactive materials. 
 



I am curious to see how the theme of our event will be presented in the three plenary 
lectures from the point of view of the technical safety organisations, a regulatory 
authority, and a nuclear power plant operator.  
 
Following the lectures, six experts from Europe will discuss with you the "Perception 
of safety improvements by the general public". Questions are bound to be raised on 
the use and the importance of safety improvements, on their motivation, on whether 
there may be only technical or perhaps also political reasons, and finally on how the 
improvements are communicated to and perceived by the general public.  
 
The organisers are very pleased that they have managed to win Professor Jean-
Pierre Contzen over for the moderation of the panel lectures and the panel 
discussion. Professor Contzen is a former Director General of the Joint Research 
Centre of the European Commission and currently Professor at the Instituto Técnico 
of Lisbon.  
 
I would already like to point out a further highlight of our event, the guest lecture of 
the EU's Energy Commissioner, Mr Andris Piebalgs. It is a special joy and honour for 
us that he has accepted our invitation. His presence here today makes our Forum a 
truly prestigious event.  
 
Ladies and gentlemen, may I now have your attention for a few further organisational 
details. Apart from the programme booklet, you will find notes on programme 
changes and a questionnaire on the Forum in your conference bags. We would 
kindly appreciate your feedback.  
 
You will find a poster exhibition in the foyer, presenting further work and information. 
They complement tomorrow's five seminars. The authors will be pleased to answer 
your questions during the breaks.  
 
At reception and in the foyer, various information booklets are on display. Among 
them, you will also find – and please excuse my taking the liberty of pointing it out – 
the 2004/2005 GRS Annual Report, which we have just published to coincide with 
the EUROSAFE Forum. The final report of the French-German Initiative for 
Chernobyl on the Chernobyl Shelter is also hot off the presses.  
 
Finally, after Commissioner Piebalgs has ended his lecture, I would like to ask you to 
make your way up to the cocktail reception on the  30th floor without much hesitation. 
There you will be able to enjoy the wonderful views of the Brussels evening lights 
while this room here will be rearranged for our dinner.  
 
Let me now wish you interesting lectures and stimulating conversations and thank 
you for your attention.  
 
Professor Contzen, may I now ask you to lead us through the further programme this 
afternoon.  



EUROSAFE Forum 2005 
Guest Lecture 

 
Andris Piebalgs, Energy Commissioner, European Commission 

 

 

Mr. Contzen (Chairman), Ladies and Gentlemen, 

First of all, let me thank the organising Committee for this opportunity to address the 7th 

annual EUROSAFE forum. This year the focus is on “Safety Improvements - Reasons, 

Strategies, Implementation”. The European Commission recognises the challenges that 

nuclear safety poses at international level and welcomes the aim of EUROSAFE to 

foster the convergence of safety practises in Europe. In an enlarged European Union 

closer collaboration between all stakeholders will be essential to meet both the 

regulatory and technical challenges of nuclear safety. 

Before outlining specific actions undertaken by the Community in the areas of nuclear 

safety and radiation protection, I would like to take the opportunity to outline the pillars of 

the EU’s current energy policy and the role of the nuclear industry.  

1.  EU energy policy 

Energy is a key factor to the success of the European project. Two of the three founding 

Treaties – the European Coal and Steel Community and Euratom – were dedicated to 

energy. Five years ago, with its Green Paper on Security of energy supply, the 

Commission initiated a strategic debate inside the European Union. This to improve 

awareness that security of supply, coupled with energy efficiency, is an absolute 

requirement to ensure economic growth and the welfare of our citizens.  

For me it is self-evident that where we need to reduce our greenhouse emissions, 

energy efficiency has to be our highest priority. It is the first cost-effective policy that 

contributes to this core objective and, at the same time, helps satisfying our Lisbon 

objectives and improves the security of Europe’s energy supply. However, the 

Community also needs to ensure adequate and diversified supplies of energy. The 

management of external dependence and the reduction of the risks of interruption of 

supply require the development of our internal sources of energy, as well as securing 
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imports. Consequently, Europe’s future prosperity depends on diversification of its 

energy supply.  

The European Union does not rule out any of the choices for energy sources. Each 

individual Member State determines its own energy policy. Let us take the example of 

nuclear. Currently, nuclear energy provides more than a third of EU electricity. It has a 

number of characteristics: 

• it is proven to be a stable, reliable source, 

• relatively shielded from price fluctuations compared to the oil and gas markets and, 

• conventional nuclear energy is essentially free from CO2 emissions.  

The civilian use of nuclear energy in the European Union takes place in the framework 

given by the Euratom Treaty. That Treaty gives us competencies in the domains of 

nuclear safety and security, radiation protection, industrial investments, loans, security of 

supply of ores and fissile materials. Only by adhering to the essential conditions set by 

the Treaty can the States of the European Union hope to make the nuclear option a 

politically and environmentally acceptable one. The Commission’s mandate is to 

implement the objectives and ensure compliance with the Treaty. 

Yet, public acceptance is a prerequisite for the further development of nuclear energy. 

The European citizens’ concern about the safety of nuclear installations and the safe 

management of radioactive waste must be properly addressed. EU Member States 

traditionally have diverse experience in opening the nuclear debate to local 

communities, non-institutional bodies and other stakeholders with respect to nuclear 

projects. The Commission, as guardian of the Treaties, strives to inform the public, 

promote its welfare and protect its safety and security. 

Provided an adequate level of safety and security is ensured, I believe that nuclear 

energy will continue to play a role in the EU, supported by a continued commitment in 

research and promotion of technological developments, aimed at further enhancing the 

safety and security of nuclear energy. 
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2. Nuclear Safety 

Although the Community has been consistently active in promoting nuclear safety there 

is no Community legal framework establishing common safety standards for the design, 

construction and operation of nuclear reactors in the EU.  

There is however a clear legal basis for Community action acting on health and safety 

matters. The Euratom Treaty entrusted the Community with the duty to lay down uniform 

basic safety standards to protect the health of workers and the general public against the 

dangers arising from ionising radiation. The Community also should verify the facilities 

for the environmental monitoring and has the obligation to put forward an opinion before 

authorising releases of radioactive substances into the environment or before carrying 

out “dangerous experiments”.  

On the basis of these provisions, a number of legal instruments of different binding 

nature, covering not only the nuclear fuel cycle but also other industrial and medical 

applications, have been put in place.  

The Commission advocates that, to achieve the goal assigned by the Treaty, namely of 

creating “the conditions of safety, necessary to eliminate hazards to the life and health 

of the public”, the Community must fully exercise its competence in the field of nuclear 

safety in close co-operation with EU Member States. 

Therefore, the operation of existing installations, as well as the subsequent 

decommissioning, must comply with the highest safety standards and both radioactive 

waste and spent fuels should be managed safely and without detriment to the 

environment. This is decisive to increase public acceptance of nuclear energy. 

As you know, in 2003, the Commission proposed two Directives to endow the European 

Union with a credible policy in matters of nuclear safety and the safe management of 

radioactive waste. These proposals were modified in 2004 to take into account the 

opinion of the European Parliament and the results of the discussions within the Council 
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of Ministers. The Commission carried out numerous consultations both with the national 

authorities and representatives of industry concerned. These consultations made it 

possible to accumulate support, although not yet sufficient to adopt these proposals. The 

Commission remains convinced that common rules on nuclear safety and waste 

management, aimed at ensuring effective nuclear safety and security, could be to the 

benefit of all EU citizens.  

3. Closure and decommissioning of nuclear reactors 

Ageing nuclear power plants are of serious concern, especially those of Russian design 

in several of the new and forthcoming accession Member States, such as Lithuania, 

Slovakia and Bulgaria. 

A high level of nuclear safety in the enlarged European Union therefore requires ensuring 

the safe closure and decommissioning of those nuclear reactors at the end of their 

lifetime if safety cannot be upgraded in an economical manner. Detailed provisions for a 

number of installations were negotiated prior to the recent enlargement. As part of the 

respective Accession treaty both Lithuania and Slovakia agreed to close a number of 

Nuclear Power plants by the dates specified in the Accession treaty. 

While the timely closure and decommissioning of those installations is an obligation, the 

Community continues to support this process. The nuclear safety component of the 

PHARE programme allocates significant financial assistance to priority projects in the 

acceding countries, Bulgaria and Romania. Provisions on specific installations will also 

be a part of their accession agreements. 

New Member States – that no longer have access to PHARE support – will be 

supported by the Community’s “Transitional Facility” until 2007, set up to assist them in 

strengthening their respective institutional capacities, e.g. nuclear regulatory authorities 

and waste management agencies. The New Member States have already made 

considerable progress towards the safety of their facilities and the strengthening of 

regulatory bodies. 

I would also like to take this opportunity to remind you of the importance the Commission 

attaches to guarantee that adequate financial resources are made available for the safe 
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decommissioning of nuclear facilities at the end of their operation life. In 2004 the 

Commission sent a first report to the Council and the European Parliament on the use of 

financial resources available for decommissioning of nuclear Power Reactors in the EU 

(15).  

The Commission will issue a recommendation, on the basis of the Euratom Treaty, on 

the financing of decommissioning. This recommendation will address all nuclear 

installations. It will ask Member States to take the necessary measures to ensure that 

financial resources are set aside during the operating period of the facilities. Those 

financial resources should be available and be sufficient to cover the cost of the 

decommissioning work when time comes.  

We have to be sure that resources are used for the purpose for which they have been set 

aside and are managed with complete transparency. A 2005 report is also being 

prepared that will cover the EU (25), Bulgaria and Romania, and which scope will be 

extended by the inclusion of all nuclear facilities and not only nuclear power reactors. 

4. Sustainable management of radioactive waste 

The sustainable management of radioactive waste and spent fuel is fundamental to 

nuclear safety. It is the one issue which poses the biggest problem to public acceptance: 

long-lived high level waste requires safe confinement for very long time spans.  

The Commission would like all Member States to adopt a national waste management 

programme for all forms of radioactive waste, as foreseen in one of the two Directives I 

earlier mentioned. A national disposal plan would reduce the need to transport 

radioactive waste and reinforce physical protection and security against illicit use of 

such materials, thus, further reducing any risks to both the public and the environment. 

However, Community legislation already covers certain aspects of radioactive waste 

management. The Euratom Directive 92/3, which establishes a system of control and 

prior authorisation for shipments of radioactive waste, is currently before the Council for 

amendment. The new directive will clarify existing procedures and increase the scope to 

include shipments of spent fuel. 
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On the research side, the Commission is considering ways to pool resources and 

available knowledge, in order to tackle the significant scientific and technical challenges 

posed by the management of long-lived high level waste and spent fuel.  

5. International Co-operation 

This year the European Commission represented Euratom in the review meeting of the 

Convention on Nuclear Safety. This occasion highlighted the consistency of the 

Community objectives with those of the IAEA. Euratom has also recently acceded to the 

Joint Convention on the safe management of radioactive waste and the safe 

management of spent fuel, as well as to two other conventions on radiological 

emergency preparedness. 

A directive on the control of high activity sealed radioactive sources and orphan sources, 

to be transposed into national legislation by the end of this year, will ensure that the 

provisions of the IAEA Code of Conduct are legally binding in the Community. 

6. Security and Safeguards 

Finally, let me emphasise that physical protection and nuclear material safeguards are 

also very important and complementary to nuclear safety. Euratom participated recently 

– as a contracting party – in the review of the Convention on the Physical Protection of 

Nuclear Materials (CPPNM). The amended CPPNM is extended to protect all nuclear 

facilities and material in peaceful domestic use, storage and transport.  

It provides for expanded co-operation between States on rapid measures to locate and 

recover stolen or smuggled nuclear material, mitigate any radiological consequences of 

sabotage, and prevent and combat related offences. 

Euratom Safeguards are carried out by the Commission’s controlling authority to verify 

that nuclear materials are not diverted from their intended (peaceful) uses and that 

obligations with a third state or an international organisation are complied with. 

A new safeguards regulation has come into force on 20 March 2005. It introduces new 

requirements on reporting to the IAEA for which the Commission carries legal 
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responsibility under the Additional Protocols to the Safeguards Agreements concluded 

between the Member States, the Community and the IAEA.  

In this respect, the regulation sets out new provisions concerning declarations on site 

and on waste in line with the reporting requirements introduced by the Additional 

Protocols.  

Following an internal review on the implementation of nuclear safeguards, the 

Commission adopted in 2004 the principles of new safeguards approaches focused on 

the objectives of the Euratom Treaty. They consist in moving from a system being based 

on purely quantitative objectives to a qualitative system, relying to a large extent on an 

audit methodology, showing more flexibility and capability of adapting to evolving 

circumstances. These new safeguards approaches are gradually implemented since the 

beginning of 2005. Continuing consultations with all stakeholders, i.e. nuclear operators, 

Member States and the International Atomic Energy Agency, have enabled to collect 

reactions and opinions, to clarify certain aspects and make their full implementation 

successful.    
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Conclusion 

 

Mr. Chairman, Ladies and Gentleman,  

 

In concluding, I would like to leave you with my main messages: 

• Nuclear is an important component of the EU energy policy. It can only remain so 

provided that both safety of nuclear installations and the safe management of 

radioactive waste are ensured; 

• The Commission, as guardian of the Treaties, will continue to do all in its power to 

ensure that all provisions and obligations on nuclear safety, security and safeguards 

are fully complied with;  

• Binding legislation will allow the nuclear industry in the EU to develop within a stable 

legal framework, ensuring equal treatment for all nuclear operators;  

• The Commission will continue to strive for adoption by the Council and the European 

Parliament of the two Directives on nuclear safety and safe management of nuclear 

waste; 

• Be assured that the Commission will continue to co-operate at the international level 

to improve nuclear safety, where it encourages dialogue, continued co-operation and 

collaboration between all stakeholders. 

I am certain that many interesting developments and issues will be debated during the 

various seminars comprising the programme for this year’s forum. On behalf of the 

European Commission, I would like to take this opportunity to congratulate everybody for 

their support and initiatives towards improving nuclear safety in the EU. 

 

Thank you for your attention. 
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Abstract:  
For achieving and maintaining a high level of safety of nuclear installations, safety improvements are 
playing a major role. 
This paper focuses on objectives and methods of safety improvements. The major input sources to 
improvements – operational experience feedback, safety studies and Research and Development - 
are dealt with by describing their role, processes and methods used, and by illustrating examples. 
Also some future challenges identified by the 3 co-authoring TSOs are given. 
Finally, throughout the paper, the importance of future TSO-networking is illustrated.  

1 INTRODUCTION 
 
Since long time, safety has been a major point of attention in different types of industries. It 
remains important and its importance can only grow in future. This is certainly valid also for 
the nuclear industry. 
 
To achieve safety, a good design concept is needed from the very beginning of the lifetime of 
an installation. However, this is not sufficient. There are indeed many inputs during the 
lifetime of a nuclear installation showing that safety can only be maintained through a 
continuous effort and the past has made clear that safety improvements are an essential 
contributor to this effort. 
 
This paper will give an overview, from the viewpoint of 3 European Technical Safety 
Organisations (TSOs), on the objectives and methods applied to safety improvements. 
Different input processes will be described, based in particular on the wide experiences 
available within the 3 TSOs concerning the safety of nuclear power plants. 
 
Although it is the conviction of the TSOs that indeed a high level of safety has been achieved 
for nuclear installations, the paper will illustrate why also in future a continuous effort to 
improve safety will be indispensable. 

2 SAFETY IMPROVEMENTS FROM OPERATING EXPERIENCE 

2.1 Input and triggers 
 
It will be clear that operating experience is a first but very important input source and trigger 
for analysing and defining safety improvements. 
 

 



 
 

Within this input source a wide scope of events are contributing. There have of course been 
some major events like the Three Mile Island and Tchernobyl accidents that had a major 
impact on defining safety improvements, as well for the worldwide NPP park as for some 
reactor types in particular. 
 
However, lessons learned from incidents play an important role as well in improving safety. 
The corresponding analyses, including “what if” analyses, focus mainly on how to avoid 
recurrence of these incidents and on how to obtain a better defence for mitigation in case 
they would reoccur. 
 
Finally, all kinds of observations, included events not even categorised as an incident, can 
contribute to safety improvement when applying a proactive safety culture. 
 
Nevertheless, it is worth emphasizing that the possibility to take full advantage from the plant 
operating experience is strongly conditioned by the free availability of operational feedback 
data from utilities. From that viewpoint, the deregulation of the electricity market could 
represent a potential danger because of the increased level of confidentiality, which could be 
imposed by utilities on their available data. 

2.2 Process and methods 
 
The importance of operating experience for defining safety improvements being evident, the 
whole activity is since a long time dealt with within a specific process. Most organisations 
involved in safety of nuclear installations - be it licensee, safety authority or TSO – are 
managing an operating experience feedback process. Often, distinction is therein made 
between “internal“ experience feedback, dealing with events occurring at the “own” 
installations, and  “external” experience feedback, covering events in other installations. 
 
This operating feedback process is also a good example of a domain that has benefited 
enormously from international collaboration. International organisations like IAEA, 
OECD/NEA [1] and, to a lesser extent the EC, provide several fora and working groups (see 
for instance [2]) dealing with this matter. In particular, the Incident Reporting System [1], 
jointly operated by IAEA and OECD/NEA, has a longstanding contribution in this respect. 
From the nuclear power plant operator’s side, the efforts undertaken by WANO [3] can be 
mentioned. 
 
Originally events were mainly analysed in a deterministic way. The event was analysed in 
detail, contributing factors were identified up to the identification of root causes and, where 
appropriate, corrective measures were analysed and implemented. Later on, when 
probabilistic safety analysis became more developed, the probabilistic approach was also 
used to analyse events [4]. The probabilistic approach for event analysis, which has been 
widely adopted in many countries, permits a more precise appreciation of the incurred risk, 
that, in turn, enables appreciating the urgency of the corrective actions to be adopted and 
scheduling them accordingly. It is one example where the deterministic and probabilistic 
approaches are now used in many countries in a complementary way for improving safety. 

2.3 Examples 
 
Many examples of safety improvements stemming from operational experience feedback 
could be given. They cover as well the aspect of installation safety (design, construction, 
etc.) as the aspect of operational safety (operational practices, procedures for accident or 
incident management, training, safety culture). 
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In Europe for instance, in the early eighties, lessons learned from the Three Mile Island 
accident had a major impact on both installation and operational safety, while later the 
Tchernobyl accident was for most European plants (due to design differences) more 
important for the safety culture aspects involved in the event. Both events also lead to a 
growing attention for beyond design basis and severe accidents. This has meanwhile 
resulted in a wide range of safety improvements, dealing with situations not considered at the 
original design. For instance, in France, a large investigation on the initiating causes and 
scenarios of the reactivity driven accidents was launched immediately after the Tchernobyl 
accident. Studies performed on the so-called heterogeneous dilution transients, which 
include probabilistic aspects, led (in France and in other countries) to the definition and 
implementation of actions, quoted as “dilution prevention actions” aimed at preventing the 
introduction in the core of un-borated or cold water as a consequence of an uncontrolled 
primary pump restart. For future installations, beyond design basis events and severe 
accidents (now often called design extension conditions) receive much more attention from 
the early design stage on. 
 
Even for conditions considered at the design, operating experience can highlight the need for 
improvements. The event that occurred at the Barseback plant in 1992 where problems were 
brought forward concerning sump recirculation have lead to important modifications in the 
past and further evaluations are still ongoing [5, 6]. The modifications being implemented for 
this issue are an illustration of the fact that some modifications are needed to restore the 
safety level originally intended rather than to improve safety (as also discussed in [7]). In 
France, Germany and Belgium (as in other countries) important efforts are being devoted 
presently for resolving this issue. Complex phenomena concerning release of insulation (and 
other) material, transport of the material within the containment and in the sump water, and 
pressure loss at the sump strainers have to be dealt with. For all of these phenomena, 
chemical effects render the evaluation even more difficult. 
 
Numerous other examples of operating feedback can be given, as well on design and 
construction aspects (1998 Civaux incident with a leak in the residual heat removal system; 
1999 Cattenom cladding failure incident; German experience on corrosion leading to 
exchange of main coolant piping of BWR plants; German experience on cracks in bi-metallic 
welding, …), on operational aspects (2001 Dampierre incident related to fuel reloading; 1999 
Nogent incident with incorrect adjustments of electrical protections; improvement for German 
BWR of reactor protection signals in case of neutron flux oscillations, 2001 Brunsbüttel event 
leading to countermeasures to avoid radiolysis gas accumulation, …) and even on site 
related aspects (1999 Blayais incident on site flooding; …). 

3 SAFETY IMPROVEMENTS FROM SAFETY STUDIES 

3.1 Input and triggers 
 
From the early beginning of nuclear safety, the importance of safety studies has been 
acknowledged. Even for the first NPPs that have been built in Europe, a comprehensive 
Safety Analysis Report (SAR) formed the basis for the licensing. Besides a descriptive part, 
the SAR highlights all safety studies that have been performed to demonstrate that the plant 
is sufficiently safe. 
 
Originally, most of these studies were based on the deterministic approach. A set of 
regulations, guides, norms and acceptance criteria were defined. If this set was followed and 
if the acceptance criteria were met, then the plant was judged sufficiently safe. Later on, this 
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approach was complemented with the so-called probabilistic approach, materialised via the 
Probabilistic Safety Analysis (PSA) and now performed for almost all plants. The introduction 
of this probabilistic approach has led to new insights and many safety improvements. It was 
realised that some accident initiators were more important than thought originally (for 
instance, small break LOCA compared to large break LOCA; steam generator tube rupture: 
initiators during low power and shutdown states). Since then, both approaches are used in a 
complementary way. 
 
Not accounting for the learning from the operating experience, which, in general, originates a 
large amount of studies, several studies have been launched to account for (based on 
examples from France): 
 

- new requests with respect to the original design (e.g. resistance of the equipment 
hatch in case of major accident), 

- availability of new materials (e.g. cooling pipes in composite materials), 
- new operating conditions of the plants (e.g., advanced fuel strategies and loadings), 

which implies a re-evaluation of the operating margins with new tools and 
methodologies (computation chains) 

- changes of assumptions and conditions in the safety report  (e.g. an increased power 
in fuel storage and cooling pools), 

- an improvement of the safety demonstration on either an important or highly sensitive 
issue (e.g. coupled thermal-hydraulics mechanical calculations of the reactor vessel 
cold chock in case of a safety injection after a small break of the primary circuit). 

3.2 Process and methods 
 
Periodic safety review is a typical process that has a major contribution on safety 
improvements through safety studies. In all European countries, periodic safety review (PSR) 
is nowadays common practice. Typically every ten years a comprehensive overview of the 
plant’s safety status is realised. Within this overview, new or revised safety studies play an 
important role. 
 
At the onset of a PSR, a list of subjects to be treated is often elaborated between the 
Licensee and the regulatory organisations. For older plants, some analyses are performed 
for the first time (because at the time of licensing those analyses were not required); other 
analyses need sometimes updating because of new insights on modelling aspects or 
because new phenomena, identified through progress in science and knowledge, are taken 
into account.  It has to be stressed that also the improvement in analysis tools (more 
sophisticated computer codes) and methods contribute to improving safety. 
 
An important characteristic of the PSR is that safety improvements can be decided in an 
integrated effort (sometimes leading to global solutions) rather than on a case by case basis. 

3.3 Examples 
 
The most striking examples of safety improvements realised in the framework of a PSR are 
related to older NPPs. Sometimes, those plants have been analysed with respect to initiators 
that were not at all considered at the design stage, such as external events (earthquake, high 
winds, ...) and man-made hazards (large fires, explosion in industrial facilities, ...). By taking 
measures - to the extent possible - for protecting the plants against such hazards, their 
safety was improved. Also physical separation with respect to internal hazards such as 
flooding of internal fire was often improved. 
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Based on PSA insights, several plant improvements have been implemented in all countries. 
At one hand, from level 1 PSA, many conclusions were drawn that allowed to improve 
accident prevention (lowering the core damage frequency) by hardware modifications (e.g. 
up to adding an additional residual heat removal system for a specific plant), by focusing with 
another approach on human performance (leading to improving and sometimes automation 
of shutdown and emergency procedures), by increasing safety at non-power and shutdown 
condition (especially for mid-loop operation), by highlighting the potential importance of 
common mode failures (e.g. in Germany leading to further diversification of (sub)-
components of valves), etc. At the other hand level 2 PSA contributed to improve accident 
mitigation (reducing the potential and magnitude of environmental releases), amongst others 
by backfitting plants for a better coverage of the hydrogen explosion threat and even for 
some plants by providing means for ex-vessel coolability of corium in case of severe 
accident.  
 
Another example concerns the safety of the fuel storage cooling pool that has been 
completely re-examined for the French plants. The plant licensee (EdF) performed a 
preliminary safety study on fast draining transients. The analysis was checked by IRSN, who 
detected a potentiality for large and fast radioactive release and stated for the need of a 
significant improvement as regards the defence in depth (modification of equipments and/ or 
implementation of procedures). 

4 SAFETY IMPROVEMENTS FROM R&D AND TECHNOLOGY DEVELOPMENTS 

4.1 Input and triggers 
 
A last input towards safety improvements, although an important one, stems from Research 
and Development (R&D) and technological developments. 
 
When safety issues are brought into light, sometimes considerable R&D efforts are needed 
to clarify the issue further and to identify what can be adequate measures in view of safety 
improvements. 
 
Also new technological developments have brought their contribution towards safety 
improvement, often in combination with R&D. Sometimes new technologies have very 
promising characteristics, but their implementation has to be performed with care in order not 
to introduce hidden drawbacks. 
 
Also the tendency to use more and more best estimate analysis with quantification of 
uncertainties (for instance for plant changes involving increase of thermal power) can only be 
implemented through R&D activities in codes and methods. 
 
Difficult and strategically important topics, such as reactor vessel and confinement 
resistance, non destructive-controls, ageing, are relevant to R&D programs with the aim to 
take full advantage from the up-to-date learning from operating experience, experimental 
program results and progress in computation features. 
 
The significant changes both in materials and in reactor operating modes threaten the key-
parameters adopted in the safety report. For example, introduction of new reactor materials 
and adoption of advanced operating parameters (e.g., the fuel burn-up), as well as the 
connected experimental results (fuel clad swelling, fuel clad quench) engender new R&D 
actions. 
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In addition R&D efforts can sometimes be triggered by economical interests (e.g. for 
optimising fuel loading strategies). 

4.2 Process and methods 
 
For doing sophisticated research in specific fields, important efforts are needed for 
manpower and sometimes for infrastructure (test installations). In consequence, the field of 
R&D is nowadays more and more conducted in different international frameworks. 
OECD/NEA [8, 9] and EU [10] have important R&D programs related to safety of nuclear 
installations. 
 
In this field the TSOs play often an important role at the regulatory side. Sometimes TSOs 
participate intensively in R&D work itself; in other cases their scientific competence allows to 
collect and evaluate R&D results, with as objective to provide a well funded basis for further 
decision making by the safety authorities. 

4.3 Examples 
 
As mentioned before, considerations concerning severe accidents and their mitigation have 
received increased attention with time. Before the phenomena were well understood and in 
view of defining feasible and adequate severe accident management measures, a lot of R&D 
in the field has been done and is still pursued. Especially in this field, international efforts are 
undertaken [11, 12]. Theoretical and experimental findings of R&D have allowed to identify 
and to implement emergency measures and procedures to cope with some severe accident 
conditions. 
 
Several years ago, nuclear industry was challenged by the introduction of a new technology 
in I&C of the plants. For new plants, but also for upgrading older plants, more and more use 
was made of systems with integrated safety critical software. This raised new issues for 
system designers, licensees and regulators, in order to ensure that this new technology was 
implemented and licensed with full respect of all safety aspects [13, 14]. 
 
An important outcome of R&D is also the improvement in safety analysis tools. Experience 
has learned that for complicated issues a combination of advance codes (e.g. CFX, multiple 
phases) might be needed, verified by generic experiments and additional experiments to 
improve the correct modelling for the phenomena discussed and to identify the data input 
(e.g. plant specific). Since long time, IRSN and GRS are amongst the leading organisations 
in code development and improvement, which is highlighted in several other papers during 
this EUROSAFE Forum.  
 

5 MANAGEMENT OF SAFETY IMPROVEMENT PROCESS 
 
First of all it will be clear that the 3 “triggers” for safety improvements mentioned above are 
strongly linked. Findings from operational feedback will sometimes need additional safety 
analyses for defining adequate measures for improvements. Additional safety analyses, 
sometimes covering new aspects, may require additional R&D, and so on. Therefore, the 
management of the safety improvement process is very important in ensuring the safety of 
nuclear installations. A major cornerstone for integrating all these aspects is without doubt 
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the concept of the Periodic Safety Reviews. They provide indeed a framework in which 
global solutions might be developed instead of solving specific problems separately. 
 
Also the development and continuous improvement of rules and regulations is of course a 
major factor in managing safety improvements. Besides national regulations, also important 
efforts have been made to improve international safety standards (as for instance those 
developed by IAEA [15]. Also here there is a continuous symbiosis; new safety insights and 
improved operational practices are gradually introduced in rules and regulations, which then 
serve a new “standard” to be complied with by all installations. 
 
A more recent effort in improving safety of nuclear installations are some international 
projects on harmonisation. In particular the Reactor Harmonisation Working Group operating 
within the WENRA framework is presently putting an important effort in defining reference 
levels on different issues of nuclear power plant safety and in benchmarking the national 
status on legal requirements and implementation with respect to these reference levels. A 
similar harmonisation effort is being performed by the WENRA Working Group on Waste and 
Decommissioning. It is expected that the action plans to be defined in the near future will 
further contribute to improve nuclear safety of installations in all participating countries. 
 
The importance of international collaboration to improve safety is clear from the above. Many 
TSOs are contributing actively to this development and in particular the co-authoring 
organisations of this paper - IRSN, GRS and AVN – are fully aware of their responsibility in 
this process. This leads to a situation of closer networking amongst those organisations. A 
concrete example is the recent publication of a common Safety Assessment Guide [16], 
outlining fundamental principles to be applied in the evaluation of safety assessments. 

6 FUTURE CHALLENGES ON SAFETY IMPROVEMENTS 
 
Although continuous safety improvements have been achieved in the past, the co-authoring 
TSOs still see several challenges to be tackled in future. Some of them are shortly described 
hereafter. 
 
The treatment of non-conformities with respect to the original design, discovered in the 
framework of the periodic safety review, may give rise to specific practical problems. Even if 
the specific actions engendered by those discoveries are formally requested, nevertheless 
the planning of interventions and the definition of procedures were sometimes the source of 
very important delays. It should be emphasized that the effort made to increase the plant 
safety should not hide the need for a continuous and accurate watch on the plant status, both 
from the point of view of the replacement of equipments and the actions and interventions 
needed to keep the plant in operating conditions responding to its safety report. 
 
Since long time high efforts have been devoted to improve the nuclear installation safety with 
particular attention on design and operational practices and conditions. In the past, amongst 
others based on insight from operational feedback, the importance of the human factor 
became clearer. Probabilistic safety assessment, in which operator performance is 
considered to the extent possible, brought already an additional tool to evaluate the 
importance of this factor for nuclear safety. The impact of some aspects however, in 
particular organisational aspects and safety culture attitude, remain very difficult to quantify in 
PSA. Given also that many licensees are undergoing important reorganisations due to 
merging etc., organisations become more complex. A clear delineation of responsibilities 
within a complex organisation is an important point of attention. Also the integration of the 
human factor in implementing safety improvements (design, operation, maintenance, testing, 
...) needs continuous attention. Therefore important efforts will have to be devoted to these 
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aspects in future and the co-authoring TSOs hope to contribute to this with their knowledge 
and expertise.  
 
Another aspect is the judgement on the further need for safety improvements. Once a high 
level of safety is achieved, the question can be raised how to decide on further safety 
improvements. It can be foreseen that Safety Authorities and their TSOs will be confronted 
more with questions on the balance of safety benefits obtained and corresponding costs. 
 
In this paper, many aspects and examples of safety improvements have been given related 
to nuclear power plants. This is easily explained by the fact that their risk is potentially high if 
safety is not adequately managed. However, by improving their safety continuously, the 
question has to be raised whether at a given level other types of installations, having 
intrinsically a lower risk profile, should not get growing attention. For instance, within the 
NPPs themselves, most attention has certainly gone in the past to reactor safety, but maybe 
in future other aspects such as spent fuel storage, temporary waste treatment or fuel 
handling activities should get more attention. Also other installations of the nuclear fuel cycle, 
in which human interventions are frequent and less “standardised” may warrant further 
efforts for safety improvements.  
 
As a last example, we see a challenge in balancing adequately the different levels of defence 
in the so well known (and successfully applied) defence–in-depth approach. Since 
installation safety and operational practices have been subject of many improvements, we 
should also maintain efforts towards high performance and improvement where possible of 
the last level of defence, being emergency management. It is well known that also in this field 
international collaboration has increased considerably over the past, with an important role 
being played by international organisations such as IAEA, OECD/NEA and EU. 
 
Based on these examples of future challenges, and knowing that there are certainly even 
more, the co-authoring TSOs are fully aware that adequate coverage of these challenges will 
need strong collaboration. Sharing of knowledge and experience will be a cornerstone in 
achieving the objectives and that is way IRSN, GRS and AVN also undertook recently some 
exchanges of information on Knowledge Management and are trying to define further R&D 
work in that area. With this the importance of TSO-networking is again highlighted. 

7 CONCLUSIONS 
 
The 3 co-authoring TSOs – IRSN, GRS, and AVN – are strongly convinced that through 
continuous safety improvements a high level of  safety has been achieved. 
 
For their own, they hope to be able to contribute further to nuclear safety through evaluation 
of international operational feedback, through further improvement of safety analysis 
methods and tools, which will certainly require a continuous effort in Research and 
Development. 
 
Achieving this “alone” would be wishful thinking; further joining efforts by TSO-networking is 
judged to be essential for achieving our objectives. 
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Forsmark Kraftgrupp AB - organisation
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The Forsmark reactors

Forsmark 1Forsmark 1
Generator output net 1010 MWe

BWR
ASEA-ATOM design

Critical reactor
April 23, 1980

Commercial operation
December 10, 1980

Power uprate to 108% 1986

New LP-turbines 2005
Power uprate planned 2008

Forsmark 2Forsmark 2
Generator output net 964 MWe

BWR
ASEA-ATOM design

Critical reactor
November 16, 1980

Commercial operation
July 7, 1981

Power uprate to 108% 1986

New LP-turbines planned 
2006
Power uprate planned 2009

Forsmark 3Forsmark 3
Generator output net 1190 MWe

BWR
ASEA-ATOM design 

Critical reactor
October 28, 1984

Commercial operation
August 21, 1985

Power uprate to 109% 1989

New LP-turbines 2004
Power uprate planned 2010



Business conceptBusiness concept

Competitive electricity generation

- sustainable, safe and environmentally sound



Future target

Turbine

New safety requirements

Other investments

Personnel competence
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Nuclear 75 TWh

Hydro 59 TWh

148TWh production in Sweden 2004

Wind
0,75 TWh

Conventional
thermal
13 TWh



The Swedish nuclear power situation, background

12 commercial reactors, 9 BWR (ASEA-ATOM design), 3 
PWR (Westinghouse design).
Commissioned between 1972 and 1985.

Original operating licenses were based on reactor specific 
licensing conditions based to a large extent on adaption of 
US requirements at the time.

All original licensing conditions are fulfilled.

Reactor specific conditions has gradually been substituted by 
common regulations and requirements.



The Swedish nuclear power situation

The two reactors in Barsebäck are permanently shut down for 
political reasons. 

Phase-out is still on the political agenda but earlier time limit 
2010 has been abolished.

Nuclear produced electricity is profitable for the owners.

Authority requirements imply over 500 million Euro
investments for safety improvements over the next decade.

Power uprates are planned at all operating units.

Long term operation is planned at all operating units.



Safety improvement motivation

Responsibility for safety

Confidence

Safety programme

Periodic safety review

Safety policy

Keep competence and resources

Predictability of production, costs and investments

New and updated regulations



Responsibility for safety

Swedish Nuclear act:

The license holder has the full responsibility for safety and 
shall take all necessary actions to maintain safety



Confidence

The public, politicians and the authority has to be confident 
that the licensee can operate the plant safely



Continous improvement should be part of the safety policy 
and thus required and supported by top management

Safety policy



Safety programme

A safety programme is required by law.

The programme shall state the safety improvement 
measures, technical as well as organizational, 
which arise as a result of continuous analysis and 
assessment.

The programme shall be updated yearly.



Periodic safety review

A periodic safety review (PSR) every 10 years is required by 
law

An integrated analysis and overall safety assessment 
concerning 

compliance with valid safety requirements 

whether the necessary conditions is in place in order to 
operate the facility in a safe manner until the next review

measures proposed on the basis of the PSR



In order to operate the plant in a safe way it is necessary to 
have a competent staff and knowledge resources available 
over time

Keep competence and resources



Predictability of production, costs and investments

A nuclear power plant is a long term investment and needs 
large reinvestments

NPP production should be free of “surprises”

A safe plant and a proactive approach to safety is needed to 
keep the plant producing in the long run 

One should be free to make ones own integrated plans and 
not have to change course because the authority has to 
intervene



SKI regulations on design and constructionSKI regulations on design and construction
Background and purpose:Background and purpose:

The containment strainer clogging incident in 1992 was an “alarm 
clock”.

Reactors that will be operated for several decades in the 21:st
century should have a safety level that is comparable to that of
new reactors.

Lower safety standards should not be an advantage on a 
deregulated market.

Coordination with modernisation programmes.

Deterministic basis: “what should the design be able to handle”.

Probabilistic assessment for risk estimation; probability
and consequences should be considered.



SKI regulations on design and constructionSKI regulations on design and construction

SKI has issued regulations with basic requirements for the 
design and construction of reactors in operation 2005.

The new regulations has two purposes:
–To eliminate reactor specific licensing conditions.
–The safety level shall be in line with modern   

international requirements.

The new regulations was developed in cooperation between 
the authority and the nuclear industry.



Vattenfall Nuclear Safety Council; 
May 2000, recommendations

Co-operation with SKI for establishment of a balanced and 
distinct Code of Regulations

Establish common Safety Goals and ambitions to support fair 
competition on a deregulated European Market

Vattenfall’s Powerplants should come out well regarding 
safety in comparison to other European powerplants

Code should be challenging enough to give predictability for 
the next 15 to 20 years



SKI regulations on design and constructionSKI regulations on design and construction
Action programme:Action programme:

SKI requests the submission of a programme for safety 
improvements that fulfils the requirements for each reactor.

SKI reviews the programmes and other relevant information.

SKI decides on the necessary reactor-specific actions as a 
condition for continued operation after specified dates.



Impact on Forsmark

Investments for the period 2003 to 2013

Main safety related areas
– Diversity in safety functions

(shut-down, emergency core cooling , residual heat-
removal)

– Separation and independence
– External events and accidents



Impact on Forsmark

– Long term cooling
– Post-accident instrumentation
– Emergency control room 
– Fire protection (separation)

For older plants in addition:
– Fire protection and physical separation
– Consequences of Pipe break
– Diverse reactor blowdown
– Maintenance during operation



Concerns

“It’s safe enough”

Management issues: E.g. managers not in the field, not 
sufficiently engaged in hands-on production and safety 
issues

Licensees not proactive, the authority has to take the 
initiative

Regulation in detail instead of dialogue and agreements 
based on a mutual understanding of principles
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Nuclear Power Plants Units



HAEA NSD

Implementation of safety improvements 
– the role of the authority

EUROSAFE Forum for Nuclear Safety
Brussels, 7&8 November 2005

Iván Lux
Hungarian Atomic Energy Authority



*Some of the illustrations in this presentation are 
curtesy of the Paks NPP
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HAEA NSD
The Paks NPP

• 4 units of VVER-440/213
• Operating since 1983, 1984, 

1986, 1987
• Power: 467 MW, 468 MW, 

460 MW, 471 MW
• In 2004 it has produced 36% 

of the domestic electricity 
consumption

• Load factor: 72,75% (87,5%; 
29,3%; 88,5%; 85,7%)
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HAEA NSD
Safety Upgrading at the Paks NPP

• AGNES project (Advanced General and New 
Evaluation of Safety) 1991-1994: 
– Carried out by the NPP and the TSOs
– Defined safety upgrading measures

• The NPP
– Initiated a safety upgrading project (SUP)
– Made licensed and executed a number of measures

• The regulatory body
– Approved (licensed) and assessed the measures
– Linked the process to the PSR
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HAEA NSD
Major safety improvement areas (1996-2002)

• Improvement of incident and accident 
management

• Increasing the reliability of safety 
systems

• Decreasing the load of equipment
• Re-assessment of the containment 

capabilities
• Improvement of the seismic capacity
• Increasing of fire safety
• Support for the operating staff

Elimination of the original design deficiencies
was a substantial aim of the upgrading measures
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HAEA NSD
Selected examples of upgrades (1/3)

Relocation of emergency feedwater 
pumps

Seismic reinforcement
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HAEA NSD
Selected examples of upgrades (2/3)

Modified sump filtering

Catalitic recombiners for H2
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HAEA NSD
Selected examples of upgrades (3/3)
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HAEA NSD
Regulatory policy (1/3)

Evolution of the upgrading process at Paks

LTEPSRSUP
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HAEA NSD
Regulatory policy (2/3)

• At the very initial phase the planned upgrades 
– were assessed in the framework of the upcoming PSRs
– were included into the regulatory requirements related 

to the assessment of the PSR 

• PSR for units No. 1&2 in 1995-97, for units No. 
3&4 in 1998-2000.

• The PSRs were conducted according to
– national law and Safety Codes
– IAEA Safety Guideline (50-SG-O12)
– national guidelines prepared by the RB (one for each

PSR)
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HAEA NSD
Regulatory policy (3/3)

• Formerly the FSAR and PSRR were overlapping
• According to recent regulation

– FSAR is yearly updated 
– PSRR (in 10 years periodicity) includes 

1) changes during the latest period
2) acceptability of the underlying analyses
3) tasks to be performed during the next 

period (based on equipment status 
and international experience)

• The next PSR is due in 2006-2008 parallel to all four 
units (speeding up for units 3&4!)



13

HAEA NSD
The process of the next PSR

• Guidelines by the RB (November 2005)
• Consultations with the licensee (December 2005)
• Periodic Safety Review by the licensee (January 2006 –

December 2007)
• Submission of Periodic Safety Review Report (January 

2008)
• Assessment by the RB (January 2008 – September 2008)
• Decision by the authority (RB) (September 2008)

– Separate decisions for each unit
– New operating licenses up to the 30th year of operation
– Requirements and conditions for the continued operation
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HAEA NSD
Milestones of Paks Unit No.1 LTE

EXECUTION OF THE 
PROGRAM

1982

START OF 
OPERATION

STRATEGIC 
DECISION ON LTE

2001

2002

ISSUING 
GUIDELINES

1997

1st  REVISION OF 
THE REGULATIONS

2004

2003 2005

2006

2007

2008

2009 2011 2013

2010 2012

2nd REVISION OF 
THE REGULATIONS

LIFETIME EXTENSION 
PROGRAM SUBMITTAL

ORIGINAL DESIGN 
LIFETIME

VALIDITY OF 
OPERATING LICENSE

ACCEPTING 
THE 2nd PSRR

3rd REVISION OF 
THE REGULATIONS

2014 2016 2018

2015 2017

ACCEPTING 
THE 3rd PSRR

4th REVISION OF 
THE REGULATIONS

PREPARATION OF THE 
PROGRAM

NEW OPERATING 
LICENSE

ISSUING 
REGULATIONS

END OF EXTENDED 
LIFETIME

SUBMITTAL 
OF 2nd PSRR

2032

CONTINUOUS EXECUTION OF 
LIFETIME CYCLE PROGRAM

EXTENDED OPERATING LIFETIME

2042

SAFETY 
MARGIN

SUBMITTAL 
OF LICENCE 

APPLICATION

SUBMITTAL 
OF 3rd PSRR

MODIFYING 
GUIDELINES

1996

ACCEPTING 
THE 1st PSRR

30 years



15

HAEA NSD
The role of the authority (1/3)

• To initiate the formation of a proper legal 
framework

• To provide guidelines to the licensee to 
perform a safety upgrading program

• To include the process into the system of 
PSR and FSAR, consider the issue in a 
wider horizon

• To involve relevant other co-authorities (e.g. 
environmental, health)
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HAEA NSD
The role of the authority (2/3)

• To assess the plans, set up conditions and 
requirements for the execution
– Timing
– Priority (high – e.g. op. license, medium –

compliance controlled, low – information 
required on compliance) 

• To inspect the execution
• To evaluate the final results, reveal 

deficiencies, define further tasks
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HAEA NSD
The role of the authority (3/3)

• To resolve the controversy between further 
requirements by the RB and the asap
execution of the SUM

• To promote public appreciation of the 
safety level
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AVN's experience as TSO in safety assessments of steam-generator-
replacement and power-uprate projects 

M. Vincke, D. Gryffroy, N. Hollasky, G. Roussel 

AVN (Association Vinçotte Nuclear), rue Walcourt, 148, B-1070 Brussels, Belgium 

 
 
 
 
 
Abstract:  
 
Much experience has been gained in Belgium on steam-generator replacements (SGR) and power 
uprates (PU) of nuclear power plants.  Indeed, steam generators were replaced in all but one of the 
seven Belgian Nuclear Power Plants (NPP) in operation.  The replacement was accompanied by a PU 
for four of them. 
 
The purpose of the paper is twofold.  It first presents an overview of the steam-generator 
replacements occurred in Belgium, summarizing the main steps and providing a historical picture.  
Then, it describes several important aspects in the licensing studies related to such plant 
modifications, as seen by AVN, taking for the sake of illustration the example of the recent PUSGR 
performed at the Doel 2 NPP. 

1 INTRODUCTION 
 
In Belgium, AVN plays the role of technical support (TSO) to the competent Safety 
Authorities, the Belgian Federal Agency for Nuclear Control (FANC), and its main duty is to 
make sure that an adequate level of safety is maintained during the course of operation of 
the Belgian NPP. 
 
In particular, AVN is involved in different steps of all the SGR and PU performed at the 
Belgian NPP.  These steps include the review of the safety studies (verification of 
completeness, auditing of new proposed calculation codes, assessment of methodology 
reports, review of the results of the safety studies), the following of the requalification and 
commissioning tests by the AVN inspectors on site, and the updating of documents (Safety 
Analysis Report, Technical Specifications, plant procedures and in-service inspection 
programme).  This paper focusses on the treatment of the licensing studies. 
 
The initial license of each NPP has been given on the basis of a deterministically defined list 
of accidents to be considered in the design.  Given the decision of the Belgian Nuclear 
Safety Commission to use the USNRC rules and regulations (with the exception of some 
particular requirements which are specific to Belgium), that list was the one given in the 
Regulatory Guide 1.70 and the licensing review took account of the Standard Review Plan 
(NUREG-800) available at the time of licensing.  The postulated initiating events have been 
classified into 4 "categories" (Conditions I to IV) according to the ANSI standard N18.2 of 
1973. Some site-specific external hazards were added to the list. 
The acceptance criteria were those given in the USNRC regulatory documents, with the 
exception of the radiological consequences.  Given the high population density in Belgium, 
stricter limits were imposed. 
 



 

2 

A brief historical overview of the SGR and PU occurred in Belgian NPP is given in section 2.  
Section 3 describes several important aspects in the licensing studies related to such plant 
modifications, as seen by AVN, taking for the sake of illustration the example of the recent 
PUSGR peformed at the Doel 2 NPP. 

2 SGR AND PU PERFORMED IN BELGIUM 
 
Table 1 presents the milestones in the life of the seven Belgian NPP, starting from their initial 
design.  All plants have three loops, except Doel 1 and Doel 2, which are twin two-loop 
plants.  Except for Doel 1, all plants underwent important modifications, either a SGR alone 
(2 plants), either a PU alone (in the single case of Tihange 2, for which the PU occurred in 
two steps, the second one with a SGR), or a PUSGR (4 plants). 
 
In Table 1, the modifications (SGR, PU or PUSGR) are specified in chronological order for 
each plant, with the related year, reactor nominal thermal power (in MWth) and, in case of 
PU, the rate of the power increase (in %), with respect to the initial-design power. 
 
The latest modification occurred at the Doel 2 NPP (PUSGR).  A detailed description is given 
in the next section. 
 

NPP What When Power 
(MWth) 

PU 

Doel 1 Initial Design 1974 1192 - 
Doel 2 Initial Design 1974 1192 - 
Doel 2 PUSGR 2004 1310 10% 
Doel 3 Initial Design 1982 2785 - 
Doel 3 PUSGR 1993 3064 10% 
Doel 4 Initial Design 1984 2988 - 
Doel 4 SGR 1996 2988 - 
Tihange 1 Initial Design 1974 2660 - 
Tihange 1 PUSGR 1995 2873 8% 
Tihange 2 Initial Design 1982 2785 - 
Tihange 2 PU 1992 2905 4.3% 
Tihange 2 PUSGR 2001 3064 10% (+5.7%) 
Tihange 3 Initial Design 1984 2988 - 
Tihange 3 SGR 1998 2988 - 

Table 1 - Milestones in the life of Belgian NPP 

 

3 A CASE STUDY – PUSGR AT THE DOEL 2 NPP 

3.1 Input for the safety analyses 
 
A set of new safety analyses had to be performed because of: 

• the modified characteristics of the new steam generators provided by Mitsubishi 
Heavy Industries (increased heat exchange area, increase of the primary free 
volume, almost unchanged secondary free volume, decrease of the total secondary 
mass in the steam generators at full power, reduced outside diameter of the steam 
generator tubes); 
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• the increase by 10% of the nominal thermal power, from 1,192 MWth to 1,311.2 
MWth; 

• the higher residual heat to be removed. 
The definition of these new characteristics of the nuclear power plant resulted from a 
feasibility study. 
 
In addition a new reference core had to be defined.  The characteristics of this reference core 
determine the nuclear core initial and boundary conditions for the safety analyses to be 
performed. 
 
The power uprating and validation of the considered reference core characteristics was 
believed to be made possible by the improved efficiency of the new steam generators, and 
by the application of new calculation codes and methodologies which would enable a better 
identification and use of the available safety margins. 

3.2 Choice of the operating domain 
 
The new operating point, after SG replacement, depends on the turbine and SG 
characteristics.  However, the primary average temperature program was left unmodified: the 
primary average temperature keeps its values of 299.6°C (nominal power) and 283.4°C (zero 
power). 
 
The operating domain takes also into account a stretch-out at the end of the fuel cycle.  The 
associated decrease of the average primary temperature leads to a secondary pressure 
decrease, which brings additional limits to the operating domain (turbine limit). 
 
These new nominal operating point and operating domain had to be confirmed by the 
analysis of the most limiting accidents with regard to the performance of the reactor core, by 
the verification of the capacity of the safeguard/safety and emergency/auxiliary systems, and 
by the verification of the mechanical integrity of the primary components.  Indeed, plant 
operation under stretch-out conditions is foreseen to occur during a rather long time (with a 
maximum of three months).  Plant transients need therefore to be analysed assuming the 
whole operating domain for defining the initial plant conditions. 
 
The values of the primary flow rate were calculated with due account of the new plant 
conditions, and in particular of the new steam generators.  The minimum and maximum 
values of this flow rate are of particular importance for the safety studies. 
 
The thermalhydraulic design flow rate (minimum value) was kept at its value before the 
PUSGR (32,700 m³/h), providing some margin as: 

1. the maximum allowed SG tube plugging was reduced from 25% to 5%, reducing the 
global flow resistance of the primary circuit; 

2. to a smaller degree, the pressure losses at the primary side of the new steam 
generators are smaller. 

The mechanical design flow rate (maximum value) was fixed at 40,000 m³/h, about 10% 
above the best-estimate flow rate value after SG replacement. 

3.3 Reference core and nuclear design 
 
A reference core was defined.  It had to be bounding as much as possible with respect to the 
equilibrium cycle of the project (main characteristics: fuel cycle length up to 12 months, plus 
a stretch-out period of up to 3 months for the sake of conservatism in the studies; reloads of 
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36 UO2 fuel assemblies of the Framatome-ANP HTP 14x14-6-1 type; enrichment of 4.5% in 
U235).  A set of parameters, called “key parameters”, was calculated for this reference core.  
After adding the related uncertainties and a provision for the above-mentioned bounding 
character and for the variability in the real loading patterns, the values of these key 
parameters (hot-spot factor FQ = 2.30, hot channel factor FDH = 1.65, ...) were then 
validated by the project accident analyses. 
 
The reference core is supposed bounding for the core reloads subsequent to the PUSGR.  
However, the real subsequent cores are never identical to the project reference core: more 
or less important differences can be observed, for example depending on the fuel type used 
or the way the core is managed. 
 
In order to verify the conformity of a reload without repeating all the safety studies, the reload 
key parameters are compared to the project ones. 

3.4 Thermalhydraulic core design and safety limits 
 
The thermalhydraulic core design was performed using a statistical methodology (Siemens 
Statistical Thermal Design Procedure of Framatome-ANP) and a critical-heat-flux correlation 
(HTP) compatible with the reference fuel.  The thermalhydraulic core design results in DNBR 
design limits and in safety limits for the core protection (OTDT and OPDT setpoints). 
 
The Siemens Statistical Thermal Design Procedure was then used in studies of DNB 
accidents by Framatome-ANP, or, equivalently, the Statistical Thermal Design Procedure 
was used in studies of DNB accidents by Tractebel Engineering. 

3.5 Accident analyses (design basis accidents) 
 
In the frame of the PUSGR project, the accidents presented in the Safety Analysis Report 
had to be reanalysed. 
 
Some accidents are in fact not affected by the change in operating parameters resulting from 
the PUSGR, or are enveloped by other accidents.  Justifications for not reanalysing such 
accidents have been produced.  These justifications also cover the stretch-out conditions. 
 
The accident analyses validated the setpoints of the reactor protection system and safety 
systems.  Some setpoint modifications were needed as a result of the PUSGR (examples for 
the scram signal: OTDT, OPDT, FW/MS mass flow mismatch; examples for the SI signal: 
high steam flow, low steam pressure). 
 
Accident studies were performed by Framatome-ANP, by Tractebel Engineering or by 
Westinghouse, mainly with the use of: 

• the RELAP5 Mod2.5, LOFTRAN, WCOBRA/TRAC or NOTRUMP codes, for system-
thermalhydraulic calculations; 

• the COBRA3-CP code, for core-thermalhydraulic and DNBR calculations; 
• the PANBOX3 code, for 3D-neutronkinetics calculations. 

Most used codes were accepted in the frame of previous applications in Belgium.  Otherwise, 
AVN performs an audit, to examine the documentation of the code, its validation, its 
utilisation and the associated Quality Assurance program. 
 
Below is a selection of noteworthy studies. 
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3.5.1 Steam Line Break at hot zero power 
 
The reactor is protected against the Steam Line Break (SLB) accident at hot zero power by 
the low advanced steam pressure signal in one steam line, and by the very low pressurizer 
pressure signal.  Both signals lead to the start of the safety injection system and to the 
normal feedwater isolation.  Steam isolation then occurs on coincidence of the safety 
injection signal and on the high steam flow signal in one steam line.  As the SLB accident is a 
cooldown accident, the start of the auxiliary feedwater system has an adverse effect and 
needs to be accounted for in the study. 
 
The accident was studied by Tractebel Engineering with respect to the DNBR criterion, using 
the RELAP5 Mod.2.5 code (for the system-thermalhydraulic calculations) and the PANTHER 
code (for the 3D-core neutronic and thermalhydraulic calculations).  Both of these codes are 
coupled using the TALINK code.  Then, the COBRA3-CP code is used for calculating the 
DNBR, but in a deterministic, not statistical way, and with the W3 critical-heat-flux correlation.  
Both the PANTHER (kinetic aspects) and TALINK codes required an audit. 
 
When using codes in a decoupled way, it is a common practice in licensing to penalize each 
code separately.  Although acceptable for the licensing purpose, it is recognized that such a 
practice builds overconservatisms because of the overabundance of unphysical behaviours.  
For instance in the present accident study, conservative temperatures (with reference to the 
loop mixing models used to calculate the temperatures at the core inlet) combined with 
conservative neutronic retroaction assumptions would lead to very unrealistical high power 
excursions.  Protection systems would then be designed against situations that are physically 
impossible.  Using coupled codes has obviously the advantage of evaluating more 
realistically the incidence of neutronic parameters upon thermalhydraulic behaviour and vice 
versa. 
 
The study of the SLB accident at hot zero power is the first application of a coupled-codes 
methodology for licensing in Belgium.  It is noteworthy that traditional assumptions accepted 
as conservative might ask for reconsideration.  For instance, a minimum initial primary flow 
rate was a conservative assumption when decoupled codes were used, but it had to be 
checked when using coupled codes, which allow to take into consideration the incidence of 
the primary flow rate on the axial power profile. 
 
The base case of the study considers a double-ended guillotine break as initiator and 
conservative assumptions; in particular, the most reactive rod is supposed completely 
blocked out of the core.  For the licensing case, obtained after performing sensitivity studies 
among others on the break size and on the loss of offsite power, the study shows that the 
DNBR criterion is respected. 

3.5.2 Loss of Coolant Accident 
 
The reactor is protected against the Loss of Coolant Accident (LOCA) by the low pressurizer 
pressure signal, giving rise to reactor trip, by the low-low pressurizer pressure signal, which 
starts the safety injection system (high and low pressure, as well as containment spray), and 
by the accumulators, injecting additional water into the primary system.  On the secondary 
side, the auxiliary feedwater system provides additional cooling. 
 
The accident was studied by Westinghouse, as well for the small-size break (SBLOCA) as 
for the large break (LBLOCA).  In the short term, the acceptance criteria are as follows: 

• The calculated peak fuel element cladding temperature (PCT) is below 1204°C; 
• The maximum localized cladding oxidation remains below 17%, w.r.t. the cladding 

thickness before oxidation; 
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• The amount of hydrogen generated by fuel element cladding that reacts chemically 
with water or steam does not exceed an amount corresponding to interaction of 1% of 
the total amount of zircalloy in the reactor. 

3.5.2.1 SBLOCA 
 
The SBLOCA accident was studied with the help of the NOTRUMP code (for the 
thermalhydraulic transient calculations) and the LOCTA IV code (for calculating the heating 
of the cladding).  The study was performed according to a methodology, which received 
acceptance in the frame of a previous project (Upper Plenum Injection) related to the same 
plant, with a single exception: the COSI model, introduced in order to better simulate the 
condensation phenomena occurring at the safety injection into the cold legs, was evaluated 
in the frame of the PUSGR project. 
 
For the licensing case, obtained after performing sensitivity studies on the break size and on 
the time of Reactor Coolant Pump trip, the study shows that the above-mentioned criteria are 
fulfilled. 

3.5.2.2 LBLOCA 
 
The LBLOCA accident was studied using the “Superbounded” methodology, with the help of 
the WCOBRA/TRAC code (for the reactor vessel and system thermalhydraulic transient 
calculations), the COCO code (for the containment analysis), the PAD code (for the 
calculations related to the new reference fuel in begin-of-life conditions), the THRIVE code 
(for calculating the reactor vessel steady-state hydraulics), and the TREQ code (for 
calculating differences between end-of-life and begin-of-life fuel temperatures). 
 
The used codes and methodology were accepted in the frame of a previous project (Upper 
Plenum Injection) related to the same plant, with a few exceptions leading to specific 
evaluations. 

• In order to account for fuel thermal conductivity degradation with burnup, the analysis 
performed for end-of-life conditions took a hot-spot factor reduction into account.  
This assumed reduction is kept sufficiently small so that specific verifications during 
core reloads are not mandatory.  The TREQ code used for the end-of-life analysis 
required an audit. 

• As limiting PCTs are sufficiently high to rise a significant metal-water reaction, 
contrary to those obtained in previous projects (Upper Plenum Injection for example), 
an analysis based on Appendix-K models (already accepted by AVN) was needed to 
justify these limiting cases.  The main contributor to the differences in the results was 
shown to be the cladding swell, modelled in the Appendix-K approach but 
conservatively not in the “Superbounded” one. 

 
The study shows that the above-mentioned criteria are fulfilled with a hot-spot factor FQ of 
2.30 and a hot channel factor FDH of 1.65. 

3.6 Radiological consequences of accidents 
 
As the power uprating of the plant leads to an increase of the fission product inventory of the 
fuel present in the core, Tractebel Engineering provided justifications for the radiological 
consequences of accidents and, when judged necessary, performed recalculations of these 
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consequences.  However, the maximal activity values allowed in the Technical Specifications 
for the primary circuit limited the scope of reanalyses to the radiological consequences of 
three accidents (Loss Of Coolant Accident, Feedwater Line Break Accident and Fuel 
Handling Accident). 
 
For the Loss of Coolant Accident, the study concluded that the admissible leak rates for the 
containment penetrations and for the recirculation circuit loop had to be reduced.  Leak 
criteria had to be adapted in the Technical Specifications. 

3.7 Studies of the reactor core 
 
Tractebel Engineering performed core power capability studies for the reference core of the 
project, in order to verify that several design criteria related to the power peaking factors are 
satisfied.  For normal operation, it has been verified that the hot-spot factor limit for the Loss 
Of Coolant Accident is never exceeded, and that the reference axial power profile used in the 
analyses of accidents limited by DNB is bounding.  For Condition-II transients, the studies 
fixed the limit of the linear power to 656 W/cm, and determined the penalization functions of 
the OPDT and OTDT protections.  Core power capability verifications cover stretch-out 
conditions. 
 
Framatome-ANP verified the thermomechanical behaviour of the HTP fuel rods (UO2 rods 
with PCA-2b cladding) in post-PUSGR conditions with the reference loading pattern of the 
project.  By design, the integrity of the rods must be guaranteed during normal operation and 
Condition-II transients. 

3.8 Verification of the safeguard and emergency systems 
 
The power uprate and the SG replacement also lead to verify in detail whether the capacity 
of safety related systems and their support systems still meets all applicable safety 
requirements.  This verification usually focuses on system-related safety criteria defined 
either during design or in a later stage. 
 
This group of studies includes more specifically: 

• verifications of the system capacities to provide adequate protection against primary 
overpressure, secondary overpressure and containment overpressure, in case of 
design basis accidents; 

• verifications of the safeguard and emergency systems capacity for aspects not 
covered by the accident studies, i.e. mostly long(er)-term issues resulting from the 
increased residual heat. 

 
The studies of primary overpressure (hot and cold conditions) and secondary overpressure 
are needed because of the nominal core power increase.  For each of these studies, the 
most penalizing transient is considered and a conservative modelling of the mechanical 
behaviour of the safety valves (pressurizer SEBIM valves or secondary safety valves) is 
applied.  A setpoint modification of the SG safety valves was needed as a result of the 
PUSGR. 
 
The integrity of the primary containment against the pressure and temperature transient is 
verified for LOCA and SLB, as the PUSGR may lead to an increase of mass and energy 
release into the containment atmosphere.  In comparison with previous studies performed 
during the first 10-year safety reassessment of the Doel 1 and 2 plants, a more elaborate 
methodology was followed, covering the whole power and break size spectrum and 
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accounting in more detail for several plant specifics.  As a result, a setpoint modification was 
eventually needed for the SG isolation signal on high containment pressure. 
 
Moreover, verifications of the structural integrity of containment compartments (floor slabs, 
walls), in case of short-term differential overpressures after LOCA, resulted in some 
structural reinforcements of the concrete floor slabs of the pressurizer and surge line 
compartments. 
 
For the safeguard and emergency systems, some analyses were needed for mid or long 
term criteria.  These safety criteria, which are not verified in the accident analyses 
(commonly focussing on short term criteria), are often imposed by design limits of specific 
system components (tank capacity, maximum allowable temperature, etc.).  For the PUSGR 
at the Doel 2 plant, typical examples are: the tank capacities of the auxiliary feedwater 
system and its make-up system, the LPSI flow rate during recirculation (delivered by the 
RHRS pumps), the boration system capacity needed to reach cold shutdown, the thermal 
loads and temperatures of the component cooling and raw water cooling systems, the spent 
fuel pool thermal loads and temperature. 
 
These system capacity verifications are often confronted with an additional complexity due to 
the twin character of the Doel 1 and 2 plants.  Indeed, some systems are common to both 
units (e.g., the component cooling system, the spent fuel pool cooling system) and this 
requires to carefully select the plant operating states for both units simultaneously, in order to 
determine the most penalizing system configuration.  Moreover, scarce information was 
found available about the original design evaluation, but AVN could take advantage of the 
experience gained in his assessments performed in the frame of previous projects (e.g. 
SGR). 

3.9 Mechanical analyses of primary circuit components 
 
Besides the demonstration of the structural integrity of the replacement steam generators, 
structural and mechanical analyses are required to demonstrate that the other components 
of the Reactor Coolant System are in compliance with the licensing criteria and requirements 
for the PUSGR conditions.  Basically, there are two main reasons for requiring those re-
evaluations.  Firstly, the PUSGR lead to modify some of the Nuclear Steam Supply System 
(NSSS) parameters, also referenced to as the plant operating parameters (see paragraph 
3.2 above), which are the fundamental parameters used as primary input in the NSSS 
analyses.  Secondly, the design transients that are used for the analyses of the cyclic 
behaviour of the NSSS components are also modified following the PUSGR. 
 
The re-evaluation of the Reactor Coolant System components under the PUSGR conditions 
requires as a necessary first step (1) to re-perform the Reactor Coolant Loop analysis the 
objective of which is to calculate the loads applied to the piping, piping nozzles, component 
nozzles, supports and restraints as a result of the different loadings acting in the revised level 
A, B, C and D service conditions and (2) to re-determine the LOCA hydraulic forcing 
functions for the revised initial plant conditions. 
 
For all the plants, Leak-Before-Break analysis of the Reactor Coolant Loop piping has been 
performed before SGR.  The demonstration of the Leak-Before-Break following the 
evaluation procedure of the draft Standard Review Plan 3.6.3 requires, among others, to 
determine the critical crack size margin and the applied loads margin.  Both normal operating 
loads and the faulted loads are used as inputs to this evaluation.  As the re-analysis of the 
Reactor Coolant Loop required by PUSGR leads to re-evaluate the operating loads as well 
as the faulted loads, the Leak-Before-Break margins previously calculated are not expected 
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to remain unchanged.  Then, a re-evaluation of the Leak-Before-Break analysis of the reactor 
coolant loop is deemed necessary. 
 
The re-evaluation of the Reactor Coolant System components under the PUSGR conditions 
also considers the following.  As permitted by the application of the Leak-Before-Break to the 
Reactor Coolant piping, the Utility took the opportunity of the SGR for modifying the steam 
generators supports originally installed to cope with the breaks postulated in the Reactor 
Coolant piping (e.g., removal of some snubbers or tie-rods at the lower support).  As a 
consequence thereof, the dynamic re-analyses of the Reactor Coolant Loop account for the 
modification brought to the Reactor Coolant System support. 
 
In addition, the Utility also took the opportunity of the re-analyses required by the PUSGR to 
finalize some chapters of the demonstration of the structural adequacy of the Reactor 
Coolant System components under stretch-out conditions.  Plant operation under stretch-out 
conditions leads to define specific design transients.  However, plant operation under stretch-
out conditions may also be considered to occur during a sufficiently short time when 
compared to the operating time under normal operating condition that only the few most 
probable (level A and B) transients are taken into account.  Hence, the revised set of design 
transients required by the PUSGR includes specific stretch-out transients. 
 
Consideration of plant operation under stretch-out conditions has also a consequence on the 
determination of the LOCA hydraulic forcing functions.  Indeed, in the second stage of the 
LOCA event when the primary coolant depressurizes down to the saturation pressure, the 
amplitude of the hydraulic forces is roughly proportional to the difference between the initial 
internal pressure and the saturation pressure.  Then, considering plant operation under 
stretch-out conditions leads to redefine the initial plant conditions to be assumed for 
calculating the LOCA hydraulic forces since the most penalizing effects are associated to the 
lowest initial reactor coolant temperatures. 
 
Classically, a detailed re-analysis of the Reactor Coolant System components is not carried-
out but the re-evaluation for the effects of the revised design conditions is only performed on 
the most limiting locations of each component with regard to the stress values, i.e., the 
primary stress intensities, the ranges of stress intensities and the fatigue cumulative usage 
factors.  As a prerequisite, the selection of those most limiting locations requires that the 
results of the original analyses are sufficiently documented in the original stress reports for 
allowing to estimate the effects of the revised design conditions on the original stress values.  
As the re-evaluation is usually performed in accordance with a later edition of the ASME 
Boiler and Pressure Vessel (B & PV) Code than the one used in the original design, the 
changes in the Code are also taken into consideration. 
 
The specific application of that re-evaluation procedure to the Doel 2 case raised however 
some difficulties as outlined in the following. 
 
The original design basis of the Doel 2 plant did not require any structure, system or 
component to withstand the effects of earthquake.  Indeed, seismic and geologic 
considerations had led to conclude that the maximum seismic ground motion due to 
earthquake was sufficiently low at the Doel site for not including seismic criteria in the design 
basis.  Moreover, at the time when the design basis of the Doel 2 plant was defined, the US 
NRC rules (Appendix A to 10 CFR 100) did not request the maximum vibratory acceleration 
of the Safe Shutdown Earthquake (SSE) at the foundation of any plant to be at least 0.1g.  
However, in the frame of the first 10-year safety reassessment of the Doel 2 plant, a Safe 
Shutdown Earthquake has been defined for which the maximum vibratory acceleration at the 
foundation was set to 0.058g and the Reactor Coolant Loop piping was verified to have the 
necessary structural resistance to withstand the SSE using the Level D stress criteria of the 
ASME B & PV Code, Section III. 
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The Reactor Coolant Loop piping was originally not designed to the ASME B & PV Code but 
well in accordance with the USAS B31.1 Code.  According to the USAS B31.1 Code, only the 
stresses due to pressure and thermal expansion in normal operating conditions are 
compared to the allowable stresses.  However the reactor coolant loop piping was also 
verified to the ANSI B 31.7 Code.  This evaluation included the assessment of the primary 
stresses (design conditions), secondary stresses and peak stresses, and the fatigue analysis 
for the specified normal and upset transients. 
 
The reactor pressure vessel internals of Doel 2 were designed prior to the introduction of 
Subsection NG of the Boiler and Pressure Vessel Code Section III and, as a consequence 
thereof, a plant specific stress report was not required.  Moreover scarce information was 
found available about the original design evaluation.  For the SGR at Doel 2, AVN took 
advantage of the experience gained in his assessment of the re-evaluations performed for 
previous SGR to allocate most of his efforts to the re-evaluation of the reactor pressure 
vessel internals.  More specifically the re-evaluation of the internals under LOCA condition 
raised concerns.  Less usual analysis procedures such as the collapse load analysis using 
the LS DYNA computer code were deemed necessary to demonstrate the structural 
adequacy of some components of the internals.  Moreover, it was found necessary to revisit 
the concept of the arbitrary pipe break classically required by AVN to be postulated in the 
design basis of the internals after successful application of the Leak-Before-Break. 

4 CONCLUSION 
 
The licensing of the SGR or the PU of a NPP is a long and difficult process.  Moreover, the 
present Belgian legislation introduces imperative constraints for the reception of the studies 
and the implementation of the project (fixed delays, no option of follow-up).  Considering 
merely the aspect of licensing studies, keystones for the success of that process are: 

• adequate organization and project management involving all concerned organizations 
(Utility, Designers, TSO); 

• planning of the consecutive phases of the licensing process; this planning should take 
account of the complexity of the licensing tasks, the degree of innovation of the 
proposed methodologies and the available manpower within each organization; 

• early approval of not yet licensed methodologies; 
• timely execution of the safety studies in compliance with the planning; 
• good communication between the involved organizations all along the licensing 

process. 
Any shortcoming in one of them can endanger the timely acquisition of the license or the 
subsequent permission to start up the nuclear plant.  In order to follow the planning and to 
improve the organization and the communication, a project coordination has been set up, 
with an objective of pragmatism and the power to take decisions. 
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Abstract:  
In order to maximise the improvement of the safety level of its units while controlling the cost of safety assessment, 
EDF, within the scope of the third ten-yearly outage of the 900 MWe PWR series, decided to implement a method 
for ranking the modifications according to the ratio "safety benefit gained from the modification" over the "cost of 
the modification". The exercise showed the true interest of this type of method, of which the principles should be 
shared between the Safety Authority and plant operators and, once certain adjustments have been made, should 
then become an irreplaceable element in the safety assessment process. 
 

1 GENERAL FRAMEWORK OF THE COST-BENEFIT METHOD 
 
Within the context of an increasingly competitive power-generation sector and taking account of the ever-increasing 
importance of safety related issues, the environment, radiological protection and the fact that resources, whether 
human or financial, are finite, the need to rank actions and consolidate decisions has become essential for a plant 
operator such as EDF.  
In order to achieve these objectives, according to the principle that aims at integrating safety in an industrial logic, 
EDF decided to develop a safety cost-benefit method and use it as an aid to ranking and decision making.  
The method consists in assessing the impact of dealing with safety-related problems and site operation files by 
establishing the relationship between:  

• the added value or impact in the broad sense, with regard to the safety of the workforce and the 
population, of which the impact in terms of environmental and radiological protection can be identified as 
the "benefit",  

• and the impact on the investment costs, direct and indirect production costs, operating dosimetry, as well 
as on the industrial, socio-organisational and human fields, which can be identified as the "cost".  

"Cost-benefit" analyses are quantified as far as is possible; when it is not possible to do so, qualitative analyses are 
developed to contribute to decision-making.  
The method can be used for consolidating decisions with regard to:  

• taking or not taking action (changing a reference system, modifications, repairs),  
• choosing the most suitable solution for a given problem,  
• the time required to deal with a discrepancy that needs to be brought into conformity,  
• ranking a set of modifications within a given framework of actions, such as the modifications 

corresponding to the ten-yearly reassessment of a standard plant series.  
One of the first large scale uses of this method was the analysis of the safety cost-benefit ratios of the 
modifications envisaged within the scope of the third ten-yearly outage of units in the 900 MWe PWR series, in 
order to rank the list of modifications.  
 



 

2 PRINCIPLES OF THE COST-BENEFIT METHOD 
 

2.1 Definition of a cost-safety benefit analysis 
 
This assessment is carried out in two stages:  
From the "safety benefit" point of view: the safety benefit of the physical or operational change (or changes) is 
assessed taking a safety assessment as the basis. When the field of application allows, probabilistic safety 
assessment (PSA) are used to obtain a quantitative assessment of the impact. The benefits associated with a 
modification under study are assessed according to the criterion considered the most important with regard to 
safety and radiological consequences. When they are quantified, the results are expressed in units corresponding 
to the analysis (frequency, dosimetry units). The non-quantifiable impacts considered significant are the subject of 
a qualitative analysis in order to characterise them.  
All safety impacts are taken into account: not only the expected positive impacts, but also the possible negative 
impacts, such as a spurious signal associated with the actuation of an automatic control.  
From the "cost" point of view: the overall costs (direct, induced, avoided) of a change (or changes) that allows a 
problem to be solved are estimated according to the method applied by the engineering departments, and based 
on the feedback on changes or maintenance actions. This cost covers the costs of studies, the costs of performing 
the work, the operating costs and the impacts, expressed as gains and losses, on availability, maintenance ...  
All impacts are analysed. The true or potential impacts are characterised. Those that can have a significant impact 
on the overall cost are quantified, initially in terms of work units, then in thousands of euros (for example, one day's 
outage = x K€). The non-quantifiable impacts considered significant must be qualitatively analysed (potential risks 
and contingencies). 
 

2.2 The safety criteria adopted  
The fundamental criteria in terms of impact on safety are:  

• the impact on the workforce during plant operation;  
• the impact on the population under incident or accident conditions.  

Given the difficulty of assessing the above impacts directly, particularly in terms of monetary units, and in the 
interests of obtaining an objective quantification, more accessible criteria were adopted:   

- Risk of core melt without loss of containment,  
- Risk of core melt with early loss of containment; (major releases occurring within the first 24 hours, 

referred to as a "S1" in the terminology of the American WASH 1400 report);   
- Risk of core melt without early loss of containment (releases filtered, occurring after 24 hours, referred 

to as "S3" in the terminology of the American WASH 1400 report);  
- Doses in h*mSv/yr (with regard to the population and the workforce, under normal, incident or accident 

conditions).  
These criteria enable the majority of files that have safety implications to be processed.  
In order to make ranking and comparison easier, the number of assessment criteria is limited to four.  
 

2.3 The estimation of impacts on plant operation and their valuation in terms of gains or 
expenditure  
The impact on plant operation, and the resulting costs, can be broken down into two types:  

- The direct costs, associated with the study and the implementation of the modification on the sites 
(investment cost, including costs relating to the dosimetric impact during the work involved in 
implementing the modification),  

- The costs induced or avoided, such as maintenance costs, improvements in availability ... (operating 
costs).  

To estimate the above, those in charge of the file base their calculations on the impact analysis methodology 
already in current use in the affairs or analyses of power plants in service.  
Only the main impacts are assessed, as far as possible, quantitatively so as to obtain a "reliable" estimate of the 
cost of having the modifications. Those responsible for the files estimate them in work units (days outage, 
improvements in availability...), and then in k€. The operating costs are assessed over a period of 10 years 
inclusive, between two ten-yearly inspections.  



 

As a general rule, dosimetry is still valued in h*mSv, to allow its specific impact to be clearly identified (doses on 
rare or specialised resources), which might otherwise be masked given the generally high investment costs, and 
above all to distinguish clearly the workforce field from the technical-economical field. On account of this, dosimetry 
constitutes a specific additional parameter, especially where ranking is concerned.  

3 APPLICATION OF THE METHOD TO A SET OF MODIFICATIONS TYPICAL OF 3TYO FOR 
THE 900 MWE SERIES  

The safety reassessment carried out within the scope of the third ten-yearly outage inspections (3YTO) of the thirty 
four 900 MWe units gave EDF its first opportunity to apply the cost-benefit method on a large scale, the objective 
being to rank a set of modifications during the decision-making phase of strategic planning.  
In the absence of probabilistic safety assessments taking account of external and internal hazards, certain 
modifications relating to these problems were not analysed.  
After assessing the costs and the safety benefit that they involve, the modifications were positioned in a diagram 
with the costs marked along the x axis and the safety benefits along the y axis: see Figure 1. 
 

Positioning of the scales  
So as to be able to compare the various modifications, correspondences between the four safety assessment 
criteria were established. This work was carried out on the basis of international state-of-the-art evaluation of the 
cost of the economic consequences of accidents (work mainly carried out by NRC and NEA) and a monetary 
evaluation of the avoided dose unit (work carried out by NRC, CEPN and EDF). These evaluations arrive at the 
following correspondences:  

• a risk of core melt (without further specification of the nature of the potential releases) and a risk of 
delayed, filtered S3-type releases are considered to be equivalent; 

• an annual frequency of S3 releases of 10-6 subsequent to core melt and an annual release of 3 
h*mSv subsequent to incidents or accidents are considered equivalent; 

• the consequences of an S1 release are considered to be 20 times greater than those of an S3-type 
release.  

This positioning allowed us to rank the modifications according to their cost-benefit ratio.  

4 RESULTS AND ANALYSIS  

4.1 Presentation of the results  
By standardising the safety benefit using the correspondences defined in § 3 above, we assessed the cumulative 
safety benefit by implementing the n first modifications on the list and the cumulative cost of these modifications 
(where n varied between 1 and 31). These cumulative safety benefits and costs are presented in Figure 2 (taking 
account of the number of units on which the modification has an impact, the 1st modification being the one that 
achieves the most favourable cost-benefit ratio and the 31 rd modification being the one that achieves the least 
favourable ratio).  
This figure shows that the greater part of the safety benefit (more than 97% of the safety benefit achieved by all the 
modifications together) is achieved by implementing the 10 first modifications, for a little less than one-third of the 
total cost (31%).  
Modifications can be adopted according to criteria other than the cost-benefit ratio alone, such as observing the 
regulatory criteria or improving the safety of the personnel (notwithstanding the radiological risk that is already 
taken into consideration in the safety section). Moreover a certain number of modifications had already been 
decided upon (at the request of either the DGSNR or EDF) before this exercise was carried out. The modifications 
adopted will not be limited to the first 10 modifications on the rank list and will therefore account for a much larger 
proportion of the overall cost.  
Furthermore, sensitivity studies were carried out on the respective positioning of the four criteria. This positioning is 
indeed somewhat subjective, as it is essentially based on a synthesis of the opinions of international experts. It was 
therefore of interest to assess the influence of this positioning on the results obtained by the method. Each safety 
criterion was successively over evaluated and under evaluated by a factor of 10 relative to the other criteria. These 
studies disclosed the robustness of the ranking relative to variations in positioning. Indeed, the list of modifications 
to be adopted in the light of the cost-benefit ratio was never brought into doubt during these analyses.  
 



 

4.2 Analysis of the safety benefits  
For the third ten-yearly inspection programme, the main safety gains relate to taking severe accidents or external 
hazards into consideration: these areas also correspond to the strong points of the EPR in comparison to the 
reactors currently in operation.  
Conversely, the modifications envisaged within the scope of the third ten-yearly inspections of the 900 MWe plant 
series have, in principle, a limited impact on level 1 probabilistic safety assessment. As would have been the case 
for the second ten-yearly inspection programme (subsequent to a retrospective cost-safety benefit analysis), the 
analysis does not disclose a significant gain at a reasonable cost in respect of the risk of core melt associated with 
initiating events occurring inside the NSSS.  
Although there are uncertainties associated with the safety benefits and the costs, the orders of magnitude that led 
to the ranking, for a given category of safety benefit, appear to be robust. The analytical method is nevertheless 
iterative and the analyses could, if necessary, be fine-tuned to take possible new elements that arise during the 
proceedings into account. 
Furthermore the ranking of all the safety benefits regardless of type, is a direct function of the adjustment of the 
scales relative to each other. The sensitivity studies have confirmed that this adjustment is relatively robust and 
therefore provides an initial methodological validation, on a large scale, of using this correspondence between the 
various types of safety benefit.  
Cost-benefit analyses constitute an aid to decision-making. When the safety benefit is estimated using a 
probabilistic approach, as carried out here, it is not possible to take all the parameters associated with the file into 
consideration (particularly deterministic parameters). Consequently, the positioning in the diagram of each 
modification is supplemented by comments, in this respect, in the analysis sheets specific to each modification, so 
as to optimise the traceability of the reasons that led to certain modifications being included in, or excluded from, 
the definitive list.  

5 OUTLOOK  
The cost-benefit method, as well as the results obtained during the safety reassessment carried out within the 
scope of the third ten-yearly inspections of the 900 MWe series, were presented to the DGSNR at the end of 2004 
and to the members of the Standing Reactor Committee at the beginning of 2005 for the initial exchanges.  
The exercise carried out during 3TYO, which was the first to be carried out by EDF in the strategic phase over a 
large sample of modifications with varying safety implications, has served to confirm the interest of this decision-
making tool. In the context of economic competition where cost control is of paramount concern, such a tool, which 
first ranks then helps to select, within given financial means, the modifications that provide the greatest gains in 
terms of safety, is now becoming essential. Although decision-making can by no means be devolved automatically 
to cost-benefit analysis, the knowledge of the information it provides has now become a key element in any 
assessment of nuclear power units.  
This tool should be a vector for change in the dialogue with the Safety Authority, in that it will now enable the 
economic issues and constraints, from which EDF cannot escape, to be brought into its discussions with the plant 
operator.  
In order to encourage exchanges on this subject, a review of the Standing Reactor Committee has also been 
scheduled for the first half of 2007 to discuss this cost-benefit method, currently being assessed by the IRSN, the 
technical support arm of the DGSNR in the interests of sharing the principles and allowing certain adjustments to 
be made before extending its use further.  
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when calculating Loads due to the Propagating pressure waves in Pipe sys-
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Basics 
 
Pressure waves in pipe systems arise from acceleration or retardation of mass flow. 
These can be caused e. g. by breaks, opening and closing of valves, starting and 
coast down o f pumps. The change of momentum generated by the alteration of mass 
flow produces forces which act on the straight pipe segments of the piping system in 
concern according to Eq.(1). 
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Formerly these forces were calculated without considering the influence of the struc-
ture by solving the laws of conservation of thermo hydraulics. The piping system 
concerned was considered to be rigid. 
 
By our code DWELL /1/ we solve the laws of conservation of mass and momentum 
and the equation of state  which substitutes the equation of energy conservation (s. 
Eqs. 2) according to the method of characteristics. 
 
 
Conservation of mass 

 
     (2.1) 
 
 
 

Consideration of pipe wall elasticity 
 
 

     (2.2) 
 
 
 
Equation of momentum 
 

q&&−−−
∂
∂−

∂
∂−=

∂
∂ αλρ

ρ
sin

2

2

gww
Dx

c
x
w

w
t
w

   (2.3) 

 

Equation of state   )(ρpp =       (2.4) 

2
1

)
2

1(1

1

c
E
D

k
ν

δ
ρ

ε

−+
=

x
w

x
wk

t ∂
ρ∂

∂
∂ρ

∂
ρ∂

ε −−= 1



10.11.2005 Seite 3 von 13 

 

The term q&&  in equation (2.3) indicates the fluid acceleration vector relative to the 
movement of the structure. It is set to zero if the influence of structure is neglected. 
 
The forces determined by the equation system (1,2) are inserted in the structure 
mechanical model to obtain the requested stresses and strains that are necessary for 
the system design. 
 
Today more and more the influence of the movement of the structure on the thermo 
hydraulic loads is taken into account (Fluid Structure Interaction, FSI). Considering 
FSI additionally the equations of motion of the structure system are to be solved. 
These are in vector notation: 
 

[ ] { } [ ] { } [ ] { } { })(tFKDM =⋅+⋅+⋅ qqq &&&     (3) 
 
q indicates the vector of displacement. Its derivations  stand for the velocity and the 
acceleration respectively. q represents the connection between the hydraulic and the 
structural mechanical equation systems. The vector F indicates the external forces 
acting in axial directions on the piping components of the system concerned. These 
include amongst others the hydraulic loads the weight loads and the forces caused 
by hangers and supports. 
 
To solve the system of structural equations we use the finite element calculation code 
R2STOSS /2/.  
 
To obtain the solution for the time step n according to the FSI method we have solve 
at first the system of the hydraulic equations (Eq. 2). By means of hydraulic loads and 
other external forces we can determine the displacement vector q and its derivates 
from Eq. 3.  

The acceleration vector q&&  enables us to determine the hydraulic loads for the time 
step n+1 by means of Eqs. 2. 
 
 
Influences of FSI as well as the support structure on the hydraulic loads of 
piping systems 
 
The influence of FSI was analyzed considering as an example a high pressure injec-
tion line. The line concerned is located between a storage tank and a main coolant 
line of a pressurized water reactor. The pressure wave acting on the line is caused by 
coast down of the high pressure charging pump with the following closing of a check 
valve. The analysis was carried out with and without FSI. Because one tends today to 
avoid snubbers and spring hangers because of their high maintenance charges we 
regarded a system with flexible and as well as one with more rigid supports  
 
Fig. 1 shows the conceptual arrangement of the piping system. In Fig. 2 the flexible 
supported system is compared with the more rigid system. 
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Figure 1: Conceptual arrangement of the piping system 
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Figure 2: Comparison of the support concept 
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The calculated pressures are displayed in Fig. 3 for the pipe segment 15.  
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Figure 3: Calculated pressure loads in pipe 15 
 
The black curve describes the time dependant pressure characteristic without FSI. 
The curve is characterized by the hydraulic frequencies. 
The red and the green curve show the influence of FSI and of the type of support 
construction. FSI leads to the reduction of amplitudes and increase of frequencies. 
The more rigid support construction (green curve) causes a further significant reduc-
tion of the pressure amplitudes. 
 
Fig.4 shows the time dependant stress characteristic of in the structure of pipe seg-
ment 15. We see that the influence of FSI is relatively low (dotted black curve and red 
curve). The type of support has a more significant effect on the stresses (black and 
green curve). 
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Figure 4: Stress characteristic for pipe section 15 
 
The rigid support construction however has not in any case a positive influence on 
the stresses. Fig. 5 shows for the pipe segment 21 that the rigid support causes 
higher stresses than the more flexible one. 

 
Figure 5: Comparison of stresses in pipe segment 21 
 
A further influence on the pressure characteristic has the magnitude of excitation. 
This depends for example on the closing velocities of valves or flow area formation 
time. Therefore the mathematical models that describe the acceleration or retardation 
of mass flow rate have to be designed thoroughly. To verify these models experi-
ments are necessary.  
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As an example of excitement of amplification we consider the bisection of the valve 
closing time of our piping system stated above. In the case of pipe segment 15, we 
observe only a slight influence by FSI on the pressure characteristic (see Fig. 6).  
 
 

 
Figure 6: Comparison of fluid pressures in pipe 15 with and without consid-

eration of FSU, strong excitation 
 

 
Figure 7: Comparison of fluid pressures in pipe 5 with and without consid-

eration of FSI, strong excitation 
 
On the short pipe segment 5 FSI causes a strong attenuation of the pressure course 
(Fig. 7) However regarding the stress characteristic, we observe a stress gain in the 
two first amplitudes. In the following the stress function shows a strong damping (see 
Fig. 8) 

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 

time [s]

6.00e+006

7.00e+006

8.00e+006

9.00e+006

1.00e+007

1.10e+007

coupled
uncoupled

Pressure [Pa]

1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

time [s] 

0

50000

100000

150000

200000

250000

coupled
uncoupled

Pressure [Pa]



10.11.2005 Seite 9 von 13 

  

1.3  1.4  1.5  1.6  1.7  1.8  1.9  2.   
time [s] 

     0.  
     1.  
     2.  
     3.  
     4.  
     5.  
     6.  
     7.  
     8.  
     9.  
    10.  
    11.  
    12.  Stress [N/mm2]   

coupled 
uncoupled 
 

 
 
Figure 8: Comparison of stresses in pipe 5 with and without consideration 

of FSI, strong excitation 
 
 
Influences of the design of a swing check valve on the load on a feed water 
piping system 
 
As a further example to study the influence of the excitation function we have ana-
lysed the retardation of mass flow rate by a swing check valve (Fig. 9). In the exam-
ple, we assumed a trip of two pumps in a BWR feed water system. 
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Figure 9: Model of a swing check valve 
 
The set of equations (Eqs. 4) describes the behaviour of swing check valves. 
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An essential factor of influence is the angle dependent pressure loss coefficient ζ of 
the flapper, which must be determined experimentally. 
 
We have studied the effect of three different loss coefficient functions (s. Fig. 10) on 
the pipe loads. We see that slight differences of these input data can case a doubling 
of the piping loads (s. Fig. 11). 
 
 
 



10.11.2005 Seite 11 von 13 

1.0E-01

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Flapper angle α  [rad]

ζ

Type A Type B Type C

 
 

Figure 10: Different characteristics of the flow resistance ζ = f(α ) 
 
 

 

 
Figure 11: Force behind the check valve due to pressure waves 
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This example demonstrates the importance and necessity of best estimated compo-
nent characteristics. 
 
 
Conclusion 
 
Using FSI considering the propagation of pressure waves in pipe systems leads to 
more realistic loads acting on the structure. 
 
Usually FSI results in smaller stresses acting on the structure under consideration. 
But this does not apply in any case. 
 
In many cases the kind of suspension or support of the piping system has a greater 
effect than using FSI. 
 
The mathematical models describing those components (e.g. valves and pumps) that 
accelerate or decelerate mass flow respectively must be verified by experiments. 
 
Our studies did not result in general rules to optimize piping systems. Every piping 
system has to be analysed individually. The decision whether flexible hangers or 
snubbers can be omitted or substituted by rigid hangers or supports requires detailed 
investigations. 
 
 
 
Nomenclature 
 
P fluid pressure Pa 
ρ fluid density kg/m³ 
V pipe segment volume m³/s 
F
v

, F,  force N 
m mass kg 
kel factor for taking into account pipe wall elasticity  
t time s 
τ Damping factor for swing check valves  
w fluid velocity m/s 
c speed of sound of the fluid m/s 
λ wall friction coefficient  
D internal pipe diameter m 
g gravitational acceleration  m/s² 
ζ pressure loss coefficient  
J moment of inertia kg m² 
α flapper angle rad 
α&&  flapper rotating acceleration rad/s² 
E elastic modulus   N/m² 
M momentum (gravity, fluid, damping) N m 
δ pipe wall thickness m 
ν Poisson’s ratio  
q  axial displacement of a pipe segment m 
q&  axial motion speed of a pipe segment m/s 
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q&&  axial acceleration of a pipe segment m/s² 
[ ]M  mass matrix  
[ ]D  damping matrix  
[ ]K  elasticity matrix  
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Abstract:  
In line with the framework of the AIDA/MOX program for utilizing excess Russian Weapons Plutonium in Russian 
reactors (WWER or fast-breeder reactor) under the form of MOX fuel, a collaboration has been launched under 
the leadership of the nuclear safety authority of Russia (Rostechnadzor) to develop a set of state regulation 
documents. Several organizations are involved in this project: ROSATOM, the SEC NRS, RAS IBRAE on the 
Russian side, the DOE, PNNL and the NRC for the USA, the European Commission, the French regulatory body 
(DGSNR), the CEA and a team of RISKAUDIT safety experts (coming from AVN, GRS and IRSN) on the 
European side. This collaboration started in 2001, and 42 documents have to be developed to give safety 
standards, rules, principles and requirements. They cover all safety issues (siting, content of the safety reports, 
waste management, radiation protection, internal and external hazards, transportation, emergency planning) for 
the fuel cycle and also for the MOX fuel to be used in Russian reactors. The US DOE (National Nuclear Security 
Administration - NNSA) and the European Commission (EU Joint Action Russia) have co-financed the writing of 
31 documents in Russia and their review by western safety experts. The list of documents and their topics, the 
work plan and the main results of the collaboration between European experts and the Rostechnadzor are 
described in this presentation.
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I. INTRODUCTION 
 
 
The objective of this international cooperation is to develop the regulatory basis for 
implementing the Russian program to dispose of excess weapons plutonium (W-Pu). The 
newly developed regulations had to be harmonically incorporated into the already existing 
system of regulatory documents and to take into consideration the internationally accepted 
safety principles, criteria and requirements. This is very important to take into account the 
worldwide tendency toward the harmonization of regulatory requirements. In collaboration 
with other Russian departments involved, the Russian Nuclear Safety Authority (the Federal 
Environmental, Industrial and Nuclear Supervision Service of Russia called Rostechnadzor) 
drew up a list of regulation documents to be developed. This list, at first containing 39 
documents, was recently extended to 42. Following negotiations among representatives from 
Rostechnadzor, the U. S. Department of Energy (US/DOE), the European Commission (EC), 
the French Atomic Energy Commission (CEA) and the French regulatory body (DGSNR), an 
agreement was reached to finance the development of these regulatory documents.  
 
 
II. THE AIDA MOX PROJECT 
 
 
A reference process to convert the W-Pu into MOX fuel was defined. It includes the following 
different stages (see figure 1): 

- the dissolution of the plutonium alloy into a mixture composed of nitric and fluorhydric 
acid, 

- the purification of the Pu nitrate obtained by solvent extraction (PUREX process), 
- the production of Pu dioxide by oxalate precipitation and calcination, 
- the fuel manufacturing by two processes : 

o “Russian COCA” process for the fast breeder reactor fuel, 
o “Russian MIMAS” process for the WWER reactor fuel. 

 

 
Figure 1: Process to convert the W-Pu in MOX fuel 
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The plant capacity will be near 60 tons of MOX fuel per year, containing around 2.2 tons of 
W-Pu. Four WWER reactors of the Balakovo site and three of the Kalinine site have been 
chosen to burn around 270 kg of Pu each year. The BN-600 fast breeder reactor is also an 
option to burn around 280 kg of Pu each year. 
 
 
III. REGULATORY DOCUMENTS 
 
 
The Russian system of legal and regulatory documents applied to the nuclear energy is 
organized in the form of a pyramid (figure 2), on the top of which are Federal Laws and 
International Treaties (Conventions, Agreements). Then there are executive legal documents 
of the President and Government of the Russian Federation. The next level is represented by 
Federal Standards and Rules applied to the nuclear energy use. Almost all documents to be 
developed within the frame of this international cooperation belong to this level. Then follows 
a level of documents issued by the State Regulatory Authorities (Safety Guides, Guidelines) 
and at the bottom level there are operational documents.  
 
 

 
 

Figure 2 : Pyramidal organization of regulatory documents 
 
The list of documents included in this project is given in Appendix n° 1.  
 
 
IV. PROCESS FOR DOCUMENT ELABORATION 
 
 
Among the 42 documents, the US/DOE finances 13 documents and the European 
Commission (EC) 18. For each document, a contract was concluded between US/DOE or 
CEA and one of the organisations providing technical support to Rostechnadzor. The 
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contracts are based on the technical description of the document content. Rostechnadzor 
controls the quality of the developed drafts. 
 
For the documents financed by the EC, the CEA concluded several contracts with 
RISKAUDIT to review the documents written by the Russian organisations. A team of experts 
belonging to AVN, GRS and IRSN was created to do this work. 
 
Talking about the documents financed by the US/DOE, experts of the US NRC and US 
National Laboratories (mainly PNNL) review the drafts and provide their comments. 
 
The work is being carried out in two principal phases.  
 
The first one is the review of the first draft of a regulatory document established by 
Rostechnadzor. For the documents financed by the EC, RISKAUDIT’s comments (a 
synthesis of the comments elaborated by the AVN, GRS and IRSN experts) are submitted to 
the CEA, which sends this review report to Rostechnadzor and to the US/DOE. 
Rostechnadzor collects all the comments, including those from Russian departments, and 
draws up a general list. These comments are sent to all the organisations involved, with the 
writer’s answers on the way each remark is taken into account. A meeting is then organized 
to discuss this comment review. Rostechnadzor, the Russian organisation in charge of 
writing, the EC representatives, the DGSNR representative, the RISKAUDIT team, and the 
US/DOE accompanied by NRC representatives all attend this meeting, where the comments 
and the Russian answers are explained and discussed. The experience feedback shows that 
these meetings are very useful and efficient. In particular, they allow a quick solution of 
misunderstandings arising from translation difficulties. 
 
In the second phase, Rostechnadzor sends a final draft to the CEA. The aim of the experts 
review is then to analyse to what extent the comments given during the first draft review have 
been taken into account. A synthesis of these comments is then transmitted to 
Rostechnadzor.  
 
The peer review performed by the US/DOE or RISKAUDIT on the documents developed 
respectively under the financing of the US/DOE or the EC, and the presence of both parties 
in the technical meetings allow American and European experts to have a general view on 
the set of documents and to know the different points of view. This also leads to a better 
coherency in the different comments. 
 
Parallel to this project, workshops and seminars on fabrication and use of MOX fuels are 
held in order to make Russian experts familiar with safety aspects and licensing practices in 
western countries and vice versa, to enable Russian experts to present their experiences to 
western experts. 
 
 
V. PROGRESS AND RESULTS 
 
 
At this time, we consider that this project is working well. More than 80 % of the work on the 
EC financed documents has been done. The second drafts of most of the documents have 
been written or are under preparation. Western experts have finally reviewed 11 of 18 
documents; two documents were already set in force by Russian authority in 2005. And 
Rostechnadzor of Russia made a decision to complete development of all documents for the 
end of 2005. 
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VI. HISTORY 
 
 
The set of documents was developed in the framework of the civilian use of W-plutonium. 
We have to keep in mind that W-grade Pu is less hazardous in terms of external exposure to 
the personnel than Pu from commercial LWRs, but it is more reactive in terms of criticality 
safety. Nevertheless, in the nuclear fuel cycle, including transportation, plutonium use leads 
in general to the strongest safety related constraints. Its characteristics induce all the internal 
origin hazards met in nuclear fuel cycle facilities:  
  

- external and internal exposure hazard, including neutron and ? rays, 
- criticality hazard, 
- thermal hazard, 
- radiolysis hazard, 

 
and the most important consequences for the environment in case of accident.  
 
So, generally speaking, though originally adapted to W-Pu process facilities, some of the 
documents are applicable to different types of facilities with a wide range of capacity and 
potential hazards (e.g. laboratories or storage facilities). This may sometimes result in overly 
rigid requirements for small facilities with low potential hazards. One point was underlined in 
the comments made on the first drafts: the regulatory documents must specify that the level 
of safety measures has to be adapted to the hazards. This adaptation has to be justified by 
the licensee.  
 
It must be remembered that, in a general way, measures described in the documents are in 
line with most international practices, including decommissioning activities.  
 
Main topics discussed: 
 
Taking into account the document subjects’ wide variety, the number of topics discussed is 
important. The main topics, which needed discussion and led to proposals, are developed 
below. 
 

- The defence in depth concept: this concept is part of the safety approach of 
Rostechnadzor, but it will appear more clearly in the documents defining the content 
of the safety justification reports. These were organized following the different safety 
important systems rather than according to the different hazards to be studied. 

 
- Nuclear safety: in Russia this means criticality safety ; the permissible keff  in case of 

normal and abnormal conditions will depend on different parameters: the nuclear 
material type, the calculation code qualification, etc. In general keff  < 0.95 including 
uncertainties is required. Safety concepts for ensuring sub-criticality are the same as 
in western countries. Additionally a classification for the equipment (tanks, pipes etc.) 
is applied providing different safety levels, e.g. geometrically safe or not safe and 
equipment of higher safety margin. 

 
- The application of the double contingency principle for criticality safety, which 

requires at least two unlikely, independent and concurrent failures (with particular 
detection conditions) in normal operation before a criticality accident is possible. 

 
- Design basis accident (DBA) and beyond design basis accident (BDBA) ; more than 

the definition, it was the criteria which were discussed: 
o what radiological consequence level could be accepted after a DBA, 
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o what kind of meteorological conditions have to be used for the calculation of 
the BDBA consequences assessment: realistic or the worst, 

o what is the criterion for the probability that a facility leads to an unacceptable 
release: 10-7 or 10-6 a year. 

 
- Concerning waste management: 

 
o the notions of near surface disposal and underground disposal will be defined 

more precisely. In particular, a clear link should be made between the 
characteristics of wastes and their final destination (landfill, near-surface 
disposal, sub-surface disposal, deep geological disposal), 

o it is more efficient to require that the waste package characteristics be defined 
on the basis of the defined storage or disposal safety case conclusions, than 
in a general way for all the sites and all the facility types, 

o the proposed dose limit for population of 10 µSv/y is clearly lower than in 
many Western countries and may lead to difficulties in the demonstration of 
compliance for the safety analysis, 

o the methodology used to design disposal areas has to be better explained. 
Compliance with IAEA recommendations, particularly concerning institutional 
control should be better addressed, to remove any kind of ambiguity. 

 
Further discussions: 

 
As mentioned in the preceding chapter, some document drafts are still under development 
and the technical discussion is still carrying out or will be in the next months. For example: 
 

- the Plutonium encapsulation in glass and the safety concerns, in particular the 
criticality hazard associated with the combination of Pu pellets in Pu-containing glass, 

- the impact of Mox fuel use in reactors, 
- the fire safety analysis in MOX fuel manufacturing plant.  

 
 
 
VII CONCLUSION 
 
 
In general the discussions between Russian and Western experts were very fruitful and 
yielded an improvement of the draft nuclear safety documents. The collaboration and the 
exchanges with American colleagues are also very fruitful and productive. 
 
The way to deal with the different hazards for AVN, GRS and IRSN, parts of the RISKAUDIT 
team is quite similar, the safety approach also and the final objectives are coherent.  
 
The project can be seen as a step to improve the common international understanding of 
safety issues for nuclear fuel cycle facilities.   
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Title of the document 

 

 
Type 

 
Funding 
source 

Siting of non reactor nuclear facilities - Basic safety criteria and 
requirements  

Federal standards 
and rules  

DOE 

Nuclear safety rules for nuclear cycle facilities  Federal standards 
and rules  

DOE 

Weapons -grade plutonium conversion facilities - Safety requirements  Federal standards 
and rules  

DOE 

Mox fuel production facilities - Safety requirements  Federal standards 
and rules  

DOE 

Basic requirements for Mox fuel Federal standards 
and rules  

DOE 

Provisions on the procedure of investigation and accounting of 
operational events in nuclear fuel cycle facilities  

Federal standards 
and rules  

DOE 

Requirements for the content of the safety justification report for the 
realization of research work in nuclear fuel cycle facilities with plutonium 
containing materials  

Federal standards 
and rules  

EC 

Safety rules for storage and transportation of nuclear fuel in the nuclear 
installations  

Federal standards 
and rules  

EC 

Requirements for the content of the safety justification report for non 
reactor nuclear installations within the nuclear fuel cycle  

Federal standards 
and rules  

EC 

Safety rules in non reactor and radioactive source decommissioning Federal standards 
and rules  

EC 

Plutonium immobilization facilities - Safety requirements  Federal standards 
and rules  

EC 

Safety insuring in nuclear material transportation Safety guide EC 
Accounting of external impacts of natural and man-caused origin on 
nuclear and radiation hazardous facilities  

Federal standards 
and rules  

EC 

General provisions on ensuring nuclear fuel cycle facility safety Federal standards 
and rules  

Russia 

Safety rules for transportation of radioactive materials  Federal standards 
and rules  

Russia 

Requirements for the quality assurance program for nuclear fuel cycle 
facilities  

Federal standards 
and rules  

Russia 

Safety in radioactive waste management- General provisions  Federal standards 
and rules  

EC 

Collection, reprocessing, conditioning and storage of liquid radioactive 
waste - Safety requirements  

Federal standards 
and rules  

Russia 

Collection, reprocessing, conditioning and storage of solid radioactive 
waste - Safety requirements  

Federal standards 
and rules  

Russia 

Gaseous radioactive waste management - Safety requirements Federal standards 
and rules  

Russia 

General Safety Rules for Nuclear Fuel Cycle Facilities (revision) Federal standards 
and rules  

DOE 

Regulations on layout and safe operation of fuel cycle facility equipment 
and pipelines  

Federal standards 
and rules  

DOE 

Designing and manufacturing Mox fuel elements and Mox fuel 
assemblies  

Safety guide DOE 

Requirements for the content of the safety justification report of nuclear 
material storage facilities  

Federal standards 
and rules  

EC 

Location of storage facilities for nuclear materials, radioactive 
substances and radioactive waste - Safety requirements  

Federal standards 
and rules  

EC 

Radioactive waste disposal - Safety requirements  Federal standards 
and rules  

EC 

Near surface disposal of radioactive waste - Safety requirements Federal standards 
and rules  

EC 

Disposal of liquid radioactive waste in geological formations - Safety 
requirements  

Federal standards 
and rules  

Russia 

Dry storage facilities for spent nuclear fuel - Safety requirements Federal standards 
and rules  

Russia 

Standard plan of measures to protect workers in case of an accident at 
a nuclear fuel cycle facility. 

Federal standards 
and rules  

EC 
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Provisions on the procedure of emergency situation announcement, 
efficient transmission of information and emergency assistance to NPPs 
in case of radiation hazardous situations  

Federal standards 
and rules  

EC 

Nuclear safety rules of the NPP  Federal standards 
and rules  

DOE 

Requirements for the content of the safety justification report for NPPs 
with WWER reactors (addition related to Mox fuel) 

Federal standards 
and rules  

EC 

Requirements for the content of the safety justification report for NPPs 
with fast breeder reactors (addition related to Mox fuel) 

Federal standards 
and rules  

EC 

Accounting for and control of nuclear materials  Federal standards 
and rules  

Russia 

Organisational requirements for material balance areas in operating 
organizations at nuclear installations and nuclear material storage 
facilities  

Federal standards 
and rules  

Russia 

Physical protection regulations of the radiation sources, storage 
facilities, radioactive substances. 

Federal standards 
and rules  

Russia 

Addition to the regulations on radiation control. Methodical instructions   DOE 
Addition to sanitary rules for NPP design and operation Federal standards 

and rules  
DOE 

Control over personnel and population exposure rates  Health standards  DOE 
Fire safety of the Mox fuel fabrication processes – Technical analysis 
and safety criteria 

Federal standards 
and rules  

EC 

Fire safety standards for design and operation of fuel cycle facilities  Federal standards 
and rules  

EC 

 
 
 
 
 



 

Assessment of safety-critical software. 

Jean Gassino, Jean-Claude Péron, Pascal Régnier, Brigitte Soubiès. 

Institut de Radioprotection et de Sûreté Nucléaire 
BP 17, 92262 Fontenay-aux-Roses Cedex, France 

 
 
 
 
 
Abstract: in order to provide a technical advice to the Safety Authority in the field of safety-critical 
software, IRSN’s work relies significantly on code examination. Unfortunately, no absolute solution 
exists -and will ever exist- to answer a global question like “is this program correct?” 
The fast growth of computer capacities allows software “complexity” (size, number of branches ...) to 
be multiplied by ten with each generation. Due to software characteristics like the combinatorial blast 
or the absence of continuity, the verification by the manufacturer and the assessment by IRSN 
increase in difficulty even much faster than this. Also, new industrial practices raise new challenges as 
they could suppress crucial verification steps.  
To handle these difficulties, IRSN devotes efforts to research and development actions in order to 
introduce new tools and methodologies based on the newest scientific progress. 
However, hard scientific difficulties prevent the evolution in this area to be as fast as the complexity 
increase. Thus, maintaining an acceptable safety level requires limiting the complexity escalation to a 
rate compatible with the verification and assessment means, either by the will of the utilities or 
imposed by the regulator. 

1 INTRODUCTION 
 
IRSN1 is a public establishment carrying on expertise and research. It brings together more 
than 1500 specialists : engineers, researchers, physicians, agronomists, veterinarians and 
technicians, skilled in nuclear safety, radiological protection, and control of nuclear and 
sensitive materials. It acts jointly with the public authorities regarding nuclear safety and 
radiation protection for civil and defence activities.  
Under its missions, IRSN has to provide the French Nuclear Safety Authority with technical 
advices about the Instrumentation and Control (I&C) safety systems, like the protection 
system of nuclear power plants. It also has to carry on the research and development actions 
required to support this, and to act accordingly in standardization bodies. 
The first large generation of plants built in France (900 MWe series) was equipped with 
electromechanical systems within a hardwired architecture. The following generation (1300 
MWe P4 series) locally introduced some simple computers in replacement of 
electromechanical systems, but the overall architecture remained essentially the same 
hardwired one.  
A major evolution started with the 1400 MWe N4 series and is going on with the EPR : I&C 
has from now on a global  computing architecture, connecting programmed systems through 
networks. Thus, software becomes more and more crucial to nuclear safety and so does its 
assessment in the elaboration of I&C related advices. 
 
IRSN started software assessment in the mid 80’s with the 1300 MWe P4 protection system. 
Since that time, it has progressively developed its methodology, taking into account the 

                                                 
1 Institute for Radiological Protection and Nuclear Safety 
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technologies used by the manufacturers, the available analysis tools, the technical and 
scientific limitations, as well as the safety needs (e.g. : [1], [2], [3]). 

2 ASSESSMENT OBJECTIVES 
 
Assessment is not verification nor validation, which are to be done by the utility : the 
objective is not to certify that a given program is correct, because this would not comply with 
the regulatory principle that the utility is responsible for the safety of its plants. 
So the assessment objective is to reach a sound confidence that the program is or not 
acceptable as regards the safety needs of the plant, through a technical dialogue with the 
utility and technical analyses.  
A major issue consists in identifying the analyses that allow achieving such a confidence : is 
there any set of objects, among technical documentation, quality assurance documentation, 
code, and so on, whose analysis permits to reach the objective? 

3 TECHNICAL AND SCIENTIFIC LIMITS 
 
Software characteristics related to safety are mainly different from those of other engineering 
fields, e.g. mechanics :  

• manufacturing (in the sense of producing many copies of the original design result) is 
not a problem : thanks to configuration management tools and systematic verification 
by comparison (e.g. checksum control), this can be automated and the copies are 
exactly identical to the original, 

• aging or drift are also not issues : a given copy of a program is not subject to 
degradation over time (hardware support of the program actually ages but this is 
another issue). 

 
Beside these positive aspects, design is the actual problem : let’s think about evolving from a 
three loops reactor architecture to four loops ; this involves major mechanical changes (to 
mention only this aspect!), which necessitate manufacturing huge parts like reactor vessel, 
primary pumps or steam generators... This takes years and certainly cannot be done silently 
or inadvertently. In the software field, however, this kind of change is typically performed by 
sizing an array to 4 rather than 3, which is essentially done by one key hit. 
So, software allows one to easily build extremely complex structures to the point that 
mastering their behaviour in all possible cases becomes very hard : software problems are 
related to logic, not to manufacturing. Design practice used to deal with this has both 
organizational and technical sides. 

3.1 Organizational side  
 
Formalized development cycles are used, with the objective to split the design work into 
smaller phases (e.g. global design, detailed design, coding of parts, assembly of parts...) 
concluded by documents. Each phase is subject to verification and review2 under quality 
assurance.  
The organizational procedures and quality assurance used in safety software development 
result from the best industrial practice (e.g. : IEC 60880 [4]) established through and 
confirmed by many successful projects. Setting up and complying with such a frame is 
absolutely mandatory to avoid falling into known traps. 

                                                 
2 a review is a formalized meeting where the results of a phase are checked, possibly by people not 
involved in the corresponding work (e.g. the customer, external assessors, ...). 
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Unfortunately this cannot suffice, because software development necessarily depends on 
human interpretation, and therefore the resulting product is not the deterministic result of a 
formalized framework. 
Indeed, any non-trivial program has a gigantic number of possible behaviours, so nobody 
can completely specify or even imagine them in advance. As a result, what the program 
“should do” cannot be described for all cases in the requirement document, but implicitly 
derives partly from the informal know-how related to the nuclear field and to a specific I&C 
architecture. 
So the need to be satisfied by a given program cannot be expressed in a complete and 
unambiguous reference document : it is initially in the brain of the plant architects who write 
the main functional requirements, which are transmitted to the I&C people who in turn refine 
and transmit them to the software team. Each step of communication is performed using, at 
least partly, natural language which is well-known to be very expressive but ambiguous and 
not complete.  
Thus the resulting program depends on intellectual activities like identifying implicit needs 
and understanding, interpreting and supplementing a partly informal requirement. 
 
This is true even when using “formal methods”, based on successive mathematical 
transformations, which are intended to guarantee that the program complies with its 
mathematical requirement. In fact, before starting the formal development process it is 
always necessary to create this mathematical requirement by human interpretation of the 
informal one, which still requires understanding, interpreting, and supplementing it. Also, 
actual practice shows that only a small fraction of a computer program can be developed 
using formal methods. Especially, the system software3 which is by far the biggest and most 
complicated part is manually developed. 
 
Thus, the software development process cannot be completely determined by rules. It needs 
human interpretation and therefore gives room to human error. 
Roy Miller explains in [5] why “software development isn't like manufacturing at all. It's a 
different kind of work to solve a different kind of problem (...). The manufacturing mindset 
simply doesn't apply to software development”.  
 
Although adequate organization and quality assurance are necessary and explicitly required 
by standards and regulatory documents in the area of safety software (e.g. IEC 60880 [4]) or 
Fundamental Safety Rule [6]), they cannot guarantee the correctness of the final product. 

3.2 Technical side  
 
Actions typically considered ar e error avoidance, error tolerance and estimation of residual 
errors in addition to error elimination. They are presented below. 

3.2.1 Error avoidance 
 
It is favoured by limiting the complexity of the design structures and by enforcing a given 
programming style, through the application of standards like IEC60880 [4] and specific 
project rules, e.g. limiting the size of elementary modules, requesting for a given comment 
rate, giving naming rules for the variables. 

                                                 
3 the system software manages the computer, e.g. hardware initialization, input/output operations, 
network handling, self -supervision. As opposite, the application software implements the functional 
aspects, e.g. comparing the value of a process parameter like water pressure to a threshold. 

Gelöscht: error elimination, 
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However, in the same manner as organizational procedures, these necessary limitations can 
only deal with the general structure and the aspect of the code, not with its actual meaning 
and behaviour ; therefore they cannot guarantee a complete error avoidance. 

3.2.2 Error tolerance 
 
Standards and rules like [4] and [6] require that the design minimizes as far as possible the 
consequences of errors.  
This is typically achieved within a program by introducing plausibility checks (e.g. that the 
computed value of a physical parameter is actually within its physical bounds) or 
preconditions (e.g. that the argument of a square root computation is positive). They are 
especially usefull when the controled output has a safe position (e.g. : reactor trip), because 
in such a case a fail-safe behaviour can be reached by switching the output in this safe 
position and then stopping the program when a check fails. 
More advanced techniques try to recover from detected errors by restoring a previous state 
of the computer and then trying a different algorithm. This is however really  difficult and 
leads to very complex designs, so the balance is not clearly positive for safety critical 
applications having a safe position. Thus, this is not used in practice in the nuclear field, as 
far as we know. 

3.2.3 Residual error esti mation  
 
This is not feasible, as there is no way to guess the deterministic presence of errors 
(otherwise, it is hoped that they would be corrected!) and the probabilistic assessment faces 
well-known difficulties  ; for example no model of software errors exists, so the sound 
mathematical approach based on identifying the elements of a probability space is not 
applicable.  
The empirical approach based on failure rate measurement and the naive assumption that 
the failure rate will evolve in the future following some predictive law is hardly credible, 
because no real justification is given to the choice of the law ; thus, its arbitrary choice4 
allows finding any result. 
More, the very low failure rate of safety systems simply gives no matter to statistical 
processing. This impossibility in estimating the “error rate 5” of software-dependant safety 
systems makes it impossible to justify a probability of failure number for them.  

3.2.4 Error elimination 
 
This is the purpose of the verification and tests carried out during design and validation 
phases. This mandatory action is however subject to strong limitations.  
 
To begin, the unavoidable lack of a complete and unambiguous requirement is an obvious 
restriction to the error elimination work : the decision to accept or not a test result, that 
means to decide whether the observed behaviour complies with the unformal requirement or 
not, is itself subject to human interpretation and error. 
 

                                                 
4 e.g. decreasing law (under the assumption that errors will possibly be corrected over time), or 
increasing law (under the asumption that error corrections will possibly alterate the initial coherence of 
the program structure), or constant law (under the asumption that increasing and decreasing factors 
will perfectly cancel each other).  
5 not to speak about estimating the functional consequences of these errors. 
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Then, the exhaustive test is definitely out of reach. Considering a small program made of a 
single loop iterated 20 times, with 5 different possibilities for each iteration of the loop (5 
different cases are considered), then the number of different executions is 520 =~1014. If only 
1 second sufficed to design, document, execute and check each test case, then three million 
years would be necessary to exhaustively test this unrealistically trivial program.  
 
Also, the software behaviour as a function of its inputs is non-continuous, due to the 
conditional construct “if condition then do something else do something possibly completely 
different”, e.g. : if x>5.24  do A  else do B.  
The number of potential discontinuies in a given program equals the number of possible 
executions introduced in the previous example, that means a huge one.  
Thus, a very small variation of the operands (e.g. : from x=5.23999999 to x=5.24000001) 
may lead to completely different behaviours, so the result of one execution cannot be blindly 
interpolated from the results of other ones.  
 
So, there is no way to actually test all the executions nor to deduce them by blindly 
interpolating between a few ones.  
 
Another verification technique is static analysis, so called because the program is not 
actually executed. A program is a set of arithmetic and logic relations between variables, 
which may be mathematically analyzed in order to deduce other relations (“properties”).  
Such properties result from mathematical demonstrations that hold for any possible case, 
exactly as any student does in math curses, while tests are exam ples which give information 
for only one case at a time. 
Such mathematical methods (using e.g. Hoare logic or abstract interpretation) are really 
helpful, but one should never forget that their scope is also limited by the absence of a 
complete and unambiguous description of the need as mentioned before. They can 
guarantee that some mathematical properties hold, not that these properties are the correct 
and complete expression of the actual needs.  
They are also bounded by fundamental scientific results (see [7] as an introduction to this 
area)  : Turing’s work on Godel’s undecidability theorem implies that there cannot exist a 
verification tool able to predict in advance all the possible behaviours of any non-trivial 
program 6.  
So, these tools are limited either in scope (they can detect only some kinds of errors) or in 
autonomy (a human help is required to handle the cases were the tool cannot conclude). 
This said, they actually help the user if this one is well aware of their capabilities and limits : 
they can guarantee that some (limited) property is true, and they transfer to the industrial 
practice an innovating approach, up to now confined in the research laboratories.  
Thus, tools like Astrée [8] or Polyspace Verifier [9] guarantee standard properties like the 
absence of division by zero or out of bound array access for any possible execution, and so 
on. Other tools like CAVEAT [10] are used to proof user defined properties. Such tools are 
now used for industrial projects in safety critical areas, e.g. by Airbus [11]. 
 
However, the main verification technique currently used is test. The lack of exhaustivity 
described below does not mean that one should give up, or minimize the importance of test, 
quite to the opposite! It shows that is necessary to define as representative as possible tests, 
that means tests having the best possible “coverage”.  

                                                 
6 to illustrate the difficulties faced in this area, let’s consider a simple program that receives the 
positive integer X as input. The program loops on the following instruction : if X is odd then replace X 
by  3X +1, else replace X by X / 2. The loop exits when X reaches the value 1, if this happens.  
With an initial value X=3 for example, the successive values are 3, 10, 5, 16, 8, 4, 2, 1 and then the 
program stops.  
Does this extremely simple program stop for any possible value of X? 
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Designing such tests is an important -if not the most important- activity in safety software 
development, because once again it relies on the human brain capability : there is no 
predefined method to build an actual set of tests able to detect all the errors, because no one 
can be exhaustive ; thus it is always possible that a program passes all the tests of the set 
and is nevertheless wrong in other cases. 
 
Then, the designer of the tests has to take into account the way the program is made (kind of 
structures used, programming style..), the functional requirements, the implicit needs and so 
on, to build the best combination of test among well-known categories (e.g. : executing at 
least once each branch, reading and writing at least once each element of an array, iterating 
each loop once, twice, and the maximum number of times, ...).  
This difficult work is crucial for safety, and certainly cannot be assessed by trivial metrics like 
the number of tests produced. 

4 ASSESSMENT PRACTICE 
 
Assessment of the procedures and quality plans is of course mandatory, because they have 
to comply with the recognized “good practices” and to the regulatory requirements in order to 
establish a framework compatible with an appropriate technical work. For safety critical 
systems, the usual framework includes the IEC60880 standard [4] and the Fundamental 
Safety Rule issued by the French Safety Authority [6]. The utility must demonstrate that it 
follows a formalized development cycle, with adequate reviews and verifications carried out 
by independent teams. 
 
Beyond that, assessment must include a substantial technical work, because software 
development is not predictable manufacturing [5]. So, looking only at administrative 
documents obviously doesn’t allow one to build an independent judgment on the final product 
–the program-.  
To illustrate the need for a technical assessment not restricted at checking the procedures, 
let’s consider the well-known crash of the Ariane 5 launcher due to a software error, after 
which an inquiry board was set up with prestigious people from the scientific and industrial 
communities. The board raised severe conclusions and asked among other valuable 
recommendations to “Make sure that these reviews consider the substance of arguments, 
rather than check that verifications have been made” [12]. 
 
As a result of the limitations presented above, the assessment must not be limited to design 
documentation, which cannot be complete in the sense that it cannot describe all the details 
of the code, and is often not accurate due to its unformal nature. The assessment cannot 
either rely only on the code itself, which is usually far too complex to allow one really 
understanding it without explanation. 
As there is no single answer to the problem, the assessor has to sample all its sides to build 
its judgment :  

• the expressed need (typically 100 pages)  
• the implicit need, identified thanks to the “nuclear skill” of the assessor 
• the design documentation (typically 1000 pages) 
• the source and executable codes 
• the tests and verifications made by the manufacturer (typically 1000 pages)  
• the test selection strategy of the manufacturer (unfortunately seldom explicit !)  

 
To illustrate the complementarity between aspects, let’s consider a program that contains a 
potentially dangerous instruction (e.g. a logarithm computation may crash if the operand is 
negative..). This threat will be cleared if one can demonstrate that the operand is positive for 
all possible executions, either by hand or with the help of static analysis tools, but due to 
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complexity and undecidability issues this may be impossible. In such a situation, the 
developer may use defensive programming, i.e. insert before the logarithm computation an 
instruction that tests the operand and, if it is negative, places the output in a pre-defined 
“safe position” and stops the system. Depending on the nature of the considered output 
(reactor trip, safety injection, ..), it could exist some plant states were this “safe position” 
would not be desirable, so the assessor has to consider multiple aspects (code, design 
documentation, nuclear skill) to make its opinion. 
 
Thus safety software assessment relies on the assessor’s skill in computer science but also 
in the nuclear field because, as explained before, the written software requirements are 
incomplete and then must be supplemented by awareness of the application domain. 
 
Independence of the assessor is also mandatory, because software development necessarily 
gives room to human interpretation and error [5], and verification cannot be complete and 
automatic : therefore verification is necessarily oriented by the technical background of the 
manufacturer (e.g. through the test selection strategy) just like the design is : this obviously 
orient the verification.  
So an independant other viewpoint is necessary to build in the software area the equivalent 
of “redundancy”. 

5 NEED FOR RESEARCH AND DEVELOPMENT 
 
As mentioned before, specificities of software compared to other engineering fields include : 

• complexity ; due to the microelectronics progress some billions of elementary parts 
are included in an ordinary laptop computer. By comparison, a typical mechanical 
system like a car includes only some thousand parts, which means a million times 
less. Complexity grows much faster than the number of parts, due to the interactions 
between them.  
So the typical complexity of a computer system is much more than a million times 
higher than the one of a mechanical one, which means that the methods used to 
understand the latter are not applicable to the former : it is a totally different problem 
that needs totally different solutions 7, 

• discontinuities  ; the conditional processing instruction (e.g. : if x>5.24 do A else do B) 
has the effect that a very small variation of the operands (e.g. : from x=5.23999999 to 
x=5.24000001) may lead to completely different behaviours. A typical program 
includes thousands of conditional instructions, which means potentially 21000 ~ 10300 
different behaviours.  
As a result, relying blindly on continuity is not possible : if the behaviour is correct for 
two tests involving two sets of inputs, even “close” one to the other, it may still be 
wrong for a third test with intermediate inputs if located around a discontinuity. So 
exhaustive testing is possible neither by enumeration of all the cases nor by blind 
interpolation between the results of a limited number of cases.  
Only a clever test strategy, that identifies the sub-domains were some kind of 
continuity applies, may give safe results, 

• specific failure modes ; all the functions within a given computer share resources that 
are not visible at the functional level  : microprocessor, memory, stack, bus ... As a 
result, an error in the code of a function may cause the failure of another one which 
has no functional relation to it.  
So techniques based on failure propagation analyses at functional level do not allow 
studying what happens with software.  

 
                                                 
7 this does in no way mean that software is “more difficult” than mechanics. It means only what is 
wr itten : a different problem.  
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However, safety depends more and more on the correct behaviour of software, because I&C 
of modern plants, including protection system, is fully computerized. Many failures of 
computer systems demonstrate if necessary that errors and failures are a reality, e.g. : 

• Ariane 5 launcher crash due to a software error [12], 
• crash of the French railways reservation system due to a software error in a system 

having 12 years of very good operational experience and reused in a different 
network [13], 

• crash for 24 hours of a cellular phone network due to errors in redundant high 
availability systems (Bouygues Telecom,  2004) [14], 

• unavailability for several hours of the computerized Safety Display at Davis -Besse 
nuclear plant, due to the use of standard industrial software vulnerable to worm attack 
[15], 

• Therac 25 medical accelerator used to treat cancers killed 7 persons due to a 
software error leading to massive overdoses in some cases [16], 

• crash of a F/A-22 aircraft due to a software error that produced an overstressing pitch 
reaction [17],  

• Delta IV Heavy launcher missing its target orbit due to errors in the measurement and 
close-loop software [18],   

• many unsolved misbehaviours of speed regulators and other car embedded systems, 
resulting in a major manufacturer like Mercedes removing 600 software functions of 
its next car generation. They took the decision after having, among other difficulties, 
to recall 680 000 vehicles world-wide due to problems in the brake-by-wire system 
[19], [20], 

• ... 
 
Most if not all of these crashes result from software developed following good industrial 
practice under quality assurance, which shows again that procedures are necessary but not 
sufficient to develop adequate programs.  
Software assessment must therefore have a strong technical side, but this cannot be 
performed without tools. Trying to understand the billions possible behaviours of a program 
without help would reveal a lack of knowledge of basic computer science facts. 
Moreover, the problems faced by the assessor are not stationary but increase in difficulty : 
size and complexity grow by a factor 10 at each I&C generation, complex software 
techniques like multi-tasking are introduced, and so on. Therefore, a sustained research and 
development effort is mandatory to extract the best possible solutions from the evolving 
academic state-of-the-art. 

6 RESEARCH AND DEVELOPMENT WORK 
 
IRSN launches studies to search or to develop tools potentially relevant to the assessment 
work, and the most promising ones are experimented on actual safety software. Following 
that, the successful ones are improved if necessary and integrated in the assessment 
toolset. Some actions are presented below. 

6.1 Dynamic analysis of executable codes 
 
It consists in running the final executable 8 codes to observe their behaviour under conditions 
chosen by the assessor. The technical difficulty is that it is not possible for IRSN to use the 

                                                 
8 a program is first developed as “source code” modules, written in languages like C, ADA, Fortran and 
so on. Source code uses standard instructions like “if ... then ... else”. Ideally, it does not depend much 
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actual target computers (tens of racks for a protection system) and that the executable codes 
cannot directly run on a workstation because the hardware is totally different. 
IRSN began working on this subject in the late 80’s [21] by experimenting the OST prototype 
tool on the 1300 MWe P4 protection system. 
Starting from this, the tool CLAIRE [22] has been specified in the early 90’s, then developed 
in cooperation with the CEA (French research laboratory for atomic energy), and is now a 
marketed product.  
It allows running on a workstation the actual executable codes of distributed systems like 
protection systems. The executable codes are not modified, in order to guarantee an 
execution identical to the actual one. Their environment (hardware, sensors, actuators...) is 
simulated in a way that preserves the temporal relations between the different simulated 
microprocessors. The tool allows the assessor running any scenario and observing any 
internal detail without disturbance, which is impossible on the actual computers. 
Up to now, IRSN has used CLAIRE to assess the 1400 MWe N4 protection system and the 
digital refurbishment of the 900 MWe nuclear instrumentation [23]. We plan to use it for the 
coming assessment of the 1300 MWe P4 modifications and of the EPR protection system. 

6.2 Static analysis of source codes 
 
It consists in extracting information from the source code without executing it. The goal is to 
get information true for all possible executions (corresponding to all possible histories of the 
inputs), opposite to the dynamic analysis which gives information that is very accurate but 
valid only for the considered execution. 
Previous static analysis tools were limited to the production of “metrics” (size of the functions, 
comment ratio, imbrication depth, ..) leading to quality criteria based on the form of the 
analyzed program but not representative of its actual behaviour.  
Academic work in fields like mathematics, com puter science, theory of programming 
languages, compilation, now allows tools to more and more take into account the behaviour 
of the analyzed program in order to extract more useful information. Tools which are already 
available at least as prototypes [8], [9], [10], [11] compute  different properties but not all the 
needed ones, so IRSN carry on actions on topics like : 
 
FLUCTUAT [24] : assessment of the precision of numerical computations. Computers use a 
discrete approximation of the mathematical real numbers, called “floating point”. As a 
consequence, the computation results are an approximation of the ideal mathematical ones, 
introducing an error that may become enormous in some rare situations (e.g. : division by the 
difference of two numbers close one to the other). CEA (French research laboratory for 
atomic energy) is designing a static analyzer called FLUCTUAT, in order to determine the 
worst error for all possible executions of the program, as well as the contribution of each 
instruction to this error.  
IRSN extracted the needs from the nuclear field characteristics, and currently evaluates the 
tool prototype on actual program parts (filters coming from nuclear instrumentation systems). 
The results give good confidence that the tool will be able to analyse, if not huge numerical 
programs like computer aided design or finite element ones, at least those used in safety 
systems.  
  

                                                                                                                                                         
on the “target computer” (the microprocessor and other electronic circuits of the computer actually 
used in the plant, which is different from the workstation employed to develop the software). 
The source code modules are then “compiled” and “linked” together to produce one “executable code” 
for each target computer. Executable code is expressed in a language specific to the target 
microprocessor, and includes details specific to the target computer.  
Thus testing executable code is more accurate but much more complicated than testing source code. 
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Polyspace Verifier  is an industrial innovative tool for static analysis of C or Ada programs. It 
uses the abstract interpretation mathematic theory to detect some programming error types, 
e.g. division by zero or overflow in arithmetic computations [9]. IRSN has been interested in 
this tool since the year 2000, in order to evaluate its capabilities and its limits in the analys is 
of safety software. It allowed detecting errors in actual nuclear programs, however using it on 
legacy code requires preparatory and especially interpretation work, which are under 
experiment. 
 
CHRONO : analysis of multitasking programs. Such programs are split into several parts 
called “tasks”, which run in parallell at macroscopic level.  Each one is typically designed to 
handle homogeneous functionalities, e.g. one task to acquire inputs, one to compute each 
protection channel, one to run self-tests, one to handle operator requests. This technique 
eases the development of the program because the problem is split into several smaller 
ones, but verification is difficult because the tasks compete to use resources like the 
processor or the data shared between them. This may cause wrong results due to bad 
synchronization between tasks or even system lock.   
As no current static analysis tool is dedicated to this kind of program, IRSN launched this 
action. The goal is not to analyse massively multitasking systems with hundreds of 
dynamically created and destroyed tasks, which would be out of reach of the current 
scientific possibilities, but to concentrate on safety systems which include a few statically 
defined tasks having limited interactions. First prototypes gave good feedback, so a more 
ambitious action has been launched with the support of a thesis work to investigate the 
theoretical aspects.  

6.3 Test coverage analysis 
 
The exhaustive test of software being in practice completely impossible, a test campaign 
must propose a sufficiently representative set of tests. 
In the case of structural tests (typically performed on the elementary modules of the program, 
and based on the detailed knowledge of their structure), many criteria exist : coverage of the 
instructions, of the paths, of the data structures and so on : the test designer has still to 
choose the one or the combination that best fits the tested program, since no practical one 
makes it possible to detect all the potential errors. 
On the other hand, in the case of functional tests (typically performed at the end of 
development to check the resulting program against its requirements) there is even no 
recognized criterion, due to the informal nature of the requirements. To handle this case, 
IRSN has proposed two specific functional test coverage criteria for safety critical software 
and described the corresponding measurement tool named GATeL developed by CEA. The 
two criteria which are proposed illustrate different ways of formally expressing the idea of 
“graphically covering” the functional requirement diagrams of the program under test. The 
tool may then either automatically scan a given set of tests and fill the corresponding 
coverage matrix or generate a test sequence (inputs and expected outputs) that fills the 
criteria. 
Based on our recent experience, this approach has proved to scale up to real size problems, 
producing test scenarios and relevant measurement of the coverage reached by the 
manufacturer’s tests [25]. 
In the meantime, a major manufacturer independently proposed a functional test strategy 
based on a criterion quite similar to the ours first one. Considering this similarity, it would be 
valuable  proposing more widely this approach, more systematic than what is usually done. 
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7 NEW CHALLENGES 
 
As the software area quickly evolves, new challenges to safety appear. Two examples are 
presented here. 

7.1 COTS (Commercial Off The Shelf) and “proven in use” 
 
COTS are already existing software parts included with little or no customization in a new 
program. They may be incorporated in the software of safety computers, or in “smart sensors 
and actuators” that may integrate more or less unknown software components.  
 
One should be aware that the included parts interact with the rest of the program in many 
ways that are never fully described in the COTS documentation, due to the billion behaviours 
of any non-trivial program. Also, we have shown before that no test campaign can be 
exhaustive, so any test campaign targets a small fraction of the behaviours. Thus, there is 
very little chance that the initial verification campaign of the COTS targeted the behaviours 
activated in the new context. 
 
So, reusing software parts may reduce the development cost, but it is dangerous when 
governed by the wrong idea that it exempts verifying the included parts in their new context.  
The even worse “proven in use” approach is driven by the simplistic belief that successful 
use of a program in one or more contexts demonstrates that it is correct and thus eliminates 
the need for an accurate verification. 
 
Railways reservation system failure [13] or Ariane 5 crash [12] illustrate the risks generated 
by such methods, especially when irresponsibly applied to safety-critical applications 
(Therac-25 casualties [16]). 
 
In the case of the railways reservation system [13], the analysis performed after the crash 
revealed that there had been a software error in a sub-system since 12 years, which under 
some specific circumstances emitted corrupted data on its networked output. This sub-
system was initially connected to a SNA9 network which as a side-effect filtered the corrupted 
data, thus the error had no visible consequences.  
Then, the sub-system was integrated in a cheaper TCP-IP10 network which left the corrupted 
data propagate and block the reservation system. 
This shows that even very good operating experience of a program in a given environment 
does not mean that it is correct and may be safely re-used in an another one. All the 
interactions with the old and new environments must be considered, that means not only the 
obvious functional interactions, but also the detailed ones (“the devil is in the details”). 
 
After Therac-25 medical accelerator killed 7 persons due to software errors, in spite of a 
good operational experience of previous Therac-XX machines that already included the 
faulty software components [16], Prof. Leveson wrote :  
« Furthermore, important lessons about software reuse can be found here. A naive 
assumption is often made that reusing software or using commercial off-the-shelf software 
(COTS) increases safety because the software has been exercised extensively. Reusing 
software modules does not guarantee safety in the new system to which they are transferred 
and sometimes leads to awkward and dangerous designs . Safety is  a quality of the system in 
which the software is used; it is not a quality of the software itself. Rewriting the entire 
software to get a clean and simple design may be safer in many cases. » 
 
                                                 
9 System Network Architecture, specific protocol invented by IBM 
10 network protocol used on the web and on most low-cost local networks 
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In fact, any non-trivial software component has billions behaviours of which only an 
insignificant fraction is exercised in a given context. So using a component even in many 
different contexts still exercise an extremely small fraction of it behaviours, which is at best 
equivalent to a very insufficient test campaign. When using it in another context, no one cant 
know without detailed analysis at code level if different behaviours will be exercised or not, 
even if the context is functionally -externally-  very similar. 
 
Ariane 5 launcher crash [12] illustrates this very well. It originated in a failure within the 
software of the Inertial Reference System, which was reused from the previous Ariane 4 
launcher under the arguments that it performed perfectly well in Ariane 4 and that the new 
context of use was very similar to the old one.  
Unfortunately a software error 11 existed from the beginning in this system and was triggered 
for the first time during the inaugural Ariane 5 launch. Then the launcher became 
uncontrollable, to the point that the only remaining solution was to activate its self-
destruction. 
The Ariane 4 and 5 contexts are indeed very similar, but looking at the code after the crash 
immediately revealed that the minor differences between them prevented the error to be 
triggered within Ariane 4 but inevitably triggered it within Ariane 5.  
 
 
Thus, COTS integration without specific verification and “proven in use” practices perfectly fit 
the “quick and dirty” development way used for web and similar low-cost applications, but 
simply cannot guarantee any safety property. Safe use of COTS needs much more technical 
work. 

7.2 Programmable electronics  
 
Programmable electronic circuits like PLDs (Programmable Logic Devices) and FPGAs 
(Field Programmable Gate Arrays), or ASICs (Application Specific Integrated Circuits) now 
allow incorporating complex systems (e.g. : a protection channel, a voter, or even more) on 
programmable components including tens of million cells. 
 
The risk is that one could miss the fact that, even if no microprocessor is used, this is 
software.  
From the technological viewpoint, the methods and tools used to program such devices 
(editors, programming languages, compilers, test and verification tools...) are very similar to 
those used to develop microprocessor programs, and the result is in both cases an 
arrangement of a huge number of transistors.  
From the logical perspective, both technologies -microprocessor and complex electronics- 
allow implementing exactly the same algorithms including for example conditional and 
iterative processing, thus reaching exactly the same complexity level. 
 
So the verification problems are the same and face the same technical and scientific limits, 
even if some -fortunately not all-  manufacturers are not aware of this. 
 
As an example, Russian Soyuz spacecraft experienced a failure of the descent control unit 
during reentry, leading to a balistic fall rather than the normal closed-loop descent [26]. The 
failure originated in a logic error in the design of an electronic circuit, that appeared under 
some rare conditions of pitch, roll and yaw. 
 

                                                 
11 the result of an intermediate computation was temporarily stored in a 16 bits wide memory word, 
which was too small in some situations. 
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This confirms that complex electronics is subject to the same logic errors as microprocessor-
based systems : logic problems are independant of the underlying hardware technology. A 
wrong instruction remains wrong, wether it is compiled for a microprocessor or a PLD. 
Additionally, the faulty circuit had 24 years successful operating experience, which shows 
again that “proven in use” approach does not apply to safety needs. 
 
It is of prime importance that Safety Authorities appropriately consider the programs of 
complex electronics like PLDs, FPGAs or ASICs as software that must meet the 
corresponding regulatory requirements. 

8 CONCLUSION 
 
To handle the difficult but inescapable problem of elaborating a sound technical advice on 
safety software, IRSN samples three aspects : 

• the framework (quality plan, life-cycle..) used by the manufacturer, its positioning with 
respect to the regulatory requirements and to the state of the art, 

• the compliance of the documents actually produced to this framework, and their 
mutual coherence, 

• the compliance of the software to this documentation, and the sufficiency of the 
verification and validation made by the manufacturer, 

in order to assess the adequacy of the software to the safety needs of the plant, not only to 
the explicit software requirement specification which is only an intermediate and imperfect 
product.  
 
To face current and coming challenges, a strong and continuous support from research and 
development actions is required. This effort, made in cooperation with academic laboratories, 
allows the assessment team to get not only tools but also up-to-date scientific and technical 
knowledge without which analyses would be pointless.  
In return the daily assessment of actual nuclear software is mandatory to get the knowledge 
of the nuclear field, which is crucial to select, conduct and evaluate the appropriate research 
and development actions, thus allowing full synergy between expertise and research. 
 
However, the massively combinatorial nature of software behaviour makes any verification or 
assessment effort useless if nothing limits the software complexity. In many industrial fields 
competition leads the manufacturers to add useless functions that exponentially increase 
complexity, while economic pressure leads them to adopt cheap designs and/or to skip 
essential verification steps [12], [13], [15], [16], [17], [18], [19], [20].  
As nuclear utilities use more and more standard industrial solutions, this challenges the 
nuclear field as well, as demonstrate [15] and other nuclear incidents documented e.g. by 
IAEA Incident Reporting System, but unfortunately covered by confidentiality clauses. 
 
Over-simplified arguments based on COTS or “proven in use” practices are more and more 
invoked to excuse shortcom ings in verification, but unfortunately their study demonstrates 
that while they perfectly fit the “quick and dirty” development way used for web and similar 
low-cost applications, they simply cannot guarantee any safety property [12], [13], [16]. Safe 
use of COTS needs much more technical work. 
 
 
Thus a sustained action from the Safety Authorities is necessary to limit the complexity 
escalation of programs implemented in computers or likewise in complex electronic devices 
like PLDs or ASICs. This is mandatory to allow both adequate verification by the 
manufacturer and technical independent assessment, and therefore to maintain the 
conditions for an acceptable safety level. 
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Abstract 
 
On July 28, 1992, strainers on the suction side of the ECCS pumps in Barsebäck NPP 
Unit 2 became partially plugged with mineral wool after a safety valve opened because 
steam impinged on the thermally-insulated equipment and released mineral wool. This 
event pointed out that the plugging of strainers after loss-of-coolant accidents was 
underestimated. The findings from this event led first to modifications in other BWRs 
but also to research activities for PWR sump designs. 
 
Results of experiments at Karlstein and GKSS have shown that under realistic 
boundary conditions during LOCA released insulation material leads to a higher 
transportation rate in the sump and a larger deposition rate at the sump strainer and in 
the core than assumed before. 
 
Based on the new knowledge a new statement on the „Requirements for the 
demonstration of effective emergency core cooling during loss-of-coolant accidents 
with release of insulation material and other substances“ was issued by the German 
Reactor Safety Commission in July 2004.  
 
Modifications of the insulation, the strainer size and the mesh size at the strainers were 
carried out in most of the German NPPs to improve the design for emergency core 
cooling during sump recirculation mode. 

1 Introduction 
 
On July 28, 1992, the Barsebäck Nuclear Power Plant Unit 2 was restarted after the 
annual outage. While the reactor was at 2 percent power and at 30 bar, a leaking pilot 
valve caused a stuck open safety valve. This valve discharged directly to the drywell. 
Steam from the open safety valve, impinging on thermally-insulated equipment, 
dislodged about 200 kg of metal-jacketed mineral wool. An estimated 100 kg of 
insulation material was washed into the suppression pool. Two of five strainers on the 
suction side of the ECCS pumps were in service and became partially plugged with 
mineral wool. Plugging caused pressure to decrease significantly behind the strainers 
and caused indications of cavitations in one pump about an hour after the event began. 
The operators successfully back-flushed the strainers and shut down the reactor 
without additional problems. In the safety analysis for Barsebäck, Unit 2, it was 
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assumed that the strainers would not require back-flushing during the first 10 hours 
after a loss-of-coolant accident. 
 
In 1993, at Perry Unit 1, two events occurred during which ECCS strainers became 
plugged with debris. On January 16, ECCS strainers were plugged with suppression 
pool particulate matter, and on April 14 an ECCS strainer was plugged with glass fiber 
from ventilation filters that had fallen into the suppression pool. On both occasions the 
affected ECCS strainers were deformed by excessive differential pressure created by 
strainer plugging. 
 
On September 11, 1995 at Limerick Unit 1, following a manual scram due to a stuck 
open safety / relief valve, operators observed fluctuating flow and pump motor current 
in a loop of suppression pool cooling. The licensee later attributed these indications to 
a thin mat of fiber and sludge which had accumulated on the suction strainer. 
 
The knowledge from these events and findings from research to resolve the BWR 
strainer clogging issue led to an enlargement of the strainers at German BWRs in the 
years 1993 and 1994. The findings from research to resolve the BWR strainer clogging 
issue have raised questions concerning the adequacy of PWR sump designs. The 
technical findings of research programs concerning PWRs during the last years 
demonstrated that the debris generated by a loss-of-coolant accident could be finer 
and more easily transportable.  
 
Certain combinations of debris (mineral wool and particulate material) can result in a 
substantially greater head loss than an equivalent amount of either type of debris. In 
addition, chemical effects can increase head loss. 
 
Based on these findings the German utilities performed a large experimental research 
program at Karlstein and GKSS in the year 2001. The RSK issued the statement 
“Requirements for the demonstration of effective emergency core cooling during loss-
of-coolant accidents with release of insulation material and other substances” in 2004. 
 
This paper describes the results of the experimental research program of the German 
utilities, the main aspects of the RSK statement, and the modifications of the strainers 
in the German PWRs. 

2 Problem description 
 
In the event of a loss-of-coolant accident inside the containment, energetic pressure 
waves and fluid jets would impinge upon materials in the vicinity of the break such as 
thermal insulation, coatings, concrete, corrosion products and dust /NRC 03/. Debris 
could also be generated through secondary mechanisms, such as severe post-accident 
conditions and flooding of the lower containment. In addition, debris can be created by 
the chemical reaction between chemically reactive ECC solutions used following a 
LOCA and the materials in the containment. These reactions may result in additional 
debris such as disbanded coatings and chemical precipitants being generated.  
 
Through transport mechanisms such as entrainment in steam / water discharge from 
the break and washdown due to condensate flow in the containment, a fraction of the 
generated debris and other material in the containment would be transported to the 
containment sump. Subsequently, if the ECCS pumps are operating in sump 
recirculation flow, the debris suspended in the containment sump would begin to 



3 
 

accumulate on the sump strainers or be transported through the ECC system and the 
primary coolant system to the core. 
 
The accumulation of this suspended debris on the sump strainers can create an almost 
uniform covering on the strainer, which would tend to increase head loss across the 
strainer. If a sufficient amount of debris is accumulated on the strainer, the pressure 
loss across the debris would exceed the net positive suction head (NPSH) required to 
ensure successful operation of the ECCS pump in sump circulation mode. A loss of the 
NPSH margin for the ECCS pumps as a result of the accumulation of debris on the 
recirculation sump strainer could result in degraded pump performance and eventual 
pump failure. 
 
Debris could also plug or wear components within the ECCS system. The effect may 
cause a component to degrade to the point where it may be unable to perform its 
designated function. 
 
Debris can be accumulated at the grid spacers or at the IDF - foot of the fuel element. 
The effect may cause a reduction of the coolant flow through the core and a 
degradation of core cooling. 

3 Results of the Karlstein and GKSS experimental research 
program 

 
An experimental research program was performed by order of the German utilities/VGB 
in the year 2001 to verify and extend the knowledge of effective core cooling during a 
LOCA with a release of insulation material /FAN 03/. 
 
Three experimental facilities were used to investigate the following items: 

− fragmentation of insulation material under realistic LOCA conditions 

− sedimentation and transportation of released insulation material in the sump 

− deposition and penetration of insulation material at sump strainers 

− pressure loss at the sump strainer  

− deposition of insulation material and pressure loss at fuel elements 

3.1 Fragmentation of insulation material under realistic LOCA conditions 
 
Five large-scale fragmentation tests were performed for insulation cassettes with the 
mineral wool types MD2 (production year 1980 to 1982) and RTD2 (production year 
1983) at Karlstein. The boundary condition in the blowdown vessel was a pressure of 
110 bar. The vessel was filled with saturated water. The distance between the break 
orifice and the original insulation cassettes was 2 D of the orifice diameter (D). The 
calculated impact pressure was about 13 bar. A comparable impact pressure will be 
achieved for PWR boundary conditions for a distance of 3 D. 
 
The test has shown that up to 86 % of the insulation material is released if the jet hits 
the superposed ends of the cassettes. The cassettes were not opened if the cassette 
was positioned at the opposite side of the impinged pipe. The insulation of one 
cassette was released at a distance of 15 D when it was hit at the inner side 
(equivalent to mat insulation). 



4 
 

 
The results of the fragmentation test are not completely covered by the NRC Cone 
model (Table 1) /GRS 05/. 
 

Table 1 NRC Cone model release rates 

 Distance Release 

Region  Cassette-type 
insulation 

Mat insulation Conventional 
insulation 

1 L < 3 D 100 % 100 % 100 % 

2 3 D < L < 7 D 50 % 100 % 100 % 

3 7 D < L < 30 D 0 % 0 % 100 % 
 
The NRC Cone Model covers the test results for region 1. For PWR boundary 
conditions it is not demonstrated that the transition region from 1 to 2 is covered by the 
NRC Cone Model. The NRC Cone Model is not conservative for mat insulation in 
region 3. 

3.2 Sedimentation and transportation of released insulation material in 
the sump 

 
Five large scale tests were performed for sedimentation and transportation of released 
insulation material in the sump at GKSS. 
 
The test facility was scaled 1: 4 (length and width 1 : 2, height 1 : 1) compared to a 
PWR. The sump was rectangular.  
 
The insulation material used in the test was taken from the fragmentation tests. Only 
the insulation material was used, which was caught in the collecting cage. A large 
portion of the small fines of released insulation material was lost outside the collecting 
cage. In addition, the insulation material was first dried before it was added to the break 
flow. Therefore it is questionable if the insulation material used was really 
representative. 
 
The fluid temperature of the break flow and the sump was 25 °C. The boron 
concentration was set to 0 ppm. A time interval of 2 minutes was necessary between 
the flood phase and the sump recirculation phase due to technical reasons at the test 
facility. These boundary conditions restrict the direct transfer of the experimental 
results to a real PWR. 
 
The portion of insulation material that was found on the floor of the sump, was between 
58 % and 75 % /GRS 05/. The transport rates to the sump strainer could not exactly be 
measured because some insulation material was not found (shrinkage) after the test in 
the test facility. Therefore the transportation rates were between 25 % and 42 % with 
consideration of the shrinkage and between 20 % und 38 % without consideration of 
the shrinkage. The highest transportation rates were found in the test with the 
combination of mineral wool and particulate material (crashed minileit). 
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3.3 Deposition and penetration of insulation material at the sump 
strainers 

 
The mesh size of the strainers in the GKSS test facility was 9 x 9 mm. The size of the 
strainers varied between 1.5 m2 and 5.5 m2. Today the PWR-typical strainer size 
scaled to GKSS is about 5.5 m2. The deposition of the insulation at the strainers was 
between 10 % and 32 % with consideration of the shrinkage related to the transported 
insulation in the sump and between 12 % and 45 % without consideration of the 
shrinkage /GRS 05/. The higher value for the deposition of insulation at strainers was 
measured for tests with a small strainer size. The accumulation at the strainers for a 
reactor-typical strainer size was between 10 % and 15 %. Today the mesh sizes of the 
sump strainers are 3 x 3 mm in almost all German PWRs. Therefore the data of the 
GKSS tests cannot be used for deposition or penetration of insulation at the strainers 
for sump strainer designs in German PWRs. 

3.4 Pressure loss at the sump strainer 
 
The evaluation of the pressure losses at the sump strainers for the GKSS test was 
difficult because always more than one parameter was changed between the different 
tests. Therefore it was difficult to quantify the dependencies on different parameters. 
The following dependencies could be identified /GRS 05/: 

− the pressure loss increases almost linear with the thickness of the deposited 
insulation layer 

− the pressure loss increases with the flow velocity with an exponent of about 1.15 

− the specific pressure loss decreases with increasing flow velocity during the 
deposition process 

− the combination of mineral wool with particulate material (minileit) leads to a strong 
increase of the specific pressure loss 

 
All data from the GKSS tests were generated for a mesh size of 9 x 9 mm. An 
additional strainer with a mesh size of 2 x 2 mm was installed behind the sump strainer. 
The specific pressure loss for the smaller mesh size was much larger. This result gives 
only an identification of a possible dependence of the specific pressure loss on the 
mesh size because the measurement device at this strainer was no qualified. The data 
from the GKSS test for a mesh size of 9 x 9 mm cannot directly be transferred to the 
actual strainers in German PWRs with a mesh size of 3 x 3 mm. 

3.5 Pressure loss at deposited insulation in fuel bundles 
 
Seven fuel bundle tests were performed for the insulation materials MD2 and RTD2 at 
GKSS. A shortened fuel bundle dummy with three grid spacers was used for the tests. 
The following parameters were varied during the test: 

− flow direction in fuel element 

− flow direction of fuel element foot 

− amount of insulation material in the test circuit 

− type of insulation  

− boron concentration 



6 
 

− flow velocity during deposition of insulation 

− fluid temperature during deposition of insulation 
 
The following dependencies can be derived from the bundle tests /GRS 05/: 

− the pressure loss increases linear with the thickness of the insulation 

− the pressure loss increases with the flow velocity with an exponent of 1.2 

− the pressure loss is directly proportional to the viscosity of the sump water 
(temperature dependence) 

− the pressure loss increases with boron concentration (2200 ppm compared to 
0 ppm ?  15 % to 30 % increase) 

− the specific pressure loss decreases with the increase of the flow velocity and fluid 
temperature (doubling of the velocity and temperature increase from 30 °C to 80 °C 
leads to a 40 % lower specific pressure loss) 

− large deposition at the IDF – foot, no deposition at the standard foot 

− no significant dependence of the specific pressure loss on the location of the 
deposition 

− strong dependence of the pressure loss on the type of insulation material and the 
production year (figure 1) 

− flow stagnation or slight flow reversal lead to a drop of the deposited insulation at 
the IDF – foot. A large flow reversal is necessary at grid spacers. 

 
Based on the above-described dependencies, the measured pressure losses were 
normalised (Table 2). The normalised specific pressure losses are almost identical. 
 

 
 
 

Figure  1 Dependence of pressure loss on type of insulation material and 
production year 
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Table 2 Normalization of measured pressure losses 

Test Boron ppm V cm/s T  
°C 

deposition 
kg/m2 

V-
deposition 

°C 

T-
deposition 

°C 

foot typ ?P 
measured 

m bar 

?Pnorm 
m bar 

1 0 6 30 1.69 

(spacer) 

3.4 30 IDF 69 43 

3 0 5.75 31 0.9 (foot) 3.4 30 IDF 38 47 

4a 2200 5.7 30 1.15 (foot) 3.4 30 IDF 54 40 

4b 2200 5.8 80 1.6 (foot) 3.4 30 IDF 38 43 

5 2200 5.7 34 2.24 (foot) 6.8 80 IDF 63 43 

7 2200 5.9 50 1.8 (spacer) 6.8 50 IDF 39 43 

?Pnorm Related to a deposition of 1 kg/m2, v = 5 cm/s, T = 30 °C, Bor = 2200 ppm (adaption factor 1.31 (test 4b to 1)),  

Vdep = 3.4 cm/s, Tdep. = 30 °C (adaption factor 1.69 (test 4b to 5)) 
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4 Analytical investigations 

4.1 Transport inside the containment 
 
The transport methods are first the entrainment of released insulation material with the 
water phase (larger fines) to the sump and containment internals below the break 
position and with the steam phase (minor fines) into the containment. COCOSYS 
analyses have shown that the minor fines entrained by steam are deposited on the 
floor (59 %) and on the sump (3 %) due to sedimentation and on the wall (38 %) due to 
condensation /GRS05/. COCOSYS calculated drainage rates up to 20 kg/s into the 
sump due to condensation of steam. The insulation, deposited on floors and walls, can 
partly be washed down to the sump by the drainage rate. But the extent of the 
washdown cannot be quantified. 

4.2 Determination of the available NPSH of the ECCS pumps 
 
The available NPSH of the ECCS pumps depends on the water level of the sump and 
on the subcooling of the sump water. Analyses with the coupled code 
ATHLET/COCOSYS were performed for a 0.1 F cold-leg and a surge line break in a 
PWR with licensing boundary condition /GRS 05/ and best-estimate thermohydraulic 
models. A special water convection model was developed for the sump in COCOSYS 
derived from CFX analysis results, to determine the sump temperature at the inlet of 
the ECCS suction line. The subcooling of the sump water was calculated at about 20 K 
at the start of ECCS sump circulation mode (see figure 2). This subcooling shows a 
large safety margin for the NPSH of the ECCS pumps compared to values, if the RSK 
guidelines are applied (assumption of saturation temperature in the sump). 
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Figure  2 Sump temperatures during a surge line break in a PWR 

4.3 Determination of pressure loss in the core 
 
The coolant mass flow through the core is dependent on the open flow paths between 
the ECCS injection points and the break location. Two phases have to be distinguished 
/GRS 05/: 

− if primary pressure is below secondary pressure, the ECCS mass flow can flow 
only through the core and the core bypass (injection opposite the break) or directly 
to the break (injection on break side)  

− if primary pressure is above secondary pressure, the ECCS mass flow can flow 
through the core, core bypass and the steam generator U-tubes or directly to the 
break. 

 
The core mass flow is strongly reduced if the flow paths through the steam generator 
U-tubes are open. Therefore the fluid temperatures at the core outlet (for a surge line 
break) strongly jump to a higher value after the flow through the U-tubes has started 
(see Figure 3). 

sump temperature (CONDRU) 

sump temperature (COCOSYS) 

saturation 
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Figure  3  Fluid temperatures at the core exit for a surge line break 

 
Saturation temperatures are calculated for a deposition of 6.5 kg/m2 at the IDF foot and 
of 1.9 kg/m2 at the first grid spacer. The latter value corresponds to a deposition of 19 
kg at the first grid spacer for a PWR. The specific pressure loss for the deposition was 
taken for MD2 from the GKSS bundle test (chapter 3.5). 

5 RSK statement for demonstration of effective emergency core 
cooling during LOCA 

 
The new RSK statement on the „Requirements for the demonstration of effective 
emergency core cooling during loss-of-coolant accidents with release of insulation 
material and other substances“ was issued at the 374. Meeting of the RSK on 
22 July 2004 /RSK 04/. 

5.1 Assessment criteria 
 
The general criterion for the safety-related assessment of the release of insulation 
material during a loss-of-coolant accident is the ensurance of sufficient core cooling. 
For this purpose it has to be demonstrated for each plant that 

− the amount of the insulation material deposited inside the core remains below the 
amount at which sufficient core cooling is no longer guaranteed 

− the supporting structures and the sump strainer can carry the load resulting from 
the pressure differences due to the deposition of insulation material 
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− No cavitation occurs in the residual-heat removal pumps that will lead to an 
inadmissible reduction in flow rate. 

5.2 Basic principles 
 
The RSK recommendation follows several principles: 

• The recommendations can be applied to PWRs, partially to BWRs 

• The recommendation concerns the evidence for design basis accidents. In 
addition, accident management measures are recommended. 

• The present findings mainly rely on experiments and do not allow a fully analytical 
treatment of the topic. 

• The procedure recommended is to take into account any existing uncertainties with 
a view to achieving an enveloping overall result. 

• The measures to be provided for the control of design basis accidents have to be 
thus devised that no accident management measures are required by design. 

• Accident management measures have to be developed for beyond design 
accidents 

• The size of sump strainers and the mesh size have to be designed in such a way 
that any possible inadmissibly high pressure loss could only occur at the sump 
strainers. For this case, accident management measures have to be provided to 
limit or reduce pressure loss. 

5.3 Steps for the demonstration of effective emergency core cooling 
 
The following steps have to be demonstrated for effective core cooling during a LOCA 
with release of insulation material: 

− Leak location: Those leaks have to be selected which lead to the most adverse 
conditions at the sump strainer or in the core 

− Release of insulation: The calculation of the amount of insulation material released 
has to be determined according the NRC cone model (chapter 3.1) with the 
additional assumption that the cassette regions outside the jet attributed to region 
2, if in region 1 or 2 the cassette was hit by the jet. 

− Transport within the containment: Based on the Barsebäck event, 50 % of the 
released insulation reaches the sump. 

− Transport in the sump water: Based on the GKSS tests, 20 % and 40 % of the 
insulation material MD2 is assumed for the transport to the strainer. For other 
insulation or combinations of insulation, the transport rates have to be determined 
by experiments. 

− Head loss across sump strainer: The specific pressure losses have to be 
determined by experiments. The following deposition rates have to be assumed for 
the determination of pressure loss: 

• Large mesh size: measured deposition plus 50 % of penetration 

• Small mesh sizes: the entire transportable material 
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− Penetration through sump strainer: The penetration has to be determined plant-
specifically in a conservative way. 

− Pump suction head: The pump suction head could be determined in two ways: 

• with atmospheric pressure 

• conservative calculation of containment pressure and sump temperature with 
validated codes 

− Pressure drop inside the core: It is assumed that all materials which penetrate 
through the sump strainer are transported to the pressure vessel. The deposition in 
the core is either conservatively determined by experiments or assumed to be the 
whole penetrated material. Core cooling is calculated with qualified 
thermohydraulic codes. 

 
In addition, the residual-heat removal system components, the long-term behaviour, 
the housekeeping in the plant, and accident management procedure had to be 
considered. 

5.4 Open items 
 
Following items are not yet resolved: 

− Influence of jet shifts on the release of debris for a pipe break 

− Fragmentation of mobilised debris 

− Transport behaviour of debris (mineral wool other than MD2 80/82 as well as of 
other substances) in the sump and the consequences on head loss and 
penetration of the sump screens 

− Influence of the “thin bed effect” on head loss across the screen 

− Long-term behaviour, especially corrosion due to boric acid 

− Functional performance of components in RHR mode 

− Effectiveness of special Accident Management measures 

− Applicability of RSK-2004 recommendations to BWR 

6 Plant modification 
 
Based on the new RSK statement and the experimental and analytical results, 
modifications of the insulation and at the sump strainers were performed in the German 
PWRs. In almost all PWRs the mesh size of the sump strainers was reduced to 
3 mm x 3 mm, so that the inadmissibly high pressure loss could only occur at the sump 
strainer. The strainer sizes were partly increased to reduce the pressure loss over the 
deposition on the sump strainer. The insulation material was homogenised to reduce 
mixed released insulation and to get clear boundary conditions for the demonstration of 
a suitable sump design for effective emergency cooling during a LOCA. 
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The modification in the plants was mainly based on the Karlstein and GKSS 
experiments. The RSK statement demands plant-specific experiments for the plant 
specific design of the insulation material and strainers. These experiments are running. 
The results of these experiments have to show whether the assumptions used for the 
demonstration of effective emergency core cooling based on the Karlstein and GKSS 
experiments have been conservative. If this is the case, the new design of the 
insulation material and strainers will fulfil the RSK recommendations. 

7 Conclusions 
 
Results of the experiments at Karlstein and GKSS have shown that under realistic 
boundary conditions, insulation material released during LOCA leads to a higher 
transportation rate in the sump and a larger deposition rate at the sump strainers and in 
the core than assumed before. The mixture of mineral wool and microporous material 
leads to a strong increase of the specific pressure loss through deposited insulation 
material. 
 
Based on the new knowledge, a new statement on the „Requirements for the 
demonstration of effective emergency core cooling during loss-of-coolant accidents 
with the release of insulation material and other substances“ was released by the 
Reactor Safety Commission in July 2004. 
 
The portion of microporous material in the insulation and the mesh size of the strainers 
were reduced in almost all PWRs. In some PWRs the strainer size was increased.  
 
Ongoing experiments have to prove that the plant-specific assumptions for the specific 
pressure losses of deposited insulation material and for the transport, deposition and 
penetration rates are conservative. 
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Abstract:  
 

Since the beginning of the 90’s, in relation to the French regulatory context evolution that 
introduces the periodic safety review (PSR) concept), modifications implementation practices 
have turned to new approaches, introducing the “batching policy” concept. 

Following this policy, the batch of VD2 modifications  to be implemented on the 1300 MWe 
series results mainly from the conclusions of the safety studies performed in the framework 
of VD2-1300 PSR, initiated in 1997 and enclosed in 2005. 

During the examination of the safety studies performed in the framework of VD2 PSR related 
to the 1300 MWe series, IRSN suggested that EDF would: 

• complete the demonstration of the performance of the proposed modification aiming 
at improving the containment pressure reducing strategy applied to total loss of heat 
sink at cold shutdown states when the reactor vessel is opened, 

• propose new modifications concerning internal explosions and spurious orders from 
the automatic monitoring and control device. 

Finally, 45 modifications resulting from PSR or specific safety studies performed in the frame 
of PSR, which represent 75% of the global set of safety-significance modifications, will be set 
during the VD2 outages. The VD2 batch of modifications has been implemented on the lead 
unit in April 2005 and its implementation will continue over 9 years for the whole units of this 
series. 

For the modifications of major safety significance, for which design principles may introduce 
either new risks on the safety demonstration or new technologies, IRSN has checked, before 
implementation, that there was no potential safety regression risk.  

For other modifications, in case some potential safety risk exists during implementation or 
operation and requires requalification criteria validation or efficiency validation, experience 
feedback is analyzed before generalization. 

At the end of this year, IRSN will finalize its examination.  
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1 INTRODUCTION 

1.1  EDF MODIFICATIONS MANAGEMENT 

In the past, EDF modifications management was adapted to each plant, depending on its 
particularities. Therefore, it was not possible to follow the shared evolutions of a given series. 

Since the beginning of the 90’s, in relation to the French regulatory context evolution that 
introduces the periodic safety review (PSR) concept modifications implementation practices 
have turned to new approaches, introducing the “batching policy” concept.  

A batch is a consistent set of modifications based on modifications of the basic design which 
impact the general operation of reactors. It contains modifications to be implemented during 
outages and modifications that can be implemented on power. It is first implemented on a 
lead unit. After taking into account around one year operating experience feedback, the 
batch of modification implementation is then extended to all reactors of a given series. 

Before the second PSR of 900 MWe series , EDF defined the 93 batch of modifications , 
mainly resulting in: 

• Equipment qualification conformance under accident conditions 
• Fire protection 
• Piping supports  
• Post-TMI improvements: 
• Beyond design and severe accident emergency operating procedures, 
• “Physical states related approach (so-called state oriented approach) ” implementation 

and related state functions measurement improvements (use of primary coolant level 
sensor for primary water inventory and intermediate nuclear measuring channel for 
subcriticality) 

• Risks at shutdown states: measures taken to lower risks at mid-loop operations 
• Modifications related to GARANCE project (new fuel cycle management) 
• Completion of protection against heterogeneous spurious boron dilution 

Since 1998, EDF has engaged a strategy aiming at improving plants safety management 
though the stabilization of safety requirements, operating documents between the ten-yearly 
outages and periodic safety reviews. Therefore, batches of modifications resulting from 
PSRs (which, in practice, are asked to be performed every ten years) enable EDF to reach 
this objective. 

The batching policy implies that no new batch of modifications can be implemented on a unit 
before the previous one has been fully implemented (any exception must be thoroughly 
justified). 
Taking into account the achievement of the implementation of the ten-yearly outages batches 
of modifications on French PWRs 900-1300 MWe series (which spreads over ten years), 
some modifications, presenting particular restraints incompatible with their setting up in batch 
(modification made necessary to improve safety, specific modifications implemented on a 
plant or an unit not related to the series characteristics) have specific individual scheduling. 

Finally, it is important to specify that EDF modification management, such as presented here, 
is going to evolve taking into account the evolution of the economic context of production of 
electricity. To this end, EDF is setting up a new approach intended to evaluate the ratio 
safety benefit /cost of the modifications under consideration within the framework of the VD3 
PSR.  
 

1.2  THE SECOND TEN-YEARLY OUTAGES (VD2) BATCH OF MODIFICATIONS  

As mentioned above, the VD2 batch of modifications and associated individual scheduling 
modifications (PID2) mainly result from 1300 MWe series VD2 PSR which has been 
performed since 1997, according to the major milestones listed hereafter: 
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1997 – 2000 

[1] Build-up of the program and the objectives  

[2] Compilation of the current safety requirement reference basis (so-called safety 
referential) to be used for the safety conformity examination. It is based first and 
foremost on the final safety analysis report (FSAR) and general operating rules 
(GOR). 
Safety requirements reference basis taken into account to perform 1300 MWe 
series VD2 PSR, corresponds to: 

• A reference construction state including the batch 93 of modifications and 
accident studies corresponding to GEMMES fuel management ; 

• An operational handling taking into account emergency operating procedures 
(EOP) based on 2nd generation of state oriented approach (APE). 

2000 - 2005 

[3] Conformity check, cons isting in: 
• 2001 – 2004: Unit conformity check, in order to verify that effective conditions 

of the units comply with the design benchmark 
• 2000 – 2005: Conformity check studies, in order to verify that series design 

benchmark comply with the current safety requirements reference basis 

2000 - 2005 

[4] Safety referential reassessment 

VD2 batch 
definition 

 
Availability of the reassessed referential 

 
1300 VD2 SAR 

edition 
EEDDFF  ppeerrffoorrmmaannccee::  

Safety studies 

Safety studies 
completion 

IIRRSSNN  aasssseessssmmeennttss: 
Conclusions of safety studies 

Conformity check results 
 

EEDDFF  pprrooppoossaallss  ffoorr  
PSR approach & 

program    

IIRRSSNN  
aasssseessss mmeennttss::  
Programs of  

safety studies 
& conformity 

check 

EEDDFF  ppeerrffoorrmmaannccee::   
Unit conformity check 

IIRRSSNN  aasssseessssmmeenntt:  
VD2 batch of 
modifications  

EEDDFF  updated 

program 

1997   1998    1999     2000   2001    2002     2003    2004      2005         2008                                         2023 

1300MWe VD2 
PSR beginning  

1300MWe VD2 
PSR ending 

VD2 batch 
implementation 
on the lead unit 

1st set  2nd set 
 

Formatiert: Nummerierung und
Aufzählungszeichen
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2001- 2002 
IRSN investigated the safety studies carried out by EDF in the framework of VD2 PSR on the 
1300 MWe series and presented the major conclusions to the standing advisory group of 
experts. 

> 2002  

[5] Correction of identified discrepancies 

July 2003 

[6] Definition of the second ten-yearly batch of modifications  

Since July 2004 

[7] Reference documents updating (FSAR, GOR…) to match the reassessed safety 
referential 

April 2005 

[8] Implementation of the second ten-yearly batch of modifications on the pilot (lead) 
unit 

2004 - 2005 
IRSN investigated the following aspects related to VD2 PSR of the 1300 MWe series and 
presented the major conclusions to the standing advisory group of experts: 

• completion of the safety studies, 
• results of the conformity check of the plants,  
• verification that proposed modifications solve the weak points which were identified 

by safety studies, 
• assessment of the updated FSAR. 

2 LIST OF MODIFICATIONS RELATED TO 1300 MWE VD2 BATCH 
In July 2003, EDF submitted the first list of the 1300 MWe batch of VD2 and associated PID2 
modifications  to the Regulatory Body. 

In June 2005, EDF submitted a new list. 

Compared to the list submitted in July 2003, 10 modifications of safety-significance have 
been added. The latter list contains 45 modifications resulting from PSR or specific safety 
studies performed in the frame of PSR, which represent 75% of the global set of safety-
significance modifications (see diagram below): 

The batch of VD2 modifications and associated PID2 => 60 modifications 

 

Safety-significance modifications resulting from PSR or from specific safety studies carried 
out in the framework of the PSR are related to the items presented hereafter: 

Safety-significance modifications resulting from 
specific safety studies 

Safety-significance modifications resulting from 
PSR 

Safety-significance modifications resulting from 
fuel management evolution 

Others (availability, cost reduction, radiation 
protection, ageing,) 

 

 

2 
13 

29 

16 
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1. Deterministic studies : 

a. External / Internal hazards:  

• Impact of on-site flooding studies on the risk of damaging equipment 
important for safety (IFS). 
The proposed modifications concern ei ther displacements or protection of 
electrical cables and boxes, sensor protection, making concrete structures 
and doors watertight.  

• « Seismic event  » approach studies consequences related to the risk of 
damaging equipment important for safety (IFS) (the targeted equipment) by 
non-seismic designed equipment (the aggressor). 
The proposed modifications concern either operational arrangements, or 
displacements of the aggressor or the targeted equipment, or target 
protection. 

• Seismic behavior of electrical & safety auxiliary building (BAS -BL): floors 
flexibility analysis outcomes, taking into account seismic reassessment of 
ground response spectra of the sites complying with to the Safe Shutdown 
Earthquake (SSE) determined by means of the new Basic Safety Rule (BSR), 
RFS 2001-01. 
The objective is to substantiate the ability of IFS facilities and equipment to 
operate in case of the defined SSE level seism. The proposed modifications 
aim mainly at strengthening tanks and piping supports, by reinforcing steel 
sections, adding or modifying current anchors. 

• Impact of on-site explosion studies (definition still in progress by the 
operator) 
In the framework of its examination of the studies that are related to VD2 PSR 
of the 1300 MWe series, IRSN suggested that the licensee perform: 

o studies on the safety impact of bottled gas explosion with respect to 
the BSR which deals with the risks associated with the industrial 
environment and communication routes (RFS 1.2.d); 

o assessment of useful means of prevention and mitigation. 
Since this request has been extended to 900 MWe series in the frame of VD3 
PSR, the treatment by the licensee (detailed here after) is generic. 
After having identified the most dangerous gases which have to be taken into 
consideration, the location of the potential aggressors and the IFS targets, 
consequences are assessed by assuming three boundary scenarios. 
According to the operator, 1300 MWe series is not concerned by the first 
scenario which consists of an over -pressure wave due to a single container 
explosion. 
Concerning the other scenarios which are related to serial effects of internal 
fire (heavy gas) or external fire (trans former), the proposed modifications 
should consist of bunkering the bottled gas storage areas or shielding the 
transformers.  
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b. The improvement of the emergency feedwater system (EFWS) start-up logic, in 
order to avoid steam generator  overflow in the event of a steam generator tube 
break (SGTB). 
The proposed modification results from the report that on the French PWRs, the 
design of emergency systems and signals of protection leads to an early filling of 
the affected steam generator in the event of a SGTB. 
The dominant parameters which influence the risk of possible overflow of water of 
the affected steam generator are: 

• leak-flow between the primary and secondary circuits which depends on the 
section and the position of the break as well as on the difference in 
pressure between these circuits  

• the characteristic curve of the emergency core cooling system (ECCS) 
pump which determines primary pressure at the equilibrium  

• the threshold of EFWS start up and the injected flowrate 
• the amount of time the operator has to isolate the affected steam generator 

on the steam side (closing of the principal steam valve) and on the water 
side (isolation of EFWS) and to cool the primary circuit to reach the 
pressure allowing to stop ECCS, so as to eliminate the leak.  

The aim of t he modification is to limit EFWS flow on 1300 MWe series by starting 
only EFWS motor-driven pumps. The turbine-driven pumps are no longer 
activated as it is the case on 900 & 1450 MWe series. 

c. Extension of the third barrier integrity - Addition of nozzles and devices for 
leaktightness measurement of stop valves on the way back to the refueling water 
storage tank (RWST)  
The proposed modification results from the report that, recirculation phase after 
loss of coolant accident (LOCA) presents radioactive risks to the environment 
due to possible RWST releases in the event there are leaks on stop valves 
located on ECCS and CSS recirculation lines, between the containment sumps 
and the RWST. 
The proposed modification aims at allowing periodic leaktightness tests on the 
stop valves which are considered as weakpoints, in order to match the 
assumptions taken into account for the assessment of radiological consequences 
of basic design LOCA. 

d. Compliance of IFS equipment with qualification requirements, taking into account: 

• Operating experience feedback has shown that existing arrangements didn’t 
comply with current qualification requirements; 
• New safety requirements associated with: 

o aggravating factor assumptions in accident studies, 
o inclusion of handling phase in accident studies, 
o reassessments of hazards (extreme cold, high energy line break 

(HELB) …). 

e. Operating rules: 

• Improvement of the containment pressure reducing strategy applied to total 
loss of heat sink situations, at cold shutdown states when the reactor vessel i s 
opened (so-called H1-2 situations); 

• Extension of the capacity of alarm panels to receive additional alarms from 
future batches of modifications.  
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f. Topics highlighted by operating experience feedback or know-how evolutions: 

• I&C modification aiming at allow ing ECCS & CSS pumps to start up in 
the event of loss of on-site electrical power supply, making possible 
automatic water make-up in shutdown states; 

The proposed modification results from the report that, according to I&C basic 
design of the 1300 MWe series, priority is given to ECCS & CSS pumps shut 
off, if memory signals representative of injection and containment systems 
actuation are not present on diesel generators. 

• I&C evolutions of the letdown line of CVCS , including: 
o The decrease of the threshold of automatic letdown shutdown in case of a 

high temperature (downstream non regenerative heat exchanger); 
o Improvement of loss of electrical supply on train B mitigation, by 

recovering the possibility of emptying the primary circuit, since operating 
experience feedback has shown it wasn’t possible on design benchmark; 

o … 

• Software upgrade of the core cooling monitoring system, in order to take 
into account industrial process evolutions  and apparent mistakes in primary 
water inventory calculation (see cooling state parameters calculation: vessel 
level & boiling margin (∆Tsat)). 

• Improvement of emergency turbine-driven generator (LLS) actuation. 
The proposed modification results from the report that, according to the basic 
design of the 1300 MWe series, actuation of both the emergency 
turbine-driven generator and the CVCS hydrotest pump power supply is not 
possible if total loss of electrical power supply does not result from 
simultaneous loss of LH 6,6 kV switchboards.  

• Completion of the automatic monitoring and control device 
(CONTROBLOC) upgrade  used for simple open-shut control of systems (IFS 
or not), in order to avoid spurious orders (which have often occurred since its 
first implementation) - (definition still in progress by the operator) 

Following the technical instruction carried out by IRSN, within the framework 
of the VD2-PSR, EDF committed itself to check whether available indications 
in main control room could be sufficient enough to diagnose spurious orders 
from control rack and assess potential consequences of this situation. 
As a conclusion to the extra studies performed since then, the operator has 
identified that one control rack could lead to spurious actuation of the EFWS A 
train. 
When the unit is on power , the operator assessed that this situation could 
lead, in the event the operational team  does not take appropriate actions , to 
EFWS tank draining within 6 hours. 
The proposed modifications should consist of diversifying the surveillance by 
means of an additional control rack.  
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2. Using PSA in PSR:  

• Improvement of LH 6,6kV switchboards common cause failure mitigation:  

This modification results from the PSA performed in the frame of PSR. Indeed, it 
has been shown that LH 6,6 KV switchboards common cause failure initiator 
represented the second functional sequence of core damage frequency (CDF), 
with a share of 27%.  

The proposed modification aims at avoiding turbine-driven generator failure which 
represents 80% of the measured risk value of LH 6,6 KV switchboards common 
cause sequence. Avoiding turbine-driven generator failure leads to save injection 
function to the reactor coolant pump seals . 

Reliability improvement of injection function to the reactor coolant pump seals  is 
then obtained by automatic switching of the CVCS hydrotest pump power supply. 

3  IMPLEMENTATION PLANNING OF THE 1300 MWE VD2 BATCH OF 
MODIFICATIONS 

 NPP 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

FLA    
FLA 1 

FLA 2 
      

PAL PAL2 
(lead unit) PAL 1 PAL 3 PAL 4       

VD2 
batch 

P4 
train SAL   SAL 1 SAL 2       

BEL     BEL 2 BEL 1      

GOL       GOL 1  GOL 2  

PEN       PEN 1  PEN 2  

NOG    

NOG 
1 

NOG 
2 

      

VD2 
batch 

P’4 
train 

CAT  
CAT 1 

(lead unit) 
 CAT 2  CAT 3 CAT 4    

 

4 MODIFICATION ASSESSMENT PROCESS 
Learning from experience feedback for the assessment of the 900 MWe VD2 batch of 
modifications , the regulatory body (RB) defined - in 2002 - a new assessment process in 
order to apply a more efficient regulatory control. 
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For the modifications of major safety significance, for which design principles may introduce 
either new risks on the safety demonstration or new technologies, the licensee has to 
demonstrate, before implementation, that there is no potential safety regression risk.  

For other modifications, in case some potential safety risk exists during implementation or 
operation and requires requalification criteria validation or efficiency validation, experience 
feedback is analyzed before generalization. 

According to the assessment process, the licensee has to submit to the regulatory body 
some information dealing with design principles of the proposed modifications, prior to the 
implementation of the modifications on the lead unit. 
 

• Synthesis (origin, technical aspects, …) 
• Risk analysis  
• Human factor 
• General operating rules impact 
• Safety report impact 
• Spare part management  
• Radiation protection 
• Test and qualification 

5 CONCLUSION 
Since the beginning of the 90’s, (in relation to the French regulatory context evolution that 
introduces the periodic safety review (PSR) concept), modifications implementation practices 
have turned to new approaches, introducing the “batching policy” concept. 

Following this policy, the batch of VD2 modifications to be implemented on the 1300 MWe 
series results mainly from the conclusions of the safety studies performed in the framework 
of VD2-1300 PSR, initiated in 1997 and enclosed in 2005. 

During the examination of the safety studies performed in the framework of VD2 PSR related 
to the 1300 MWe series, IRSN suggested that EDF would: 

• complete the demonstration of the performance of the pr oposed modification aiming 
at improving the containment pressure reducing strategy applied to total loss of heat 
sink at cold shutdown states when the reactor vessel is opened, 

• propose new modifications concerning internal explosions and spurious orders from 
the automatic monitoring and control device. 

Finally, 45 modifications resulting from PSR or specific safety studies performed in the frame 
of PSR, which represent 75% of the global set of safety-significance modifications, will be set 
during the VD2 outages. The VD2 batch of modifications has been implemented on the lead 
unit in April 2005 and its implementation will continue over 9 years for the whole units of this 
series. 

For the modifications of major safety significance, for which design principles may introduce 
either new risks on the safety demonstration or new technologies, IRSN has checked, before 
implementation, that there was no potential safety regression risk.  

For other modifications, in case some potential safety risk exists during implementation or 
operation and requires requalification criteria validation or efficiency validation, experience 
feedback is analysed before generalization. 

At the end of this year, IRSN will finalize its examination.  
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Abstract:  
Collaboration between the Institute for Safety Technology (ISTec) from Germany and the State 
Scientific Technical Center on Nuclear and Radiation Safety (SSTC NRS) from Ukraine has been 
performed for about 10 years. While the collaboration from 1995 to 2000 was more or less 
characterized by an information flow from ISTec to SSTC NRS, it becomes meanwhile a real two-way 
cooperation. The main topics of cooperation have been assessment and qualification of digital safety 
I&C systems for nuclear power plants, licensing of those systems and elaboration of standards and 
guidelines for the licensing processes mentioned above. The collaboration helps the two organizations 
to improve their methods. Information about the application and the status of digital safety I&C in 
Ukraine and Germany has been exchanged. The paper gives a brief overview about the activities and 
results of the collaboration especially of the last fife years. 
 

1. INTRODUCTION 
 
Collaboration between the Institute for Safety Technology (ISTec) from Germany and the 
State Scientific Technical Center on Nuclear and Radiation Safety (SSTC NRS) from Ukraine 
has been performed for about 10 years. The issues of this collaboration from 1995 to 2000 
have been reported at the EUROSAFE-2001 [1]. This paper presents key issues of the 
collaboration of the last five years. 
 
While the collaboration from 1995 to 2000 was more or less characterized by an information 
flow from ISTec to SSTC NRS, it becomes meanwhile a real two-way cooperation. 
 
The most spread types of Eastern European NPP’s are NPP’s with WWER reactors. Now 26 
WWER-1000 and 27 WWER-440 units are in operation in 8 countries.  
From the vantage point of the present, the origin instrumentation an control (I&C) designs of 
these units had a lot of safety deficiencies, mainly 

• low level of reliability of hardware and I&C functions, 

• non-satisfactory diagnostics, 

• discrepancy of seismic requirements and I&C system properties, 

• low quality of man-machine interface, 

• missing information support systems for operator staff, etc. 

That means these units did not satisfy modern safety requirements. Information equipment 
used did not correspond to state of art of computer technologies. Therefore wide upgrading 
of I&C systems has been done on practically all WWER units. The main direction of 



 
 

 

upgrading is based on the use of digital computer techniques. The common advantages of 
digital I&C for improvement of NPP safety are: 

• high reliability, 

• high processing and data transmission rate, high accuracy, 

• high system variability (capable of processing analogue and digital signals, extendable, 
enabling communication with other systems and processing of complex tasks), 

• extended self-test functions, which can be established online; extended maintenance and 
diagnostic opportunities, 

• modern man–machine–interface to support the operator (high productive workstations, 
displays with high resolutions, etc). 

These advantages lead to essential changes in I&C of NPP: 

• structural and functional decentralization, 

• using of local nets, high-productive workstations, computer nets, 

• using digital controllers, digital measurements, smart sensors and actuators, 

• possibility of control by display, keyboards, etc. 

But besides all advantages mentioned above digital I&C upgrades add new challenges to the 
task of safety assessment: 

• necessity to analyze combination of hardware and software, 

• growth of system complexity, 

• no possibility of full testing in many cases, 

• necessary to evaluate not only the system, but the process of system creation and tools for 
creation, 

• rapid changing of computer hardware components, software and technology of software 
development. 

These new tasks, their solutions and decicisions are common for Germany and Ukraine and 
this is the topic of the collaboration between the two organizations which are supporting 
national regulatory activity - Institute of Safety Technology (ISTec) - Germany and State 
Scientific Technical Center on Nuclear and Radiation Safety (SSTC NRS) - Ukraine. 

2. COLLABORATION BETWEEN ISTec (GERMANY) AND SSTC NRS (UKRAINE) 
 
Collaboration between ISTec and SSTC NRS starts in 1995. Content of the collaboration 
during 1995-2000 was already described in the report on the EUROSAFE-2001 [1]. 
 
The collaboration during 2001-2005 is characterized by a comprehensive information 
exchange to the application, qualification and licensing of digital I&C systems. The work has 
been done by regular meetings, training of Ukrainian experts and exchange of technical 
publications, regulative documents etc. 
 
During the regular working meetings between ISTec and SSTC NRS the following topics 
were discussed: 

• German and international requirements on safety and safety important I&C systems, 
explanation of the German compilation of information documents for electrical safety I&C 
system, for main, emergency and local control rooms, 

• Requirements to modification procedures of safety important software during operation, 

• operation experience with digital I&C, incidents and data gathering about faults and 
failures, 



 
 

 

• test procedures during commissioning of digital I&C (factory acceptance test FAT, site 
acceptance test SAT), 

• improvement and assessment of reliability of digital systems, 

• information exchange and analysis of characteristics of different digital I&C system 
platforms e.g. Teleperm XS, Teleperm ME, Teleperm XP, Common Q, Tricon, etc., 

• development and application of standards e.g. standards for electro-magnetic compatibility 
applied in Germany, etc. 

 
The training of Ukrainian experts took place in the framework of the TACIS Project U3.02/00 
(UK/TS/25) “Improvement of scientific and technical support to the nuclear and radiation 
safety regulation in Ukraine by developing the infrastructure of SSTC NRS and its 
subsidiaries, including enhancement of training capabilities”. 
 
One of the tasks in this project – Task 3 “Summary report by results of improvement of SSTC 
NRS expert evaluation methodology” – related directly to digital I&C. This task was 
performed during 2004-2005 and consisted in the following two subtasks: 

a) Subtask 3.1: Safety review of software of upgraded I&C systems. 
Main characteristics to demonstrate compliance of software with safety requirements are 
quality properties of the software. In other words, compliance of software with established 
quality criteria is one of the safety requirements. Tools for software analysis permit 
assessment of the properties determined by software quality having impact on I&C 
safety. 

 
b) Subtask 3.2: Reliability assessment of I&C systems. 

The reliability assessment of I&C systems is an important task and it is required for all 
new implemented and upgraded NPP systems important to safety. It is reasonable that 
reliability calculation tools should be applied for this purpose. The reliability analysis 
methodology used by these tools should comply with IAEA recommendations and 
internationally-accepted methodological principles. In the case of software reliability 
calculation is still the unsolved problem to establish a common accepted methodology. 

 

The Ukrainian experts were trained with the following software packages: 

• CATS (tool for static analysis of software), 

• LDRA-Testbed (tool for static and dynamic analysis of software), 

• Risk Spectrum (tool for probabilistic assessment of systems), 

• SUSA (tool for detailed probabilistic assessment), 
 
Additional information about other tools was provided, e.g. PEAK, MALPAS, REVEAL. 
 
The activities included also support and training in applying software tools mentioned above 
to assessment of compliance of I&C systems with regulatory requirements. In detail the 
following activities were performed: 

• workshop with representatives of different companies producing software tools for I&C 
system assessment; 

• overview of software packages suitable for SSTC NRS needs;  

• training of SSTC NRS experts in ISTec with the purpose to study how to apply the chosen 
package of software tools; 

• development of a guideline for applying the package of software tools to I&C safety 
assessment in SSTC NRS expert activity; 

• performing a safety review of one upgraded I&C system at a selected Ukrainian NPP using 
the transferred software tools; 



 
 

 

• summary report by results of the improvement of SSTC NRS expert evaluation 
methodology in the field of I&C safety assessment. 

• At last but not least SSTC NRS and ISTec exchanged publications, took jointly part in 
meetings, conferences, etc. For example SSTC NRS specialists prepared a new definitive 
book [2] about NPP I&C safety that also includes experiences of the collaboration between 
SSTC NRS and ISTec. There has been a presentation of this new book at ISTec. Experts 
from ISTec presented a report at the international conference on “New NPP I&C systems: 
safety aspects” [3] which was organized by SSTC NRS in Ukraine [3]. There has been 
additional common participation in the IAEA International Working Group on I&C preparing 
IAEA documents (e.g. [4]) as representatives of Germany and Ukraine and in the 
Technical Committee TC-45 of the International Electrotechnical Commission (IEC) as 
representatives of Germany and Ukraine. 

 
The examples given above demonstrate the fruitful collaboration between German and 
Ukrainian expert organizations in the field of digital safety I&C. 

3. ELABORATION OF STANDARDS AND REGULATIONS FOR DIGITAL I&C 
 
The Ukrainian “pyramid” of regulations and standards is given in figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Ukrainian regulations and standards 
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The high level is Ukrainian laws. The Law “On Nuclear Energy Utilization and Radiation 
Safety” contains main principles of licensing, as one of the main direction of regulatory 
activity. 
 
The level 2 contains two types of documents: documents which are an “inheritance” of 
USSR, are common for Ukraine and Russia and didn’t change during Ukraine independence 
(for example “Rules on Nuclear Safety of NPP Reactor Facilities”) and documents which 
were elaborated in Ukraine and acted now instead of past USSR documents (for example, 
“General Provision on NPP Safety Assessment”). Documents of this level contain common 
requirements to different types of systems important to safety. 
 
Documents of level 3 are related directly to I&C systems. These documents were elaborated 
by SSTC NRS and approved by Ukrainian Nuclear Regulatory Authority (NRA). First of them 
is “Requirements on Nuclear and Radiation Safety to I&C Systems Important to Safety” [5]. 
 
Areas of application of this document are: 

• NPP I&C important to safety, 

• software-hardware complex (SHC) as a set of hardware and software components 
intended for use as part of I&C systems, 

• hardware intended for use in I&C directly or as part of SHC, 

• software for I&C and SHC. 

Software-hardware complex is a new subject of regulation. Normally, SHC is a central part of 
I&C, composed by a set of hardware components integrated with software modules, which 
are connected to peripheral items on the NPP site to implement functions of a specific I&C 
system. The term SHC is mainly used for I&C modernization at which a modernized I&C 
system replaces only central parts – the SHC - and does not replace sensors, cable, etc. 
Using SHC increase the level of equipment ability and decrease time to system check-out 
and testing. That is important because most parts of I&C upgrading take place during annual 
unit outage time for repair and fuel-element shuffling. 
 
The main peculiarities of new regulatory requirements to I&C are: 

• the requirements take into account only I&C which is qualified for use as safety important 
systems, 

• the requirements had to coordinate with high level documents in the standard pyramid, 

• it was necessary to harmonize these requirements with international standards, codes and 
rule (IAEA, IEC, etc.), 

• the requirements have to consider that most of modern I&C is digital and based on 
microprocessors with software. 

The goal of this document is not the elaboration of the full set of the technical requirements 
to NPP I&C, but the requirements which are important to safety and have to be included to 
the set of regulatory requirements, which Ukrainian Nuclear Regulatory Administration (NRA) 
will be use for licensing and supervision activities. 
 
According to the document “Methodic of Assessment of Compliance of I&C System to Safety 
Requirements” [6] expert assessment contains: 

• identification (certain definition) of regulatory requirements to the system and its 
components, 

• establishment of compliance between the system with its components and each of the 
regulatory requirements imposed to them, 



 
 

 

Expert evaluation has to start at the earliest stages of I&C creation (NPP Technical 
Decision). 
 
One of the first steps in licensing is the elaboration of the licensing plan that establishes 
communication between NRA and licensee. The contents and details of a licensing plan are 
different for different systems, but main parts of this plan should be: 

• short information including safety classification, presence of re-used and commercial-off-
the-shelf (COTS) software and hardware, etc., 

• list of regulatory requirements, 

• list of reviews which would be prepared by experts, 

• list of licenses (permits, certification) which NRA would send to licensee, 
 
Expert evaluation includes: 

• software and hardware analysis along with analysis of the systems as a whole, 

• analysis of the interface between upgraded and unchanged parts of the I&C system, 

• analysis of the process of software development, verification and validation, etc. 

Analysis of software verification includes the following: 

• analysis of the software conformity to all requirements of the specifications, standards and 
other normative documents which should be tested during verification, 

• analysis of independence which should be observed during verification. For software of 
safety systems it is obligate to establish complete administrative and financial 
independence of the division that perform the verification tests from the software 
development division. For software of safety related systems (but not safety systems) 
partial independence is admissible, when development and testing of software can be 
carried out by various experts of the same division, 

• analysis of the verification plan and report, test programs, test procedures etc., 

• analysis if the documentation of the software verification is reasonable by persons not 
participating in the software development and verification. 

The third document consists of requirements to life time extension of instruments which are 
included into I&C systems important to safety. 
 
Table 1: Typical stages of licensing and expert reviews 
 

Stage of licensing Expert review 

1. Accordance of NPP Technical Decision 
about modernization  

Expert review of NPP technical decision about 
modernization 

2. Accordance of  Terms of Reference 
(Specification) 

Expert review of  Terms of Reference 

Expert review of software verification plan 

Expert review of software verification  report 

Expert review of report about reliability  

Expert review of preliminary safety analysis report 

3. Accordance of Permission to Mounting 

Expert review of SAT programs and methods 

Expert review of experimental operation program 
4. Accordance of Permission to Operation  

Expert review of final safety analysis report 

 



 
 

 

The German “pyramid” of regulations and standards is given in figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: German regulations and standards (present situation) 
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revision of the “Safety requirements for Nuclear Power Plants” state-of-the-art requirements 
from international standards and guidelines are incorporated into the German requirements 
document. 
 
Especially on the level of KTA2-Rules requirements to digital I&C are just partly covered. 
That’s why for digital I&C the DIN3 IEC standards, EN standards and VDI/VDE4 guidelines 
have to be applied. Nevertheless, approved requirements that are independent from the I&C 
technology will be maintained. 
 
ISTec as well as SSTC NRS is involved in several international working groups, projects and 
committees like subcommittee SC45A of the IEC, the COMPSIS-project5 of the OECD/NEA 
(ISTec only) and the Technical Working Group on Nuclear Power Plant Control and 
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Instrumentation (TWG-NPPCI) of the IAEA. It became good practice during the collaboration 
of SSTC NRS and ISTec to exchange information and experiences from those activities. This 
helps to establish joint activities e.g. in working groups of SC45A. 

4. EXPERT REVIEWS FOR UPGRADED DIGITAL I&C SYSTEMS 
 
The most important event in nuclear industry in Ukraine in 2004 was the start of two units 
WWER 1000: Khmelnitsky 2 (KhNPP 2) and Rovno 4 (RNPP 4). 
The construction of KhNPP 2 and RNPP 4 began in 1983 and 1984 respectively. In 1990 the 
construction of both units was halted due to the Moratorium on construction of new power 
plants adopted by Verkhovna Rada of Ukraine (preservation and equipment conservation 
works were conducted). 
After the Moratorium lifting by the Verhovna Rada Decree the civil works were renewed. 
KhNPP 2 and RNPP 4 received I&C equipment before the moratorium (1990). The 
equipment was preserving all time from 1990. The design was improved during 1998-2003. 
The main principles of new design: 

a) I&C systems have to satisfy the new Ukrainian Regulations [5] (which was 
harmonizing with international requirements) and IAEA standards (NS-G-1.3, NS-G-
1.1, NS-R-1) and recommendations. 

Example: Requirements to diversity, which were realized in protection systems 
(apparatus diversity) and automatic control systems of reactors (program diversity). 

b) Technical decisions to implement state-of-art technology: 

• wide use of digital microprocessor technique, 

• modern man-machine interfaces (MMI), 

• distributed control, local nets, 

• high level of diagnostic, 

• using microprocessors and other components which produced by well established 
companies. 
Example: Protection system, which has main and diverse sets, 3 independent 
channels in every set using Field Programmable Gate Arrays (FPGA) produced by 
“Altera” (USA), different devices in the sets. 

c) Some parts of equipment (actuators, cables, some sensors, etc) were not replaced. 
Special activities of checking and tests were performed before start-up. 

d) Designers of the most systems were Ukrainian companies: 

• companies who have big experience (from 1981) in producing I&C systems for 
Russian, Ukrainian, Bulgarian WWER reactors, 

• companies who have produced computer systems for military aims before 
conversion. 

e) Wide approbation of new systems designed by Ukrainian companies before using on 
new units: 

• operation of control systems in open loop, 

• operation of information systems in emergency control room, etc. 
 
 
The list of new digital I&C systems which have been implemented on RNPP 4 is shown on 
table 2. All systems have been assessed by SSTC NRS. 
 
 



 
 

 

 
Table 2: Digital I&C Systems which have been implemented on new unit Rovno NPP-4 
 

Designer 
Name of System 

Name Country 

Reactor Protection System Radium Ukraine 

Reactor Power Control System, 

Reactor Power Limitation System 
Radium Ukraine 

Neutron Flux Monitoring System Impuls Ukraine 

Computer Information System KhIKA, Impuls Ukraine 

KhIKA, Impuls, Ukraine 
In-Core Monitoring System 

SNIIP Russia 

Group and Individual Control Rod System Skoda Czech Republic 

Automatic Control Systems of 1
st
 Circuit Shevchenko Plant Ukraine 

Automatic Control Systems of Machine Room Shevchenko Plant Ukraine 

Refuelling Machine Control System GANZ Hungary 

 
The second direction in SSTC NRS licensing activities was turned towards expert reviews of 
upgraded digital I&C systems. Ukraine has a government program for NPP I&C upgrading 
which starts to be fulfilled in 2000. 
 
Table 3: Upgraded digital I&C Systems which have been implemented at operated units 
during 2001-2005 
 

Designer 
Name of system 

Name Country 
NPP 

Reactor Protection System Radium Ukraine ZNPP - 1, 3 

Group and Individual Control Rod 
System 

Skoda 
Czech 

Republic 

SUNPP – 3 

ZNPP - 1, 3 

Neutron Flux Monitoring System Impuls Ukraine 
ZNPP - 4 

SUNPP - 3 

Computer Information System Westron Ukraine SUNPP - 2, 3 

Reactor Power Control System, 
Reactor Power Limitation System 

Khartron Ukraine RNPP - 2 

Computer System from Machine 
Room Control 

Shevchenko Plant, 
LvivORGRES 

Ukraine ZNPP - 4 

Tenzor, Kurchatovski 
institute 

Russia RNPP - 1, 2 
In-Core Reactor Monitoring System 

Impuls Ukraine ZNPP - 3 

Steam Generator Level and 
Feedwater Control System 

Westron, LvivORGRES Ukraine SUNPP - 3 

Refuelling machine Control System GANZ, Evig Hungary SUNPP - 1, 2 

ZNPP – Zaporoje NPP, SUNPP – South-Ukrainian NPP, RNPP-Rovno NPP 

 



 
 

 

The list of upgrading digital I&C systems which have been implemented on operated units 
during 2001-2005 is shown in table 3. All these systems have been assessed by SSTC NRS. 
Typical stages of licensing and expert reviews belonging to them are shown on table 4. 
 
ISTec has long term experience in assessment of modern digital safety I&C [8]. This holds 
for both, the generic qualification of I&C platforms as well as the assessment of plant specific 
applications. 
 
As an example ISTec established and performed the generic software qualification 
procedure for the TELEPERM XS system. This procedure comprises the "type-test" of each 
hardware and software component and a plant-independent system (integration) test with a 
representative system configuration. During the plant-independent system test especially the 
properties and the behaviour of the system software were evaluated. Because of the plant-
independent qualification the plant-specific qualification can be performed much more 
effectively. 
 
During the type test all manually developed software modules were qualified. Those modules 
are not modified during the application software design (automatic generation). Therefore, 
the plant-independent system software is already validated during the type test procedure. 
Only the automatically generated application software must be evaluated during the plant-
specific software qualification. The software qualification approach applied to the 
TELEPERM XS platform was discussed with SSTC NRC. 
 
A few I&C systems in German NPP’s have been upgraded during the last years. A brief 
overview is given in table 4. Additionally several safety related and non safety related digital 
devices are installed in German nuclear power plants like refuelling machine control systems, 
neutron flux measurement systems, etc. 
 
Table 4: Upgraded digital safety I&C Systems in German NPPs 
 

NPP System Platform Status 

KKU Power control and limitation system TELEPERM XS (Framatome ANP) In operation 

GKN Power control and limitation system TELEPERM XS (Framatome ANP) In operation 

GKN Reactor protection system TELEPERM XS (Framatome ANP) In planning 

KKI 
Limitation system, control system, 
Modern computerized MCR 

Symphony, Melody (Westinghouse) In operation 

KKP Emergency safety system 
TELEPERM XS, TELEPERM XP 
(Framatome ANP) 

In operation 

KWB Limitation system TELEPERM XS In operation 

FRM2
6
 Reactor protection system TELEPERM XS (Framatome ANP) In operation 

 
ISTec was also involved in the licensing of digital safety I&C systems for the FRM2, NPP 
Bohunice / Slovak Republic, NPP Paks / Hungary, NPP Beznau / Switzerland. The activities 
have manly been dedicated to plant specific assessment of the TELEPERM XS platform that 
has been applied in all projects mentioned above. During the collaboration with SSTC NRS 
an outstanding exchange of the experiences of the licensing process took place. In this way 
ISTec and SSTC NRS could learn from each other and improve their own methodology. 
 

                                                
6
 The FRM2 is the research reactor of the Technical University of Munich. 



 
 

 

5. CONCLUSIONS 
 
The information exchange regarding elaboration and application of standards and guidelines 
provides the basis for better understanding of the licensing approaches in Ukraine and 
Germany. 
 
Due to the collaboration between SSTC NRS and ISTec both partners get an overview about 
the procedures for backfitting of digital safety I&C in nuclear power plants. This is helpful for 
the Ukrainian experts to enhance their methodology of safety assessment and to get 
information about Western practices in this field. Otherwise the German experts learn about 
backfitting of Russian type WVVER reactors which are also operated in several East 
European countries of the European Union. 
 
Since Ukraine is not involved in all important international projects (e.g. the COMPSIS 
project of the OECD/NEA), the collaboration between SSTC NRS and ISTec provides an 
opportunity for information exchange especially in the field of evaluation of operational 
experience of digital I&C. 
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Abstract:  
 
A permit to construct a new nuclear power plant in Finland was granted to Teollisuuden 
Voima Ltd by the Government in February 2005. The permit was granted after STUK 
(Radiation and Nuclear Safety Authority in Finland) had issued its statement on the safety of 
the new plant. The statement was based on extensive effort to review the design of the plant. 
Main safety characteristics were reviewed already during the feasibility studies in late 90’s 
and TVO’s Decision-in-Principle application and early 00’s, and the detailed safety case as 
represented by the PSAR was reviewed in 2004. In its statement STUK concluded that there 
are no safety related obstacles for granting construction license to Olkiluoto 3 
 
 
1  BACKGROUND 
 
STUK started its evaluations of the EPR design at the end of the 1990s when Teollisuuden 
Voima Ltd (TVO) began a feasibility study for the construction of a new nuclear power plant. 
In the fall of 2000, TVO applied for a Decision-in-Principle to build a nuclear power plant in 
the power range of 1000-1600 MWe on either the Olkiluoto or the Loviisa site. In February 
2001, STUK issued a preliminary safety assessment required by law for the Decision-in-
Principle. Six different light water reactor concepts, the EPR among them, were preliminarily 
reviewed by STUK. Every concept required modifications to satisfy all Finnish safety 
requirements. The Government made its Decision-in-Principle on 17 January 2002 and it 
was ratified by the Finnish Parliament on 24 May 2002. 
 
After receiving the Decision-in-Principle, TVO asked major nuclear vendors for bids for the 
plant. TVO received bids from three major vendors for four different designs, two BWRs and 
two PWRs. During the course of bid evaluation meetings were held between STUK, TVO and 
prospective vendors to resolve a few remaining licensability and/or other major technical 
questions. Ultimately, TVO selected the EPR design offered by a Consortium of Framatome 
ANP and Siemens AG (CFS). TVO submitted a Construction Permit application to the 
Ministry of Trade and Industry (KTM) in early 2004 to build an EPR reactor in Olkiluoto, 
naming the unit Olkiluoto 3 (the site already hosts two Asea Atom BWRs commissioned in 
early 1980’s). 
 
Construction Permits of nuclear facilities are granted by the Government, and for preparing 
the Government decision KTM (the Ministry of Trade and Industry) needs from STUK a 
statement on the safety of the planned facility (considering design features and other 
relevant issues). TVO submitted the documentation needed for safety assessment to STUK 
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in January 2004. The documentation consists of a preliminary safety analysis report (PSAR), 
a safety classification document and a probabilistic safety analysis, as well as other 
documents related to quality assurance during design and construction, preliminary plans for 
emergency preparedness, physical protection and safeguards and regulatory control 
possibilities during construction.  
 
STUK issued its statement together with a safety assessment report to KTM in January 
2005. STUK did not foresee any safety related obstacles for a Construction Permit. Reaching 
this conclusion required an intensive review of the Olkiluoto 3 design during 2004 and the 
beginning of 2005, and further design modifications were introduced to fulfil Finnish safety 
requirements. The Government granted the permit on 17 February 2005.  
 
 
2  STUK’S DESIGN REVIEW 
 
STUK's design review was focused on the design basis of the plant, analysis of transient and 
accident behaviour and analysis of radiological consequences of normal operation, transient 
and accident conditions. In addition, application of redundancy, diversity and separation 
principles in systems significant to safety to be able to meet failure criteria in abnormal 
conditions was carefully examined. Much emphasis was placed on issues concerning severe 
accidents and a large aircraft crash.  
 
To complement STUK's own review and to get independent evaluation of the design, STUK 
contracted external organisations and experts to study various specific topics. Research 
organisations in Finland (Finnish Technical Research Centre, VTT) and in Germany (Institute 
for Safety and Reliability, ISaR) were asked to perform transient and accident analyses for 
some of the most limiting cases. ISaR also gave a requested expert opinion on the design of 
emergency core cooling systems. Based on the results of the transient and accident 
analyses performed by independent organisations using different analysis tools and models, 
it could be concluded that the vendor analyses were adequately conservative. 
 
STUK also contracted the German research organisation, Gesellschaft für Anlagen und 
Reaktorsicherheit (GRS) to perform analysis of the protection against aircraft crashes and to 
evaluate the Break Preclusion concept applied in primary and secondary systems. 
Furthermore, STUK hired Lappeenranta University of Technology to study the functionality of 
the molten core spreading area cooling system. In addition, STUK asked advice on topics 
outside STUK´s expertise: a review of programmable digital systems, protection against 
electromagnetic interference, high electro-magnetic pulses, human reliability analysis and 
weather phenomena, to mention a few. Results of these studies, tests and experts’ advice 
were incorporated with STUK's review.  
 
During the review, STUK had numerous meetings with TVO and CFS on various topics. As a 
result of these meetings and several audits of the CFS design processes, STUK was able to 
get familiar with the capabilities of the CFS and TVO to manage the project. Audits, mostly 
conducted by TVO with STUK participating as an observer, resulted in several remarks. CFS 
managed to resolve the most significant findings prior to STUK’s statement. 
 
 
3  CHANGES IN THE DESIGN 
 
As a result of the review, STUK indicated that the reliability of certain safety functions needed 
improvement. This led the vendor to propose design modifications that provided additional 
diversity, redundancy or separation in these functions. Some examples are given below. 
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One of the changes was related to the consideration of large break LOCA in the design basis 
of the plant: in essence, LB LOCA was retained as a Design Basis Accident. STUK required 
pipe whip restraints to be implemented in the primary systems to complement the Break 
Preclusion concept. In addition, consequences of a guillotine 2A LOCA to the cooling of the 
core and radioactivity control were to be analysed. Provision against severe accidents had to 
be improved by doubling the dedicated depressurising valves and by significantly simplifying 
the design of the spreading area floor construction. The management of hydrogen in the two 
compartment containment was also challenging. Analyses concerning hydrogen distribution 
and margins against hydrogen explosions in the containment resulted to the installation of 
additional hatches on the top of the steam generator compartments to guarantee adequate 
distribution of hydrogen in the containment. With regard to airplane crashes, the design was 
required to withstand a crash of a large passenger or military aircraft without direct 
radioactive releases to the environment. While the EPR basic design provided a good 
starting point here in terms of general layout, changes were anyway incorporated in the 
design during the review to increase wall thicknesses, distances between the inner and outer 
walls of the safety and fuel buildings, robustness of the pumping stations, and protection of 
air intakes from fuel ingression. 
 
In the accident analysis area, management of steam generator tube ruptures was modified to 
minimise direct releases into environment. STUK also paid attention to the sump design, 
requiring provision of backflushing capability to clean the filter, and followed closely the tests 
performed to verify the proposed design. Built-in backflushing is the only known reliable 
means to ensure undisturbed sump performance and hence long-term cooling of the core 
after a LOCA. In the automation area, the review focused on the architecture and functions of 
the different I&C systems, especially on the application of diversification and separation (e.g. 
use of sensors) between the protection system and its diverse back up. STUK also required 
a simple automatic hardwired back up system to cope with a total loss of digital I&C.  
 
Regarding the separation requirements of the electrical systems, safety classified electrical 
cables were to be physically separated from the non-safety cables. Separation of electric 
supply from the DBA systems and systems dedicated to severe accidents were improved. As 
a separate joint project with the Finnish national grid operator Fingrid, a gas turbine will be 
constructed on site to provide independent AC power to all units. Additional fire walls are to 
be constructed in the annulus area to separate redundancies from each other. Some 
modifications were necessary due to Finnish weather phenomena. For example, the air 
intakes of the emergency diesel generator, and the cooling systems had to be protected 
against snow blocking. 
 
 
4  CO-OPERATION BETWEEN FRENCH REGULATOR AND STUK 
 
Ever since TVO chose the EPR, STUK has had close co-operation with the French safety 
authority DGSNR and its technical support organisation IRSN (co-operation existed earlier, 
as well, but then common interests were fewer). Current co-operation consists of meetings 
and exchange of information on the review results of specific design topics (severe 
accidents, automation, air craft crashes, etc.) important in seeking a common position. 
Furthermore, a STUK representative has been nominated a member of the French Standing 
Committee on Reactors (GPR). DGSNR also provided STUK with the results of the French 
and German safety authorities´ work in developing the basic EPR design criteria during the 
1990’s. Meetings were also held with DGSNR’s pressure equipment section (BCCN) to 
exchange information on the design and manufacturing of primary components. STUK 
considers this information exchange with DGSNR and IRSN very useful and looks forward to 
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continuing this work during the construction period. 
 
 
5  RESULTS OF THE REVIEW  
 
Based on the review results, STUK found no safety related issues preventing a Construction 
Permit. STUK’s safety evaluation concluded that the Olkiluoto 3 can be build so that its 
operation poses no harm to employees, general public or environment if the provisions and 
commitments made in the PSAR are duly followed. STUK also noted that there are 
improvements in the safety design compared to the currently existing plants. Use of 
redundancy in the safety systems, subsystems systematically separated from each other, 
together with extensive use of diversity in functional level forms a basis for improved safety. 
The explicit dimensioning of the containment (and other safety-related buildings) against 
severe accidents and aircraft crashes is a step forward as well. 
 
However, in its statement STUK set some conditions. As the detailed design of the plant 
continues during the construction period, STUK must be able to oversee the project properly; 
in spite of the very ambitious construction schedule enough time must be reserved for STUK 
to perform its regulatory activities (approval of detailed design). Concerning waste 
management, more detailed plans taking into account the effects of the new unit in the 
existing waste management plans are required. STUK also pointed out that TVO must 
develop and maintain its expertise at an adequate level during the construction and operating 
phases of the new unit. Furthermore, STUK remarked that the Finnish society needs a 
commitment to maintaining the nuclear safety infrastructure, sufficient higher-education and 
basic research within the field of nuclear technology. 
 
 
6  CRITICISMS 
 
The new power reactor project has all along drawn the attention of nuclear energy critics 
such as Greenpeace, Friends of the Earth and IPPNW. These organisations have issued 
statements along various phases of the project, including decision-in-principle (several but 
relatively superficial) and the construction permit (few but relatively thorough). Main topics 
raised pertain to severe accident management, use of digital I&C, and coping with external 
threats, in particular terrorism. 
 
STUK’s construction permit statement and its supporting documentation were independently 
reviewed by Greenpeace, which hired a British consultant well known for his critical voice. 
The consultant failed to find any such shortcoming or safety issue that would not have been 
addressed by STUK’s review already. Same applies to other criticisms received so far. 
 
Generally, it is worth noting that the Finnish three-step licensing process allows extensive 
discussion among and participation of all stakeholders during very early phases of the 
project, and it has proven very effective in establishing a societal consensus and broad 
commitment. As an example, the construction permit was granted by a government 
consisting mostly of ministers, including the prime minister, who during the previous 
parliament term had voted against the decision in principle on the Olkiluoto 3 project. 
 
 
7  WORK CONTINUES 
 
The review of the design has been a major challenge for STUK’s staff. STUK has used more 
than 30 man-years for the review in 1999-2004. From January to August 2005, 15 additional 
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man-years have been spent on further reviews. The design of the plant is not yet in all 
respect completely finalised. STUK’s regulatory control and approval process focuses both 
the design/implementation and project management activities and continues during the 
construction. STUK will review and approve the detailed designs of the safety-significant 
systems, structures and components (SSC). The start of manufacturing of SSCs is not 
allowed prior to STUK’s approval. This is a major challenge for the project due to the tight 
construction schedule. In addition to the approval of the detailed design documentation, 
STUK will approve manufacturers for the most significant pressure equipment, installation 
and commissioning of the equipment, and inspect the manufacturing processes. STUK will 
also perform inspections on the construction of the most significant civil structures. In the 
electrical and I&C area, STUK controls the design and manufacturing processes of the 
equipment, verification and validation of the software and systems, tests off site as well as 
the installation and commissioning on site.  
 
STUK has established a Construction Inspection Programme concerned with the project 
management and working processes of TVO. The inspection framework covers the 
construction period and detailed inspection plans will be established semi annually. The 
Programme consists of inspections for example on TVO’s project management, use of 
resources, handling of safety issues, decision making, quality management and control, and 
training.  
 
TVO is expected submit an application for an Operating License in late 2007. A fuel loading 
and the start of a trial run will follow the granting of the Operating License, scheduled in late 
2008. In the operating license phase, TVO will submit the licensing documentation to STUK 
for review and approval. STUK will again give a statement on safety to KTM, before the 
Government can issue the Operating License.  
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Abstract:  
The WEX and MEDICIS codes are currently part of the integral code ASTEC V1 for the simulation of 
MCCI phenomena that may evolve during a severe core melt accident in PWR nuclear power plants. 
WEX represents the traditional modelling approach to the MCCI phenomenology and is limited in 
flexibility for additional models and model options. MEDICIS has recently been developed with the 
objective of a more generalised, flexible MCCI code, which is capable of a tighter coupling to thermo-
chemical data bases. More insights in the capabilities, limitations and differences of the current 
models used in these codes are obtained by a parallel use of WEX and MEDICIS for some selected 
experiments, e.g. BETA 5.2, MACE M3b and OECD-MCCI CCI 2. The interface temperature between 
melt and crust and the effective heat transfer coefficient between melt and concrete are identified here 
as important model parameters in recalculations of the experiments. The fixing of these model 
parameters is difficult since indications from experimental results are weak. The conclusion from the 
test CCI 2 on the homogeneous heat flux distribution remains to be confirmed in further experiments. 
Parametrical reactor calculations performed with MEDICIS show its capabilities for reactor applications 
and point out other uncertainties in MCCI modelling influencing the long term MCCI phase: the 
oxide/metal heat transfer in the case of a stratified pool configuration and the pool configuration 
evolution models. 

1 INTRODUCTION 
 
The integral code ASTEC (Accident Source Term Evaluation Code) [1] is being commonly 
developed by IRSN and GRS with the aim to obtain a fast running code for the simulation of 
complete severe accidents sequences in LWR, starting from the initiating event up to a 
possible release of fission products into the environment. Such pathways may eventually be 
caused by consequences of the interaction of molten core material with the concrete 
structures (MCCI = Molten Corium-Concrete Interactions) of the containment. 

1.1 Basic aspects of MCCI for containment safety issues 
 
In case of a hypothetical severe accident large amounts of molten corium may enter the 
reactor cavity after the reactor pressure vessel has failed. In succession to this serious MCCI 
situations will establish during which some major hazards for the environment may be 
encountered:  

• Because of the continuous release of decay heat in the corium there is a potential for 
a melt-through of the concrete foundation of the containment by ablation of the 
concrete, thus opening a downward pathway for radioactive fission products into the 
soil and groundwater located underneath. 



 
 

• Concrete ablation generates gas release – especially the gases H2, H2O, CO and 
CO2 – into the containment atmosphere. Whereas the production of steam and 
carbon dioxide contributes to the pressure increase in the containment, the release of 
hydrogen and carbon monoxide may eventually lead in addition to the formation of 
explosive gas mixtures in the containment atmosphere. Both effects have impact on 
the boundary conditions for long-term leakage processes and may even lead directly 
or indirectly to an overpressurisation failure of the containment. Thus an early 
radiological source term may be promoted.  

 
The primary objective for an analysis code dedicated to the simulation of MCCI (e.g. WEX 
and MEDICIS in ASTEC) is to evaluate the time evolution of the major processes described 
above (in particular the quantities of the axial and radial ablation depths and pool 
temperature, see also Figure 1) with ‘best-estimate-approaches’ and sufficient accuracy. 
Further, the code must be able to quantify the heat and mass transfer processes between 
the molten pool and containment atmosphere for the purpose of coupled containment 
thermal-hydraulics calculations.  
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Figure 1: Basic sketch of a stratified two-layer configuration of the molten pool (metal below 
oxide) and the relevant heat and mass transfer pathways to be regarded for the simulation of 
MCCI phenomena 

2 SHORT DESCRIPTIONS OF THE MCCI MODELS AVAILABLE IN ASTEC 
 
At the start of the ASTEC development some important model approaches, e.g. WECHSL 
(developed at FZK in the 1980s [2]), WEX (a GRS-development on the basis of WECHSL 
[4]) and the US-code CORCON (SNL [3]) already existed. These model approaches were 
essentially based on experimental data for metallic melts (e.g. from the BETA-experiments at 
FZK) or from one-dimensional experiments with oxide melt (ACE/MACE test series at ANL, 
USA) which are extrapolated to reactor scale.  



 
 

For many years the codes WECHSL and WEX [4] had been used by IRSN, FZK and GRS to 
simulate MCCI phenomena in post-test analyses of experiments and generic studies for 
PWR severe accidents. Consequently the most recent WECHSL/WEX version was 
historically the first choice for the implementation of a MCCI module into ASTEC V0. 
However, in the past it has become obvious that despite of the many successful validation 
results with WEX the applicability of the code for future needs within ASTEC is limited. The 
requirements which WEX is actually lacking of were identified as [5]: 

• Coding modularity (for easy further development and extensions), 
• Flexibility (for convenient use and choice of optional models), 
• Generalised modelling of pools using a layer averaged description for coupling with 

thermo-chemistry, 
• Numerical robustness. 

For these reasons the development of MEDICIS [6] has been initiated by IRSN in 
cooperation with GRS in 2002, the first version being implemented in ASTEC (version V1.1) 
middle of 2004. It is planned that MEDICIS should in a near future become in ASTEC the 
unique MCCI code. The structure of MEDICIS is flexible enough to allow an easy 
implementation of new models generated by R&D outcomes. MEDICIS uses a robust 
algorithm for 2D cavity erosion. An extension of this algorithm to 3D is foreseen but not 
achieved yet. This module is interfaced with the general physico-chemistry package MDB of 
ASTEC for element speciation in a mixture, thermodynamic data (liquidus temperatures, 
enthalpies…), and thermo-physical properties (density, viscosity…). Other models (e.g. for 
melt coolability, evolution of pool configuration…) have been recently added to MEDICIS. 
In the current version of ASTEC (V1.2 delivered middle of 2005) WEX and MEDICIS codes 
are available for the simulation of MCCI phenomena. Their basic features are described 
below. 

2.1 WEX 
 
WEX [4] is a lumped parameter code which has been developed by GRS in the frame of 
COCOSYS project for the analysis of the thermal and chemical interaction of reactor 
materials with concrete in a two-dimensional as well as in a one-dimensional, axisymmetric 
concrete cavity. The code performs calculations from the time of initial contact of a hot 
molten pool with concrete until long-term basemat erosion causing possibly a basemat melt-
through.  
WEX considers either one oxide layer, which can contain a homogeneously dispersed metallic 
phase, or a separation of the molten pool into metal and oxide layers. Internal energy release 
is considered in form of decay heat or by exothermic chemical reactions. Energy is transferred 
to the melting concrete (ablation heat flux) and to the upper containment (thermal radiation or 
evaporation of sump water possibly flooding the surface of the melt). Gases generated during 
concrete decomposition pass through the melt. Water vapour and carbon dioxide are reduced 
as they pass through the metallic layer. Heat transfer between the molten layers is described. 
For the heat transfer from the melt to the concrete a film model, a discrete bubble model or a 
transition boiling model is used, depending on the existing gas flow and on the inclination of the 
interface. The bulk of each layer of the melt is assumed to be isothermal with boundary layers 
at the interfaces. During cooling of the melt transient crust formation is modelled. Crusts are 
assumed to be permeable to gases. Solidus and liquidus temperatures for the oxidic phase are 
determined from a quasi-binary phase diagram. The relevant chemical reactions are 
formulated by gross reaction equations. The condensed phase reactions are calculated within 
each time interval with the equilibrium concentration of the products achieved completely. The 
reactions are assumed to proceed in the order Zr, Si, Cr, Fe, so that Fe is oxidised only when 
all available amounts of Zr, Si and Cr have been consumed. 



 
 

2.2 MEDICIS 
 
Like WEX, MEDICIS [5] [6] uses a lumped parameter approach based on a layer averaged 
description. The description of basic physical and chemical phenomena is similar to that of 
WEX, excepted for the more simplified treatment of heat transfer at the corium/concrete 
interface without any film model. This code describes either an axisymmetric concrete cavity 
or a slab-shaped cavity. It is characterized by a large flexibility permitting an easy addition of 
new models as well as a convenient use of optional models. 
 
The melt pool may be either homogeneous or stratified and may evolve versus time. In 
principle the code might treat any number of layers. However, due to the difficulty of defining 
properly each layer in the general case, only four layer types are possible in the present 
version: an oxide layer, a mixed oxide/metal layer in the case of a homogeneous pool, a 
metallic layer and the upper crust built-up at the pool upper interface. For each layer, mass 
balance equations are written per chemical element and the energy balance equation uses 
enthalpies of element mixtures, which allow solving mass and energy balance equations 
independently of the detailed corium chemistry evolution. The cavity erosion algorithm 
assumes that the cavity boundary is a succession of truncated cones in case of an 
axisymmetric geometry or a succession of prisms in case of a slab geometry. The 2D-profile 
of the cavity boundary versus time is determined using the local energy conservation at each 
boundary node and Stefan’s relation to evaluate the ablation velocity. The heat transfer from 
corium to concrete is described by a simple thermal resistance model including in series the 
convective heat transfer, the heat conduction across the semi-solid corium zone called ‘crust’ 
at a temperature below the freezing temperature and the heat transfer in a slag layer. 
Corium quenching models of the CORQUENCH code [7] including the melt eruption model 
have been introduced in MEDICIS. 

Precise thermo-chemical data (liquid fraction versus temperature and composition, solidus 
and liquidus temperatures) can be generated outside MEDICIS by an interface with the 
GEMINI2 code [8] using the NUCLEA database [9] for mixtures of a given initial corium with 
the considered concrete material. MEDICIS determines at any time the thermo-chemical data 
by interpolation from the interface results; the interpolation parameter is the mass fraction of 
‘light’ oxides arising from the ablated concrete. 

3 RECENT ASSESSMENT WORKS 

3.1 Strategy for model assessment 
 
The validation work performed in the past with WEX and MEDICIS showed that a consistent 
simulation of the broad range of experiments available was not possible. The deviations of 
post-test calculations with the experiment were found to be approximately a factor 2 in case 
of the ablation depth and ± 150 K in case of the pool temperature at the end of the 
experiment. The reasons are the following: 

• Empirical parameters in the models (i.e. heat transfer at corium/concrete interface 
and freezing temperature) are still ‘uncertain’; 

• Knowledge of thermo-chemical data determining the freezing temperature and 
transport physical properties is still insufficient for some oxide/metal mixtures; 

• Evaluation of the 2D heat flux distribution either in an homogeneous pool or a 
stratified pool configuration is difficult due to the lack of knowledge on 2D heat 
convection and on oxide/metal heat transfer.  

In order to reduce uncertainties on the MCCI knowledge, there are currently many research 
projects on MCCI in progress, integral experiments using real material (OECD-MCCI at ANL, 
VULCANO at CEA), high melting temperature simulant experiments (LACOMERA-COMET 



 
 

at FZK) and analytical simulant experiments (ARTEMIS 1D, 2D and in stratified pool 
configuration at CEA). 
The strategy for the development of MCCI models in ASTEC and their assessment can be 
summarised as follows: 

1. Point out the shortcomings of the existing models found in recalculations of 
experiments; 

2. Elaborate alternative approaches based in particular on detailed analysis of analytical 
experiments (such as ARTEMIS);  

3. Check the applicability of alternative approaches on a wider spectrum of available 
experiments; 

4. Test their predictability by blind calculations of future experiments. 

3.2 Traditional approaches vs. new formulations including more detailed thermo-
chemistry data 
 
There is a common agreement among the experts that the freezing behaviour of the melt 
influences strongly the MCCI phenomena in the pool. In the more traditional view of the 
codes WECHSL/WEX and CORCON, this is accounted for by considering an interface 
condition for the formation of crusts along the melt boundaries (freezing temperature) and 
relating this freezing temperature to the solidus (and/or) the liquidus temperature of the melt 
obtained by a quasi-binary phase diagram (see Figure 2 from [10]). 
 

Figure 2: Liquids- and solidus temperatures for 
quasi-binary core-concrete mixtures 

Figure 3: Molten fraction versus temperature 
T and light oxide fraction (FLO) evaluated by 
the code GEMINI2 for MEDICIS 

 
In these approaches the freezing temperature for considering the growth of crusts was 
basically referred to the solidus temperature of the melt, like in steady-state metallurgy. The 
temperature drop ∆T between the pool and the freezing temperature Tsolidif is calculated in 
quasi-steady state from the heat flux density along the crust interface q and the heat transfer 
coefficient h: ∆T = q/h, which can be large because h is rather low due to the significant 
corium solid fraction. The success of the validation of these models was limited: only with 
special adoptions of heat transfer models and correlations for the BETA experiments 
separately from other experiments consistent results could be obtained. 
On the other hand there are indications that lead to a new model approach [11] with stronger 
links to equilibrium thermo-chemistry: this approach considers that in long-term MCCI 
situations the interface temperature between melt and crust, the freezing temperature, is 
near the liquidus temperature of the actual liquid melt (i.e. the initial melt composition minus 



 
 

the refractory species segregated in the crust plus the concrete slag added to the melt by 
concrete ablation).  
This approach would have strong impact on the dynamics of the pool temperature in MCCI 
situations. The pool temperature cannot exceed much the equilibrium temperature of the 
liquid melt at its actual composition because of the high heat transfer coefficient h for the 
liquid melt. This would imply that a stepwise increase of internal power, like in the experiment 
MACE-M3b, would not lead a priori to a similar increase in pool temperature, only via the 
change of melt composition by re-melting of refractory crusts in the first instance.  
The deficits of some post-test calculations of experiments with the traditional modelling in 
predicting the pool temperature is suspected by many authors to be a consequence of 
selecting the wrong interface temperature condition for the formation of crusts (solidus 
instead of liquidus as required by the new approaches). 
In ASTEC, MEDICIS may either be used in a more traditional way (like WEX) or with a more 
modern model set-up where detailed thermo-chemical data are pre-calculated (e.g. liquid 
fraction versus temperature and composition, see Figure 3) by the GEMINI2 code. 

3.3 WEX and MEDICIS assessment activities 
 
WEX and MEDICIS are used in parallel for the detailed assessment of different available 
model approaches. Two types of analyses are carried out.  
 
WEX/MEDICIS benchmarking 
 
In a first step the calculations with WEX and MEDICIS are performed using the same initial 
and boundary conditions. Since the models in the codes are not identical the differences in 
the calculations must then be related to model differences. 
In a second step, one of the codes (in general MEDICIS, thanks to its flexibility) is modified in 
order to get more close to the calculation behaviour of the more traditional code (in general 
WEX).  
The reliability of different possible heat transfer models will be checked in predictions and 
recalculations of future experiments, e.g. CCI 3 [12], in order to select best-estimate models. 
 
MEDICIS sensitivity studies 
 
For all calculations of experiments the standard heat transfer models in MEDICIS are 
selected, in particular the convective heat transfer coefficient and the slag layer model. The 
correlation derived from BALI experiments [13] for the convective heat transfer at the corium 
pool interface has been chosen. A high value of the slag layer heat transfer coefficient is 
retained, i.e. 1000 W/m2/K, which agrees in order of magnitude with the slag layer model of 
the CORCON code [3]. Results obtained show a little dependence on this parameter, as long 
as a crust is present at the corium/concrete interface all along the test, which is verified for all 
experiments considered here.  
Only the value of the γ parameter determining the freezing temperature at the boundary 
between convective corium zone and crust from the relation Tsolidif = γ Tsolidus + (1 - γ) Tliquidus, 
where Tsolidus and Tliquidus are the solidus and liquidus temperatures at the corium composition, 
is adjusted in each experiment while using adequate thermo-chemistry data. This permits to 
test the different approaches for modelling the corium freezing at pool interfaces: “traditional 
one” with a γ value equal to 1, thermodynamic equilibrium at zero crust growth with γ value 
equal to 0, or an in-between situation with an intermediate γ value assuming some deviation 
from the two idealistic assumptions. 
 
Table 1 shows the matrix of experiments considered recently with MEDICIS and WEX in 
ASTEC V1.  



 
 

 
Table 1: Experiments considered in this context for the assessment of MCCI models 

Experiment Concrete Geometry Melt Heating

ACE L2, L6, 
L7, L8  

siliceous, LCS, 
limestone 1D ablation, cuboid oxidic corium + Zr electrical

BETA 5.2 siliceous 2D ablation, 
axisymmetric 

thermite (Al2O3 + Fe + Zr) 
stratified induction

MACE M3b LCS 1D ablation, cuboid oxidic corium + Cr electrical

OECD CCI 2 LCS 2D ablation, cuboid oxidic corium + Cr electrical

3.4 Assessment results 

3.4.1 MEDICIS assessment against ACE tests 
 
The validation of MEDICIS code against some selected experiments (L2, L6, L7 L8) of the 
well-known program ACE [14] is presented hereafter adjusting the freezing temperature but 
keeping the standard heat transfer models. 
The ACE experiments have been performed at ANL in the frame of an international program 
in order to determine the concrete ablation rates and the release fractions of low-volatile 
fission product species during MCCI. The melt is heated initially by tungsten resistance 
heating and power is then injected by direct electrical heating. The melt temperature and the 
ablation depth are measured versus time. The experiments differ mainly by the corium and 
concrete compositions and the injected power; initial features are given for L2 test as an 
example in Table 2. 
 
Table 2: Characteristics and geometry of ACE L2 experiment 

Initial oxidic corium mass (kg) UO2: 216, ZrO2: 42.5, CaO: 11.4, SiO2: 21 
Initial metal mass (kg) Zr: 13.4  
Pool section, basemat depth 0.5 m x 0.5 m, 0.3 m 
Concrete characteristics siliceous concrete  

 
It is recalled that precise thermo-chemistry data and in particular solidus and liquidus 
temperatures have been determined using the interface with GEMINI2 code [7]. 
A homogeneous configuration is chosen since Zr is oxidised very fast. In order to reduce 
discrepancies compared to the experiment, experimental data are used to impose the values 
of some variables, as follows: since a part of released gas escaped downwards, the gas 
superficial velocity obtained from the experiment is imposed; upwards radiative losses are 
fitted on experimental data versus time; the pool upper crust built-up is suppressed by user’s 
input in calculations, in agreement with the experimental observations. 
The calculation/experiment comparison is performed both on the concrete erosion kinetics 
and on the pool temperature evolution. As it is not possible to reproduce well enough both 
ablation kinetics and temperature evolution for a given γ parameter value, lower and upper 
bounds of the γ parameter value giving results in broad agreement with the experiment are 
determined. Detailed results are presented here only for L2. 
In a first step, the segregation of refractory material (UO2 et ZrO2) in crusts built-up by 
freezing along the lateral non-ablatable walls in the melt pool and due to the splashing above 
the melt pool is ignored. The value of the γ parameter giving the best agreement with the 
measured temperature and erosion kinetics is around 0.28, the average value of temperature 



 
 

is correctly reproduced but the deviation between calculated and measured temperature 
evolutions remains rather large. 
In a second step, the refractory material segregation in crusts built-up by solidification along 
melt pool lateral walls and due to splashing as observed in the experiments are taken into 
account. These effects are maximised: the crusts are supposed to be made of only refractory 
oxide, and a large mass (up to 70% of the initial inventory) is subtracted from the corium pool 
inventory from the calculation onset. Two calculations, with minimum and maximum removed 
masses, are performed. In the maximum case, the removed mass is chosen in order to get a 
liquidus pool temperature equal to the measured initial temperature. Only results with the 
maximum segregation case are displayed on Figure 4 and Figure 5. 
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Figure 4: Concrete ablation kinetics in L2 
with refractory material segregation in crusts 

Figure 5: Temperature evolution in L2 with 
refractory material segregation in crusts 

 
The temperature evolution and especially the low decrease rate are rather well reproduced 
using the segregation assumption (see Figure 5). The reason is clearly the lower liquidus 
temperature now located below the measured pool temperature even at the experiment 
onset: indeed, segregation lowers the initial refractory oxide fraction and then the liquidus 
temperature decreases more slowly with increasing concrete oxide fraction. However the 
refractory material segregation in crusts needed for decreasing the liquidus temperature 
below the measured temperature from the beginning is probably unrealistic, because in fact 
the segregated mass should increase gradually due to the non-instantaneous phenomena of 
solidification and splashing. 
Moreover, even if overestimating the refractory material segregation, the liquidus 
temperature and then the calculated pool temperature still decrease faster than the 
measured pool temperature in most experiments, which shows that the measured 
temperature evolution cannot be explained only by assuming a freezing temperature equal to 
the liquidus one. Therefore the maximum segregation case has to be considered as a 
bounding case, giving the permissible minimum γ value. The range of γ parameter values 
obtained from the fitting on the L2 experiment stands between 0 and 0.28. 
Similar results are obtained for the other ACE tests whatever the concrete type. This analysis 
shows that in the frame of the present heat transfer modelling, the γ parameter value stands 
in any case between 0 and 0.3, taking into account uncertainties on material segregation in 
the crusts. 



 
 

3.4.2 WEX and MEDICIS assessment against BETA 5.2 
 
The experiment BETA V5.2 investigates the influence of metallic zircalloy in the melt on the 
MCCI in a cylindrical crucible made of siliceous concrete. The net heating power (supplied by 
induction coils) averages to 280 kW in this test. In the BETA V5 experiments the zircalloy 
additive is dropped into the crucible and heated by induction heating up to 500 K before the 
melt was poured into the crucible. The melt resulting from the thermite reaction was poured 
sequentially into the crucible: First the metal and then the oxide.  
Calculations are performed here with WEX and MEDICIS using the solidus temperature as 
freezing temperature, standard models for WEX and a modified heat transfer distribution for 
MEDICIS.  

In order to match the initial 
temperature at the beginning 
of the MCCI, the initial 
temperature of the melt and 
of the zircalloy is set to the 
corresponding value (2170 
K). The sequential pouring of 
the melt is treated by WEX 
input, but ignoring the 
precise kinetics of the 
pouring. In WEX, solidus and 
liquidus temperatures of the 
melt as function of concrete 
content are calculated 
internally by the Schröder - 
van - Laar equation. The 
same method is used in 
other original inputs of FZK 
for the BETA experiments. 
Solidus and liquidus 
temperatures of the oxide 
melt as function of concrete 
weight fractions required by 
MEDICIS are deduced from 
those calculated in WEX 
(given as function of mole 
fractions, by the use of the 
Schröder-van-Laar equa-
tion), approximating the 
required weight fraction data 
with the mole fraction data 
calculated by WEX. 
In WEX the splashing model 
is invoked as recommended 
by FZK for the post-
calculations of the BETA 
tests to account for the 
impact of melt material 
splashing on the melt cooling 
(see below). In MEDICIS 
such a splashing model is 
not available. 
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Figure 6: Melt temperature calculated by WEX and MEDICIS 
for BETA V5.2 

Figure 7: Ablation depths calculated by WEX and MEDICIS 
for BETA 5.2 



 
 

The tendency of the metal melt temperature is well predicted by the codes (Figure 6). As a 
major feature of all BETA experiments the melt temperature decreases fast from the initial 
temperature to a temperature in between 1600 K and 1700 K. This temperature is believed to 
be close to the freezing temperature of the metallic melt (predominantly Fe, including some 
amounts of Zr, Si, B, Cr and Ni). The metal temperature in the calculations is finally slightly 
above the measurement. This could both be due to differences in the data basis for the 
freezing temperature of the metal (around 1800 K) and to the initial escalation of the 
temperature due to the calculated oxidation of the Zr inventory of the melt. The 
experimenters at FZK explained the rapid initial cooling of the melt in the BETA experiments 
by the splashing phenomenon (melt material splashing out of the pool onto the upper, sloped 
side walls of the test cylinder). Only by means of an appropriate model, which had been 
implemented into WEX, the transient cooling of the melt within the first 200 s could be 
reproduced by the code WEX despite the internal power release due to the Zr-oxidation 
reaction. 
An anisotropic ablation as found in BETA 5.2 can be recalculated with MEDICIS only by 
assuming an anisotropic distribution of heat transfer coefficients (e.g. of the slag: 3 kW/m2 K 
in axial and 1 kW/m2 K in radial direction). But then the axial ablation kinetics is 
overestimated. Later on, due to crust growth, the calculated heat fluxes and consequently the 
ablation velocity are reduced in the MEDICIS calculation and the final axial ablation depth is 
met. This is the same behaviour as in the case of the code WEX, which initially 
overestimates the axial ablation in BETA 5.2 but switches to a less efficient heat transfer 
mode because of metal crust growth and is finally in good agreement with the final axial 
ablation depth (Figure 7). 
Since there are still experimental uncertainties concerning the energy balance in the BETA 
experiments and on the real impact of the splashing phenomenon, an implementation of the 
splashing model into MEDICIS seems to be premature. 

3.4.3 WEX and MEDICIS assessment against MACE M3b 
 
The MACE-experiments performed at ANL investigated the phenomena of melt coolability 
after top flooding of the melt with water and are characterised by the following main boundary 
conditions: pool depth of approx. 25 cm (collapsed melt), realistic corium compositions for 
PWR- and BWR-plants, realistic initial conditions for MCCI and realistic decay power levels. 
In the MACE experiments the melt was generated by a thermite reaction (in the contrast to 
the ACE test series) and then the melt is directly heated by an electric current.  
The one-dimensional experiment MACE-M3b is characterised by a large-scale cavity (1.2 m 
× 1.2 m square base area) on top of a limestone/common sand concrete basemat. The initial 
corium mass amounted to approximately 1800 kg of fully oxidised corium including 6 wt.-% of 
chromium. The experiment lasted around 7.5 h. At 52 min after onset of concrete ablation the 
melt was flooded with water from the top, leading to sharp peaks in the transient heat fluxes 
at the top surface. The ablation depth at the end of the experiment was approx. 28 cm. 
The initial temperature of the melt in the codes was approximated by averaging the 
experimental temperature recordings which gave a value of 2100 K at the start of ablation. 
Calculations are performed here with WEX and MEDICIS using the solidus temperature as 
freezing temperature and standard models of each code. 
The pool temperatures of the oxide test MACE M3b is underestimated in the long term by 
MEDICIS and WEX (Figure 8), although the propagation of ablation front is in good 
agreement with the experimental results (Figure 9). 
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Figure 8: Melt temperature calculated by WEX and MEDICIS for MACE-M3b. 
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Figure 9: Ablation depths calculated by WEX and MEDICIS for MACE-M3b. 

 
Because of that the heat flux distribution seems to be calculated well, but the selection of 
solidus as freezing temperature in combination with the available heat transfer models leads 
to an underestimation of the pool temperature in comparison with the experimental data. 
Either the freezing temperature in MEDICIS could be increased or the overall effective heat 
transfer coefficient between melt and concrete could be reduced to obtain a better 
agreement with the experiment with MEDICIS. Thus, the freezing temperature and the total 
heat transfer coefficient between melt and concrete are identified here as important model 
parameters in MCCI codes. 
The pool temperature was underestimated by WEX. A possible reason may be the extra heat 
loss term, which was imposed at the top surface of the melt in absence of any coolability 
models in WEX. For this heat loss term an analytical expression was used to approximate 
the experimental data for the heat exchange between melt and water. This analytical 
expression was used to replace the original model in WEX for flooded conditions of the pool, 
which seemed to underestimate the experimental heat flux data. Although a similar 
proceeding lead to very good results for MACE-M4 the deviation in the WEX calculation 



 
 

obtained in this case for MACE-M3b might be explained by the fact that the calculated 
upwards heat loss during the flooding period is not totally consistent with the experimental 
data of M3b. 

3.4.4 WEX and MEDICIS assessment against OECD CCI 2 
 
This experiment of the OECD-MCCI program [15][16] is at present the only 2D MCCI 
experiment available showing both extended lateral and axial ablation depths. The objectives 
of CCI 2 is to address remaining uncertainties related to long-term two-dimensional molten 
core-concrete interactions under both wet and dry cavity conditions. 
This experiment has been performed at ANL in the frame of an international OECD program 
in order to determine the behaviour of a homogeneous corium melt during a 2D ablation 
process. This experiment has been subject to an international analytical benchmark action 
conducted in the OECD framework.  
Main features of the CCI 2 test are displayed in Table 3. The initial pool cross section is of 
square shape with 2 non-ablatable walls distant from each other by 0.5 m. In these tests an 
oxide corium melt is generated by a thermite reaction and the ablation takes place at two 
opposing side walls and at the basement. Electrode rods made of tungsten are attached to 
the other two sidewalls for the purpose of direct electrical heating of the melt. The melt 
temperature is measured versus time and the profile of cavity boundaries is tracked by a 
dense network of thermocouples within the basemat. 
 
Table 3: Characteristics and geometry of the CCI 2 experiment. 

Initial corium mass (kg) 
100% oxidised PWR with 8wt% concrete 
UO2: 242, ZrO2: 100, CaO: 12.5, SiO2: 13.6, Cr2O3: 
37.5, MgO: 4.6, Al2O3:1.6 

Pool section 0.5 m x 0.5 m 
Radial and axial ablation limits 0.35 m, 0.35 m 
Concrete characteristics 
composition :LCS: (wt-%) 

SiO2: 28.8, CaO: 29.8,  
MgO: 9.8, Al2O3: 3.6, H2O: 6.2, CO2: 21.8 

3.4.4.1 Code results with solidus as freezing temperature and standard models 
 
These are the calculations performed in the blind OECD-benchmark. Whereas WEX met the 
ablation depth as well as the pool temperature for CCI 2 the code MEDICIS – with its model 
set up defined as close as possible to the WEX calculation – failed to predict the pool 
temperature but was in good agreement with the ablation depth (Figure 10, Figure 11). This 
different behaviour is due the different heat transfer modelling at the interface between melt 
and concrete. Whereas in both calculations the low contact temperature is given primarily by 
the decomposition temperature of the concrete given as an input, the bulk temperature in the 
melt is determined by an effective heat transfer coefficient which describes the efficiency of 
the energy transport from the hot melt to the cold boundaries. The heat transfer coefficient 
obtained by MEDICIS for the melt/concrete interface is larger than compared to WEX. This 
explains the difference between pool temperature and concrete decomposition isotherm 
predicted by MEDICIS in order to obtain the same ablation rate as in WEX. 
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Figure 10: Melt temperature calculated by WEX and MEDICIS for CCI 2 in a blind calculation 
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Figure 11: Ablation depths calculated by WEX and MEDICIS for CCI 2 in a blind calculation 

3.4.4.2 Code results with solidus as freezing temperature and model adaption in MEDICIS  
 
Here a reduced heat transfer coefficient for bubbly melt convection in MEDICIS (by 
approximately a factor of 0.45) is used so that the effective heat transfer at the interface 
(resulting from convection, conduction through the crust – if present – and transport through 
the slag layer) is in the same order as calculated by WEX (around 300 W/(m2K)). Figure 12 
shows that the pool temperature in MEDICIS is in better agreement compared with the 
experiment. Only in the initial phase during which the transient cooling of the melt down to a 
quasi-steady-state temperature takes place MEDICIS overestimates the cooling of the melt. 
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Figure 12: Melt temperature calculated by WEX and MEDICIS for CCI 2 after adapting heat 
transfer correlations in MEDICIS 

3.4.4.3 Code results with MEDICIS using an adjusted freezing temperature 
 
As for ACE tests the detailed composition of initial corium and concrete including the species 
with a minor fraction are taken into account here for the evaluation of thermo-chemistry data. 
In particular the presence of species MgO and Cr2O3 (obtained after the fast oxidation of Cr) 
decrease significantly the liquidus temperature in spite of their low mass fraction. 
A splashing phenomenon causing an ejection of a mass of 88 kg, deduced from PTE results 
[17], is described in a simple way by an initial reduction of the corium inventory. A partial 
dissolution of UO2 pellets (43 kg) and also a partial dissolution of MgO from non-ablatable 
walls (33 kg) might be suspected from the final mass balance analysis [17] and are taken into 
account in present calculations by means of constant mass sources into the corium pool. 
The water injection triggered five hours after the beginning of MCCI is described by 
MEDICIS, but the impact on the erosion kinetics is small since the power decreases fast after 
onset of water injection and is not analyzed below. 
Again here, only the value of the γ parameter defining the freezing temperature is adjusted. 
The heat transfer models are the same as used for the ACE tests. In particular, the 
convective heat transfer coefficient from bulk pool towards pool interfaces chosen is always 
that obtained from the BALI correlation [13] and is not depending on the interface orientation, 
giving a heat flux uniform distribution as long a crust is present at the pool interfaces, which 
is the case because of the high freezing temperature. The temperature of upper walls 
receiving the power radiated from the corium pool is assumed to be equal to the concrete 
ablation temperature. The influence of a contribution of power radiated upwards to the 
ablation of the upper cavity vault is taken into account.  
 
 
 
 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 13: Evolution of corium temperature 
in CCI 2 

Figure 14: Concrete ablation kinetics in CCI 2 

 
Results obtained are shown for the temperature evolution and the erosion kinetics in Figure 
13 and Figure 14. A good agreement is obtained for the temperature evolution, using values 
of the γ parameter between 0.2 and 0.3. This best-estimate value of the γ parameter will be 
slightly reduced if additional segregation of refractory material in lateral crusts was deduced 
from PTE. 
The erosion kinetics is not very sensitive on the γ parameter value, but depends more 
strongly of the fraction of power radiated upwards devoted to the ablation of upper concrete 
walls, FRAD, which is taken to be equal here either to zero or to 0.5. The calculated lateral 
and axial eroded depths are in reasonable agreement with the experiment (see Figure 14). A 

better agreement on the erosion 
kinetics is obtained assuming no 
contribution of radiation to concrete 
ablation (see Figure 14, case with 
FRAD = 0).  
 
However the shape of the final cavity 
boundaries is better reproduced, 
assuming a contribution of half of 
radiated power to the ablation of the 
upper concrete vault (see on Figure 
15 case with FRAD = 0.5). 
The comparison of calculated and 
measured erosion kinetics (Figure 14 
and Figure 15) shows clearly that the 
ablation depth is rather 
homogeneous along the cavity 
boundary and, thus, that the 
assumption of a homogeneous heat 
flux distribution is at least 
approximately verified in this 
experiment. Figure 15: Final cavity boundaries in CCI 2
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The conclusion on the best choice of freezing temperature derived from CCI 2 (0.2< γ < 0.3) 
is consistent with the previous validation work on ACE tests. The best agreement between 
calculation and experiment for both types of experiments is obtained for a value of freezing 
temperature near Tliquidus, but slightly below, while keeping the same assumptions for the 
convective heat transfer and slag layer heat transfer model. 

4 APPLICATION TO REACTOR CASES WITH MEDICIS CODE 
 
Parametrical calculations in the reactor case are presented here to point out the impact of 
main model uncertainties on results of reactor safety studies. 

4.1 Calculations conditions 
 
The considered reactor type is a typical 900 MWe commercial reactor. Data for the reactor 
geometry and material compositions are displayed on Table 4.  

 
Table 4: Reactor data for MCCI calculations 

Initial oxidic corium inventory (t) UO2 mass: 82, ZrO2 mass: 19.5 
Initial metallic corium inventory (t) Zr: 4.8, Fe: 35, Ni: 4, Cr: 6 
Reactor pit radius 3 m 
Basemat thickness 3 m to 4 m 
Concrete characteristics siliceous concrete with 6% Fe  

 
Main assumptions, values of key physical parameters and choice of boundary conditions are 
listed in Table 5. The heat transfer models are the same as in ACE and CCI 2 calculations. 
The heat transfer coefficient at the pool outer interface is not depending on the interface 
orientation. Due to large uncertainties remaining on the evaluation of the freezing 
temperature, the complete range of oxide freezing temperatures between solidus and 
liquidus temperatures is investigated. 
The reactor pit wall temperature is set to a constant value near the steel melting point; in fact 
the temperature of concrete walls above the corium pool should stay below the ablation 
temperature; this assumption used for the wall temperature boundary condition is then 
conservative since it will underestimate the power radiated by the corium pool towards the 
reactor pit walls. No corium quenching is taken into account in the present calculations. 
 
Table 5: Choices of assumptions and values of key parameters for reactor calculations 
Pool configuration homogeneous, stratified, with configuration evolution 

BALI’s correlation at the outer layer  
hslag = 1000 W/m2/K 

 
Heat convective 
coefficients Greene’s correlation [18] along the oxide/metal layer interface 
Freezing temperature  from Tsolidus to Tliquidus (γ between 1 to 0) 
Concrete type reinforced siliceous concrete with 6 % Fe ‘standard concrete’ 
Time after scram, decay 
power (W/(kg U))  

1 h: 283, 3 h: 227, 7 h: 190, 15 h: 157, 20 h: 145, 50 h: 108, 
9 d: 63  

Initial corium temperature 2673 K (the oxide phase is solid) 
Pit wall temperature 1700 K 

4.2 Reactor calculations results 
 
Due to the large uncertainties still existing on the pool configuration and its possible 
evolution, we will consider 3 very different scenarios concerning the pool configuration.  



 
 

First, let us analyze results obtained assuming an homogeneous configuration maintained 
during the whole MCCI phase (see Figure 16).  
 

homog. config. 

3m thick - - - 
4m thick __  

strat.config. 

config. evol. 
evolTliq

stratTliq

 Tsolidus 
Tliquidus

melt-through time (days) versus (1-γ)  

Figure 16: Melt-through time versus freezing 
temperature and configuration evolution 
 

Figure 17: Cavity erosion with homogeneous 
configuration; melt-through at 222 h (hgTliq)

The assumption of an homogeneous configuration (quoted ‘H’ on Figure 16) leads to a slow 
concrete erosion with melt-through times ranging between 2.8 and 9 days, depending on the 
choice of freezing temperature and on the basemat thickness (3 m or 4 m). The reason for 
the slow erosion in case of a ‘H’ pool configuration is the uniform heat transfer coefficient 
distribution along all pool interfaces, leading to spatially uniform ablation depths. This limits 
the axial erosion because of the large ablated concrete volume, as it appears on Figure 17 
for the reactor case ‘hgTliq’. 
 

metal 
phases 1,2  

phase 3  

phase 4  

Figure 18: Erosion of reactor cavity with 
stratified configuration; melt-through at 
23.5 h (stratTliq) 
 

Figure 19: Case with pool configuration 
evolution in 4 phases until basemat melt-
through at 50.5 h 

In case of a ‘H’ configuration, the melt-through time is reduced with decreasing freezing 
temperature from Tliquidus to Tsolidus (see Figure 16): indeed the pool temperature decreases 
with the freezing temperature, the energy needed for the ablation and heating of concrete 
also decreases and the concrete ablation is therefore faster. 



 
 

Second, let us look now at results obtained assuming a stratified configuration (quoted ‘S’) 
maintained during the whole MCCI phase (see Figure 18). The assumption of a ‘S’ 
configuration gives a faster concrete erosion with melt-through times ranging between only 
14 hours and 3.4 days, depending on the choice of freezing temperature and on the basemat 
thickness.  
The reason of the faster erosion in case of a ‘S’ configuration is the high heat transfer 
coefficient at the oxide/metal layer interface compared to that along the oxide layer/concrete 
interface (see Table 5). This leads to a focusing of the heat towards the bottom pool interface 
and consequently an axial erosion faster than the lateral one for the reactor case ‘stratTliq’ 
on Figure 16. In case of a ‘S’ configuration, the axial erosion kinetics is also depending 
strongly on the oxide freezing temperature: when decreasing the freezing temperature, the 
lateral crust built-up along the oxide/concrete interface becomes thinner, which reduces the 
focusing of heat towards the pool bottom and delays the basemat melt-through (see Figure 
16).  
Finally, let us look at results obtained taking into account the evolution of pool configuration 
(see Figure 19), which might be more realistic. In this last scenario, the initial pool 
configuration is stratified with the oxide layer below the metal layer because of the higher 
initial oxide density. The subsequent evolution of the pool configuration is evaluated using 
pool configuration switch criteria roughly consistent with BALISE experiments [19]. The 
consequence of taking into account the pool configuration evolution, involving 4 phases, 2 of 
which with a stable homogeneous pool, is the significant delay of the predicted melt-through 
time by more than 24 hours compared to that obtained in the case of a steady stratified 
metal/oxide configuration (see Figure 18 and Figure 19).  

4.3 Discussion 
 

Reactor calculations assuming either a steady metal/oxide pool configuration or a 
homogeneous configuration give generally respectively lower and upper bounding estimates 
of the basemat melt-through time. Taking into account the pool configuration evolution leads 
to intermediate results in most cases. In the case of the corium inventory and reactor pit 
geometry chosen above, an early melt through time (in less than one day) seems to be 
unlikely for a 4 m thick basemat but appears to be possible for an only 3 m thick basemat, at 
least if the freezing temperature stays near the liquidus one. 
The convective heat transfer coefficient within a pool layer is assumed here to be 
independent of the interface orientation. If this assumption is not used, the convective heat 
transfer coefficient distribution will particularly also influence the basemat melt-through time 
in the case of a homogeneous pool configuration. 
These results are rather conservative because pessimistic boundary conditions are chosen, 
a very high heat transfer coefficient between oxide and metal layers is used and corium 
quenching is ignored. It is thought however that the trends obtained on the influence of the 
freezing temperature and pool configuration assumptions, are valid whatever the boundary 
conditions may be.  



 
 

5 CONCLUSIONS 
 
The codes WEX and MEDICIS are currently available in the integral code ASTEC V1.2 for 
the simulation of MCCI during a severe core melt accident in PWR nuclear power plants. 
WEX has a long history and represents a more traditional modelling approach to the MCCI 
phenomenology. The range of available models in WEX and also their options are limited. A 
WEX feature is a simplified model of thermo-chemical behaviour of the melt. In the past 
validation work at GRS the free model parameters in WEX have been adapted to important 
experiments which are representative of the recent technical state-of-art (BETA, MACE).  
MEDICIS is being developed by IRSN in collaboration with GRS, with the objective of a more 
generalised, flexible MCCI code. It is planned to model the most relevant phenomena 
identified by updated knowledge from recent or future research programs. The MEDICIS 
current version already permits a stronger coupling to thermo-chemical databases, a 
capability that was recommended by recent theoretical work on MCCI [11]. MEDICIS can 
also be applied with the same model settings as in WEX, except for the heat transfer model 
at the melt/concrete interface.  
For experiments with real corium homogeneous melts, e.g. ACE, MACE and OECD-CCI, the 
ablation velocities are well reproduced by both codes. This is referred to a correct partition of 
energy fluxes from the heated pool (radiation/ablation). Two different approaches for the 
description of the interface behaviour have been investigated. In the first approach, the 
corium/crust is set to the solidus temperature and a specific heat transfer model giving a 
lower effective heat transfer coefficient is used. A reasonable prediction of the temperature 
evolution in these experiments is obtained by WEX and also in MEDICIS, if the effective heat 
transfer coefficients are adapted from that calculated in WEX. In the second approach (only 
possible with MEDICIS) the corium/crust is set near the liquidus temperature, but possibly a 
little lower. Here, a satisfactory prediction of the temperature evolution in the ACE tests and 
OECD-CCI 2 is also obtained for the same choice of freezing temperature using standard 
heat transfer models as found in literature, provided that a certain loss of refractory material 
from the melt pool due to crust segregation or splashing is taken into account. 
For experiments with stratified thermite melts based on alumina (e.g. BETA, with oxide on 
top of the heated metal layer) WEX is successful in predicting the faster axial ablation 
compared to the radial ablation. In MEDICIS such behaviour can be simulated by defining 
the heat transfer coefficients as function of inclination of the interface. With this input settings 
both codes tend to overestimate the initial axial ablation compared to the experiment. The 
need for an improved model of lateral heat transfer in MEDICIS for situation similar to those 
of BETA will be investigated in the future. 
 
The validation work presented here has permitted to identify the freezing temperature and 
the effective heat transfer coefficient between melt and concrete as important model 
parameters in MCCI codes, for which there is a substantial lack of knowledge. Therefore a 
further assessment of alternative approaches for modelling the interface behaviour is still 
needed. 
 
Another interesting result of the CCI 2 test and of recalculations is that the convective heat 
flux distribution appears to be homogeneous. However the question on the profile of effective 
heat transfer coefficient and the variation of the crust stability along pool interfaces is still to 
be investigated in detail. This question will be addressed in further 2D MCCI experiments 
with real material (CCI 3, VULCANO, MCCI-OECD follow-on program) and simulants 
(ARTEMIS 2D). 
 
Parametrical reactor calculations show the capabilities of the MEDICIS code for the 
description of long term MCCI and point out the significant impact on reactor predictions of 
the freezing temperature, of the oxide/metal heat transfer coefficient in the case of a stratified 
pool and of the models determining the pool configuration evolution. 
 



 
 

Within the next months, the two above assessment approaches will be applied to the OECD-
CCI 3 test, first in a blind configuration and then in an open one. Later, first results of 
interpretation of VULCANO and ARTEMIS tests will be available. This whole work will allow 
the IRSN and GRS specialists to develop best-estimate models for the melt-concrete 
interface behaviour and the 2D heat flux distribution within a corium pool, including WEX 
capabilities that have been identified as necessary in the assessment work. They will be 
implemented in MEDICIS – thanks to its flexibility and its capabilities – so that MEDICIS will 
be in the near future the unique MCCI code in ASTEC. 
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Abstract. Hydrogen recombiners, recently introduced in the French nuclear reactor buildings, display 
high temperature (up to ca. 900°C) and several thousands square meters of a very reactive surface 
when operating during a severe accident scenario. Small scale analytical experiments show that 
cesium and cadmium iodides are unstable, and generate volatile iodine, when heated in an oven that 
reproduces most physico-chemical parameters of recombiner operation. Based on these results, and 
due to its potential with regard to the environmental source term of a severe accident, iodine chemistry 
in hydrogen recombiners deserves close and careful scrutiny. 
 
 
1.  INTRODUCTION 
 
 
Hydrogen release by fuel cladding oxidation during the early stage of a postulated severe 
accident in a Nuclear Power Plant (NPP) can lead to potentially explosive mixtures in the air-
filled containment building. Therefore, Passive Autocatalytic Recombiners (PARs) are 
currently implemented in the French PWR, following a decision of the French Nuclear Safety 
Authority1. PARs are also incorporated into the design of the European Pressurized water 
Reactor (EPR) and considered, together with the ex-vessel core-catcher, as an important 
safety improvement. 
 
Hydrogen recombiners are indeed at the centre of hydrogen mitigation strategies [1, 2]. They 
aim to "recombine" hydrogen and oxygen through the exothermic reaction H2 + ½ O2 → H2O 
on an alumina-supported Pt (and Pd) catalyst, generally set up in a row of equally spaced 
vertical plates (with hundreds of plates in a single recombiner unit). The heat generated by 
the reaction powers the gas flow through the device, hence the term "passive", meaning 
without external power or operator action. Numerous experiments have consistently 
concluded to the efficiency of commercially available hydrogen recombiners, even in 
potentially poisonous atmospheres or under aspersion. Hydrogen recombiners (ca. 40 units 
per reactor building) fulfil the stringent requirements for a system implemented in a nuclear 
containment. 
 
More specifically, possible side effects, and unwelcome consequences, have been also 
investigated, which focused onto the ignition potential of recombiners under transient 
overloads [3]. Albeit this issue is not completely settled, it has been concluded that this 
unwanted characteristics — recombiners operating as igniters — would not create additional 
hazard. On the other hand, the chemical reactions likely to occur in the reactive and high 
temperature recombiner environment have been surprisingly overlooked. Yet, during 
recombiner operation, a mixture of gases carrying small labile particles will be heated at 
temperatures as high as 900 °C, for sufficient length of time to initiate or even bring to a state 
of completion, both homogeneous and heterogeneous chemical reactions (the latter implying 
contact with the catalytic surface). Considering the wealth of data pertaining to comparatively 
slow chemical reactions in the reactor building, on the containment walls or in the sump, 
the so far underrated issue of additional chemical reactions in the hydrogen recombiners 
deserves, without a doubt, more scrutiny. 
 
                                                 
1 Decision DSIN-GRE/SD2/N°088-2001, dated June 28, 2001. 



2.  BACKGROUND 
 
 
Since iodine source term is the main concern in the management of a severe accident 
in a NPP, it is legitimate to investigate into iodine chemistry in hydrogen recombiners. 
Whereas iodine chemistry benefited from a considerable amount of severe accidents-related 
studies, both experimental and theoretical, these studies focussed on two particular 
thermochemical domains: high temperature reducing atmosphere (primary circuit), and low 
temperature oxidizing atmosphere (containment). The high temperature oxidizing 
atmosphere, typical of recombiner operation, was given comparatively few credit. Air ingress 
is prototypal of such a thermochemical environment, in which iodides deposited in the 
primary circuit vaporise and release gaseous iodine [4]. Hydrogen combustion in the 
containment is also relevant: a few studies have shown that, in certain conditions, hydrogen 
burn involves decomposition of cesium iodide [5]. 
  
Although there are still some uncertainties, most investigations, including in-pile experiments, 
point out to the fact that the largest fraction of radionuclides does not enter the containment 
as gas or vapours, but as aerosol particles — namely iodides in the case of iodine isotopes. 
In this latter case, cesium iodide is by far the main carrier of iodine at the break [6], together 
with minute amounts of silver, indium and cadmium iodides. As compared with 
thermodynamic equilibrium calculations, experimental results from PHEBUS-FP yielded a 
somewhat higher gaseous/total iodine ratio in the gas and aerosol mixture entering the 
containment [7]. However, in any case, the decomposition of even a tiny fraction of cesium 
iodide while crossing a recombiner in operation will have a significant impact upon the said 
ratio in the recombiner flue gas. 
 
The aim of the RECI (RECombiner & Iodine) program was, precisely, to quantify this 
iodide → iodine conversion in realistic conditions of recombiner operation, albeit under 
the following constraints: the experiments were to be performed with non-radioactive 
substances, and without hydrogen [8]. 
 
 
3.  The RECI PROGRAMME 
 
 
Thermodynamic calculations show clearly that iodides are not chemically stable within an 
operating recombiner, their stability decreasing from CsI to CdI2, with AgI and InI in-between. 
Heating these iodides up to 900°C in a mixture of air and water vapour yields volatile iodine 
compounds (I + I2, HIO and HI) and either the metal (Ag), the oxides (In2O3 and CdO) or the 
hydroxide (CsOH). Iodide vapours (CsI + Cs2I2, and AgI) still coexist in the recombiner flue 
gas when the most stable iodides are at stake. 
 
Due to the comparatively short residence time of the iodide particles in the recombiner, 
attainment of thermochemical equilibrium, which requires vaporization and homogeneous 
chemical reaction, might be hindered by kinetic processes. Heat transfer calculations show 
that micro-metric iodide particles are almost instantaneously in thermal equilibrium with the 
gas that transport them [9]. Hence, considering the melting point of the most refractory iodide 
of interest — Tf (CsI) = 626°C — iodide particles are liquid in most parts of the recombiner 
inter-plates channels. Moreover, complete vaporisation of the liquid droplets is achieved in 
time lengths (ca. 0.5 s, depending on the droplet diameter) of the same order of magnitude 
as their residence time in the recombiner [10]. On the other hand, chemical kinetics cannot 
be easily and reliably sorted out in a heterogeneous mixture with strong temperature and 
concentration gradients, in presence of catalytic material. Therefore, as a first step, it was 
decided to resort to a small scale analytical experiment, in a chemical reactor that mimics the 
key features of a recombiner in operation. 
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Figure 1. The RECI experimental test bench. 

 
The experimental test bench (Fig. 1) consists basically of four units [11]. 
 
• Aerosol generation: an ultrasonic aerosol generator 

atomises the aqueous solution of a water soluble iodide. 
Monodispersed droplets are then dried, yielding iodide 
particles, the size of which is determined by the 
concentration of the solution. The input power of the 
ultrasonic acoustic transducer sets the aerosol 
concentration. 
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The recombiner surrogate.
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The recombiner surrogate.

• Recombiner surrogate: a clear fused quartz or alumina 
tubing, which can accommodate a catalyst foil2, 
is heated in a vertical tube furnace (Fig. 2). 

• Aerosol characterization: particles concentration and 
size distribution measurements are carried out by 
various and complementary methods3, after on-line 
sampling at the inlet or outlet of the heated tubing. 

• Gaseous iodine analysis: three independently calibrated 
methods4 are implemented in the flue gas, downstream 
from an HEPA filter.                                                 

                                                 
2 Cut out of an industrially available recombiner plate. 
3 Tapered Element Oscillating Microbalance (TEOM), Scanning Mobility Particle Sizer (SMPS) and 
Electrical Low Pressure Impactor (ELPI). 
4 On-line instruments: electrochemical iodine gas sensor and iodine ion selective electrode in alkaline 
solution. Off-line instrument: colorimeter.  



 
The aerosol generator thus selected limits the RECI programme to the study of water soluble 
substances, namely cesium and cadmium iodides: silver iodide is insoluble in water, and 
indium monoiodide is hydrolysed. However, the experimental results can be interpolated with 
reasonable confidence, since CsI and CdI2 are the two end-terms in the stability range of the 
relevant iodides. 
 
 
4.  SUMMARY of RESULTS 
 
 
4.1 Iodine chemistry 
 
 
The RECI experimental setup allows to quantify, as a function of relevant parameters, the 
conversion of iodide particles into gaseous iodine when crossing the recombiner surrogate. 
For the two metal iodides of interest, we defined a so-called conversion yield: 
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where concentrations are expressed as mass per unit volume. 
 
The relevant parameters, and their range of variation, were chosen in accordance with most 
settings of in-pile and out-of-pile experiments, together with containment aerosol and 
recombiner operation modelling: 
 
• temperature of the tube furnace (from 500°C up to 950°C), 
• residence time of the aerosol in the heated section of the recombiner surrogate 

(from 0.15 s to 0.50 s), 
• aerosol diameter from 0.3 µm to 1.0 µm (0.6 µm < AMMD5 < 2.3 µm). 
 
Aerosol concentration was not considered as an independent parameter: it varied from 
5 mg.m-3 up to 50 mg.m-3, depending on particles size. The possible influence of the catalytic 
material on the conversion yields was also investigated, allowing to compare purely thermal, 
and hypothetical thermocatalytic decomposition of the iodides. 
 
As an example, results of thermocatalytic decomposition of CsI and thermal decomposition 
of CdI2 in air at 800°C are presented in Fig. 3 and 4, respectively. At such a temperature, 
though lower than the maximum temperature of recombiner operation, gaseous iodine 
production is yet easily measurable. The highest conversion yields are generally observed 
for the smallest particles, suggesting that aerosol vaporization, and not chemical kinetics, is 
the limiting step in the iodide → iodine conversion. For the longest residence times 
investigated, and thermocatalytic decomposition, the conversion yield can come close to its 
thermodynamic equilibrium value. This upper theoretical limit is dependent on aerosol 
concentration (and thus, particles diameter) in the case of CsI, but it practically always 
reaches 100 % with CdI2 — the oxide being the stable form of cadmium crossing 
a recombiner in operation. 
 
 

                                                 
5 Aerodynamic Mass Median Diameter. 
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Figure 3. Thermocatalytic decomposition of cesium iodide. 
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Figure 4. Thermal decomposition of cadmium iodide. 

 
The whole set of results from the RECI CsI or CdI2 tests grid can be displayed on a single 
diagram, as in Fig. 5, which clearly exemplifies the highest conversion yields at the high 
temperature and small particles corner of the diagram. As expected, comparatively higher 
conversion yields were measured for cadmium iodide [12] as compared with the most stable 
cesium iodide [13]. Note that Fig. 3 and 4 could be misleading, since thermocatalytic 
decomposition of CsI is compared with thermal decomposition of CdI2. The stability 
difference between both iodides is more conspicuous when the same decomposition process 
(thermal, or thermocatalytic) is at stake. 
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Figure 5. Conversion yield of cesium iodide as a function of two key parameters. 

 
 
 
 
4.2 Aerosol physics 
 
 
Subsidiary results of the RECI experiments are displayed in Fig. 6. Indeed, when vapours 
condense downstream from the recombiner surrogate, they generate ultra-fine particles that 
were not initially present in the aerosol feeding the heated tubing. At temperatures above 
800°C (for CsI), the resulting size distribution of the aerosol in the flue gas is bimodal: in our 
experiments with CsI and CdI2, this ultra-fine particles are most likely CsI and CdO, 
respectively. 
 
Conversely, the initial size distribution is shifted towards slightly smaller particles, and 
smaller concentrations. The aerosol mass balance is not preserved, since a significant 
amount of iodide vapour condenses on the inner wall of the cold section of the tubing. 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CsI (AMMD = 1.36 µm) 

Figure 6. The generation of small particles by the recombiner surrogate at high temperature. 
 
 
5.  DISCUSSION 
 
 
Due to the very high values of the iodide → iodine conversion yield, and before deriving 
these findings in terms of iodine chemistry in the containment, questioning the 
representativeness of the RECI experiments is a prerequisite. Features and artefacts 
distancing the RECI experiments from the genuine recombiner operation can be listed as 
follows: 
 
• lack of hydrogen, 
• low water mixing ratio (ca. 1.5 %), 
• over-simplified composition of the carrier gas, 
• lack of refractory aerosol. 
 
In addition, the influence of a more severe chemical quenching than in an actual recombiner 
"chimney", which could hinder the reappearance of iodides at the expense of gaseous iodine, 
is unknown. The same uncertainty stands for iodide deposition and iodine adsorption in the 
cold sections of the tubing (fused quartz or alumina + PTFE). 
 
The lack of hydrogen in the RECI experiments precludes all investigations into the possible 
effects of diffusiophoresis and Stephan flow on the iodide aerosol rate of decomposition. 
Numerical modelling indicates, however, that thermophoresis (also effective in the RECI 
heated tubing) is the dominant phoretic process [14]. On the other hand, hydrogen would not 
shift the chemical equilibria in a gas mixture where water vapour is the main constituent, but 
a more humid atmosphere (e.g., mixing ratio of 50 % at 85°C) would certainly tend 
to increase the iodide → iodine conversion yield. 



 
Other fission products may react with volatile iodine to form non-volatile compounds. 
We recall here that all RECI experiments were carried out with stoechiometric cesium/iodine 
or cadmium/iodine ratios, instead of the more realistic Cs/I ≈ Cd/I ≈ 10. At last, it is likely that 
adsorption on refractory and unreactive aerosol will behave as a sink for volatile iodine in the 
recombiner flue gas, a process that is missing in the RECI experiments. 
 
Since they bear antagonist effects on the iodide → iodine conversion, it is impossible to 
assess the overall impact of these chemical and physical departures of the RECI 
experiments from the actual recombiner operation. Either way, partial decomposition of metal 
iodide particles in a recombiner is bound to happen. Therefore, iodine chemistry in hydrogen 
recombiners is worthy of more research in order to quantify reliably the magnitude of volatile 
iodine generation during catalytic hydrogen combustion. 
 
 
6.  CONCLUSION 
 
 
RECI is a 2½ year experimental programme that was brought to completion as of October 
2004. The comprehensive tests grid allowed to investigate into the decomposition of cesium 
and cadmium iodides under thermal-hydraulics conditions that mimics the recombiner 
operation, despite the technical limitations of the RECI test bench. The instability of metal 
iodides, in a wet and oxidizing atmosphere, already demonstrated in chemistry laboratories, 
has been confirmed in more relevant physico-chemical conditions. The high conversion 
yields obtained do not come as a surprise since the RECI experiments provide a close 
analogy to the processes known as spray drying and spray (reactive-, or oxidizing-) pyrolysis, 
widely used in the laboratory and in the manufacturing industry (Fig. 7). Both processes 
capitalize upon the high surface/volume ratio of aerosol particles to master comparatively 
slow chemical reactions and to produce nano-particles, the precursor material being often a 
finely powdered metal halide [15]. 
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Figure 7. The RECI test bench as a spray pyrolysis reactor. 



The high rates of iodine generation, as obtained in the RECI experiments, ought to be 
confirmed by both numerical modelling and experiments, the latter at a somewhat larger 
scale in order to reproduce more closely the actual functioning of a recombiner. In particular, 
replacing the electrical furnace by catalytic plates heated through the exothermic 
recombination reaction will allow to get rid of the temperature as a key parameter for 
expressing the iodide → iodine conversion yield. Reporting this conversion yield as a 
function of hydrogen concentration will allow to validate much more accurately numerical 
codes of iodine behaviour in a containment including hydrogen recombiners. IRSN is 
presently investigating into both directions — experimental and modelling — in order to 
derive RECI results (iodine chemistry in hydrogen recombiners) into iodine chemistry in the 
containment and, eventually, to assess the recombiners impact on the iodine environmental 
source term. 
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Abstract:  
An overview is given on nuclear design and accident simulation methods for light water reactors. The 
nuclear data libraries and computer codes which are presently used in GRS are described, as well as 
development activities which mainly aim at the application to full-scale reactor transport calculations. 
The methods cover the generation of nuclear data, fuel assembly calculations and stationary and 
transient calculations of reactor cores including the application of coupled codes for plant transients. In 
particular, a summary is given on the experience applying deterministic neutron transport methods to 
large critical experiments and reactor core benchmark problems. 

1 INTRODUCTION 
 
The simulation methods for nuclear design and accident analysis have reached a high level 
of accuracy and reliability. However, at the same time the fuel strategy for light water 
reactors (LWR) is continuously optimised, e.g. uranium fuel with higher enrichments and 
MOX fuel are introduced. For both fuel types, higher burn-up values should be reached. The 
use of new fuel is accompanied by optimised core loading procedures to improve economics 
of fuel and to reduce the fluence at the pressure vessel. The safety evaluation of such new 
conditions requires improved and validated analytical methods. In this paper, the status of 
available methods in GRS is described together with the further research and developments. 
The nuclear calculations for LWRs are typically performed in a sequence of steps. These 
steps are: 

• providing basic nuclear data libraries, 
• fuel assembly calculations, 
• steady state reactor calculations for operational conditions, 
• transient 3-D reactor core calculations for accident conditions including the overall 

plant behaviour. 
The general structure of this paper follows these steps. 

2 NUCLEAR DATA LIBRARIES 

2.1 Objective 
 
The analysis of critical systems requires adequate nuclear cross sections as a pre-requisite 
for accurate neutronics calculations. For such calculations, all relevant nuclear reactions 
within the full energy range have to be taken into account. The data should be available for 
all relevant nuclides of the systems considered and should cover the relevant temperature 



 

 

range. Especially, the resonance structure of the cross sections and the spatial and spectral 
interactions and shielding effects have to be considered explicitly. 

2.2 Nuclear Data Libraries in Use 
 
Nuclear basis data are evaluated internationally. These evaluated data mostly are available 
in the public domain. Among them, the JEFF (Joint Evaluated Fission and Fusion File, 
Europe) [JEF-05], ENDF/B (Evaluated Nuclear Data File, USA) [OBL-04], and JENDL 
(Japanese Evaluated Nuclear Data Library) [JEN-02] files are commonly used. They are 
complete for practical applications concerning the number of nuclides and nuclear reactions, 
and validated by a large number of critical experiments. 
These basis data have to be processed to generate either data for the reaction cross 
sections on a very fine energy grid (so-called point data), which can be used with Monte 
Carlo codes like MCNP [BRI-00], or data for energy intervals, supplemented by information 
on the resonances (so-called multi-group data), from which few-group data for deterministic 
transport codes can be produced. For the data processing, the programme system NJOY 
[MAC-94] is internationally applied. 
At GRS, a nuclear point-data library mainly based on JEF-2.2 is used routinely for Monte 
Carlo calculations. This library was generated and validated in a common project with IKE 
Stuttgart [BER-01]. It contains data for the isotopes most relevant for nuclear criticality 
calculations (some 40 actinides, 180 fission products, and 70 structure and absorber 
materials) for several temperatures between room temperature and 3000 K. In addition to 
this point-data library, a multi-group library is used with 292 energy groups and a hyperfine 
representation in the resolved resonance region. It was generated also by IKE from JEF-2.2 
basis data for the preparation of few-group data for Monte Carlo and deterministic transport 
calculations. 
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Figure 2.1: Comparison of multiplication factors calculated with MCNP and different nuclear point -data 
libraries for LWR-type lattice benchmarks. 
 
For the validation of the point-data library, calculations for numerous experiments mainly 
described in the “International Handbook of Evaluated Criticality Safety Experiments 
(ICSBEP)” [NEA-95] were performed using the MCNP code. An example for arrangements of 



 

 

regular LWR-type pin-cell lattices is presented in Fig. 2.1, where the average values of the 
calculated multiplication factors for groups of benchmark experiments are displayed. 
Calculations were performed with our standard JEF-2.2 library, and for comparison, with 
ENDF/B-VI.5 and JENDL-3.2 data. The results are quite satisfactory, with a slight trend of 
the JEF-2.2 calculations to underestimate the critical multiplication factor (keff = 1.0) from the 
measurements. Several evaluations indicate that these deviations are due to the deficiencies 
in the U-238 capture cross section. This is presently being investigated. 
For selected benchmark experiments, calculations were also performed with few-group data 
and compared with point-data Monte Carlo calculations. The results of such calculations for 
the KRITZ-2 and VENUS-2 benchmarks are discussed in Section 4.2. 

2.3 Future Developments 
 
Internationally, there are on-going activities to improve the data basis or release versions like 
JEFF-3.1 and ENDF/B-VII. The progress in this field will be observed to evaluate whether the 
updates are relevant for our applications. 

3 FUEL ASSEMBLY CALCULATIONS 

3.1 Objective 
 
Within the scope of the LWR standard computation scheme, the determination of the 
reactivity and the nuclide inventory of fuel assemblies in terms of various burn-up states is 
fundamental for subsequent reactor core calculations. Based on the full nuclide inventory of 
a given burn-up state, fuel assembly calculations also serve as a means for providing few-
group data, e.g. macroscopic cross sections, and for performing homogenisations over 
characteristic  spatial regions, e.g. individual fuel assemblies or pin cells. Thus, fuel assembly 
calculations are the connecting link between nuclear point data and multi energy group 
libraries on one hand and core calculations on the other hand. 

3.2 Methods in Use 
 
Fuel assembly calculations at GRS are performed by applying external codes and also own 
developments. Codes as HELIOS [CAS-91] and the TRITON/NEWT sequence from the 
SCALE-5 code package [SCA-04] are routinely in use. HELIOS, developed and distributed 
by Studsvik Scandpower, is a 2-D cell and depletion code system based on the current-
coupling collision probability method. Within each spatial element of a rectangular or circular 
cylindrical system, the 2-D integral transport equation is being solved by means of the 
collision probability method. Different spatial elements may be connected by appropriate 
coupling of interface currents. Due to this theoretical approach, HELIOS provides great 
flexibility in the geometrical modelling and so allows for the treatment of non-standard fuel 
assemblies, in particular research and advanced reactor concepts. Since HELIOS solves the 
integral transport equation in multi-energy group representation, the basic nuclear data is a 
190 neutron and 48 gamma group library. It is mainly based on ENDF/B-VI. For faster 
calculations, a 47 neutron and 18 gamma energy group library is also available. 
In the SCALE-5 release, the TRITON/NEWT burn-up system has been made available. It 
consists of a coupling of the 2-D Discrete Ordinates transport code NEWT for the reactivity 
and flux calculation and the code TRITON which solves the burn-up equations. Since the 
transport code solves the SN equations for non-orthogonal 2-D spatial meshing by applying 
the Extended Step Characteristic Approximation, NEWT provides a flexible geometric 



 

 

modelling. The nuclear data may be based on SCALE multi-group libraries (with energy 
groups ranging from 238 to 44) which are derived from ENDF/B-V. At present, we are 
gaining experience with the application of the NEWT/TRITON sequence. 
For being independent from external codes, the 3-D coupled reactivity and full inventory 
system KENOREST [HES-00] for PWR and BWR fuel assemblies has been developed at 
GRS. It consists of a coupling of the 3-D Monte Carlo code KENO V.a/VI and the 1-D burn-
up code OREST [HES-88] which in turn is a combination of the 1-D spectrum code 
HAMMER and the 0-D full inventory depletion code ORIGEN. Whereas OREST provides the 
rod-by-rod full nuclide inventory, KENO performs 3-D reactivity and pin power distribution 
calculations for square and hexagonal fuel assemblies. The 83 energy group library used by 
KENO is derived from the 292 energy group library based on JEF-2.2. The ORIGEN 
neutronic data which are continuously being updated at GRS are based on ENDF/B-V/VI, 
JENDL-3.2 and EAF-97. 

3.3 Recent and Future Developments 
 
In recent developments of KENOREST, special attention has been drawn to an improved 
modelling of plutonium and actinide build-up or burnout for advanced heterogeneous fuel 
assembly designs. Therefore, in the new KENOREST release, a multi-region model of the 
pellet was implemented for a more detailed description of the radial burnout within the fuel 
rod. This multi-region model also allows for an improved treatment of burnable poisons, e.g. 
gadolinium. Updated ORIGEN neutronic libraries including additional neutronic reactions will 
be an improved basis for LWR inventory calculations. 

4 STEADY STATE NUCLEAR CALCULATIONS 

4.1 Objective 
 
The prediction of stationary states of a reactor under various operating and accident 
conditions requires the determination of design and safety parameters with high accuracy. 
Apart from the determination of the reactivity for a given core loading, the main objectives of 
steady state reactor core calculations are the precise calculation of both the spatial neutron 
flux and power distribution, the detailed evaluation of the maximum fuel temperature and the 
determination of the fluence at the pressure vessel. Therefore, great effort is made for the 
development of neutronics models which are also coupled with thermal-hydraulics codes. 

4.2 Methods in Use 
 
At GRS, both external codes and own developments are routinely in use. The theoretical 
methods range from the application of the diffusion method in two energy groups to multi-
group neutron transport and the Monte Carlo method. 

4.2.1 The 3-D Nodal Diffusion Code QUABOX/CUBBOX 
 
For 3-D reactor core calculations, nodal methods have been developed for efficient solutions. 
GRS uses the reactor core model QUABOX/CUBBOX [LAN-77a, LAN-77b], which has 
already been developed in the seventies. It solves the neutron diffusion equation with two 
energy groups by a neutron flux expansion method based on local polynomials. The set of 
equations is solved by a matrix decomposition method that can be efficiently applied for 



 

 

static and transient calculations. The mesh corresponds in the radial plane to the fuel 
assembly size and in the axial direction also a coarse mesh can be chosen. The 
macroscopic nuclear cross-section data for two energy groups are calculated from data 
libraries using flexible representations e.g. multi-dimensional function tables or polynomial 
approximations. These nuclear data have to be precalculated by fuel assembly codes for the 
full range of parameters covering the core conditions that should be investigated. 
Feedback effects may be calculated by a parallel coolant channel model as implemented in 
the programme HYCA which consists of a 1-D flow channel model and an average fuel rod 
for each channel. The mapping between fuel assemblies and thermal-hydraulic channels can 
be defined by input. Another option for determining the feedback parameters is available by 
the coupled code ATHLET-QUABOX/CUBBOX, which is discussed in section 5.2. The 
application of QUABOX/CUBBOX is restricted to square lattices and two prompt neutron 
energy groups. The reactor core model QUABOX/CUBBOX can be applied to steady state 
calculations and to reactor core transients with defined time-dependent core boundary 
conditions. 

4.2.2 The Monte Carlo Codes MCNP and KENO 
 
The capability to handle continuous energy nuclear data libraries in combination with the 
treatment of complex geometries in exact representation without discretisation make the 
Monte Carlo method a reference tool for nuclear applications. At GRS, the Monte Carlo 
codes MCNP and KENO are in routine use. MCNP is a general-purpose Monte Carlo N-
Particle code that can be used for neutron, photon, electron or coupled 
neutron/photon/electron transport. The code treats an arbitrary three-dimensional 
configuration of materials in almost any geometry. Specific areas of application cover 
criticality safety, radiation protection and shielding as well as radiography, dosimetry and 
medical physics. Typically, point-wise cross-section data are used, although group-wise data 
can be used. For neutrons, all reactions given in a particular cross- section evaluation are 
accounted for. 
KENO V.a is a three-dimensional Monte Carlo criticality transport program developed for use 
as a module of the SCALE code package or as a standalone program. It treats nuclear data 
in multi energy group representation with arbitrary scattering order where anisotropic 
scattering is treated by using discrete scattering angles. New features of the SCALE-5 
release are the capability of KENO V.a to compute angular fluxes and flux moments and to 
treat  also point-wise nuclear data. 

4.2.3 The Deterministic Discrete Ordinates Code Systems DANTSYS and DOORS 
 
DANTSYS and DOORS are two of the most popular code systems that solve the multi-group 
form of the stationary Boltzmann transport equation for neutral particles in discrete ordinates 
representation.  Within the SN theory, angular fluxes of the discretised spatial problem region 
are calculated by solving the transport equation along specific angular directions called 
discrete ordinates. Starting in one corner of a mesh, at the highest energy, and with starting 
guesses for implicit sources, boundary conditions and recursion relationships are used to 
sweep into the mesh for each discrete direction. The calculation then proceeds to lower 
energy groups. Integral quantities such as scalar flux are obtained from weighted sums over 
the directional results. Both code systems contain separate modules that treat the transport 
problem in one, two and three spatial dimensions for both Cartesian and curvilinear 
geometries. In DANTSYS, the Diffusion Accelerated Neutral-Particle Transport Code 
System, developed by the Los Alamos National Laboratory (USA), the corresponding 1-D, 2-
D and 3-D codes are named ONEDANT, TWODANT and THREEDANT, respectively. For 
space-angle discretisation, the diamond-difference and adaptive weighted diamond schemes 
are used. 



 

 

Like DANTSYS, the Discrete Ordinates Oak Ridge System DOORS, developed by the Oak 
Ridge National Laboratory (USA), consists of independent codes for solving the SN equation 
in one (ANISN), two (DORT) and three (TORT) spatial dimensions. DOORS treats neutral 
particle transport problems for both Cartesian and curvilinear regular geometries (including a 
discontinuous spatial mesh capability) with various methods being applied to treat the spatial 
dependence, including nodal and characteristic procedures. Anisotropic scattering is treated 
using a variable order Legendre scattering cross section expansion. 
Over the past few years, extensive experience has been made at GRS with the application of 
the above mentioned Monte Carlo and deterministic transport codes to numerous benchmark 
problems. With respect to the Monte Carlo codes, detailed studies using different data 
libraries have been made. The following examples of applications are presented: the KRITZ-
2 and VENUS-2 critical experiments, the VVER-1000 full core benchmark, the C5G7 3-D 
extension MOX fuel assembly benchmark and the PWR MOX/UO2 core transient benchmark. 

4.3 Applications 

4.3.1 The KRITZ-2 and VENUS-2 Benchmarks 
 
KRITZ-2 and VENUS-2 are critical experiments with square lattices of LWR conditions. In 
addition to the critical parameters, in these experiments fission rate distributions were 
measured. We calculated these assemblies not only to compare with the experimental 
results, but in particular to compare few-group deterministic calculations with reference 
Monte Carlo calculations based on nuclear point data. The few-group calculations were 
performed with homogenized cross sections for each pin cell. All data are based on the JEF-
2.2 data file, which is routinely used at GRS for neutron transport calculations. 
The KRITZ-2 assemblies [JOH-90] are square lattices with uranium (KRITZ-2:1, 2:13) or 
MOX fuel (KRITZ-2:19), inside a vessel with light water, each in cold state at ambient 
temperature, and a hot state with a temperature of about 240 °C. Criticality was obtained by 
adjusting the water level and the boron concentration in the moderator. The VENUS-2 core 
[NEA-04] consists of twelve 15x15 units of LWR pin cells, arranged in a cross shape. The 
inner part of the core consists of uranium pin cells with different enrichments, the outer parts 
consist of MOX pin cells. Forty pins in the central part of the core are replaced by pyrex 
absorber pins.  
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Figure 4.1: Multiplication Constants for the KRITZ-2 assemblies calculated with different neutron 
transport codes; the data libraries used are based on JEF-2.2. 



 

 

 
Figure 4.1 displays the multiplication constants for the KRITZ-2 assemblies obtained with 
different transport codes, namely the Monte Carlo code MCNP with point data, as well as the 
deterministic SN code THREEDANT from the DANTSYS code system [ALC-95] and the 
Monte Carlo code KENO from the SCALE-4.4 code system, both with few-group data using 
18 energy groups. There is very good agreement between the corresponding results for all 
cases; the differences are not exceeding 0.2 %. The generally observed low values 
calculated for the uranium assemblies need further investigations as already indicated in 
section 2.2. 
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Figure 4.2: Ratios of the pin-wise fission rates for the VENUS-2 core, calculated with MCNP with 
nuclear point data and THREEDANT with 18-group data, based on JEF-2.2. 
 
Figure 4.2 presents a comparison of the results for the VENUS-2 core from a calculation by 
MCNP with nuclear point data, and by THREEDANT with 18 energy group data, along with a 
sketch of the VENUS-2 geometry. The figure shows the ratios of the corresponding radial 
fission rate distributions. The results of MCNP and THREEDANT are in excellent agreement, 
with differences up to 2.5 % only at the core periphery and the interfaces between the 
different fuel zones. This confirms that for LWR fuel lattices, deterministic few-group 
calculations with energy groups in the order of 10 to 20 are well suited to generate results of 
a similar accuracy as the Monte Carlo method with nuclear point data.  

4.3.2 The VVER-1000 Full Core Benchmark  
 
To extend the application of MCNP to full-scale reactor core calculations, GRS has 
participated in the computational OECD/NEA VVER-1000 full core benchmark [ALY-02]. The 
reactor core, which is represented in two-dimensional geometry, is loaded with uranium and 
MOX fuel assemblies, each of them containing also gadolinium fuel pins. The fuel 
assemblies are in various burn-up states from the fresh state up to 40 MWd/kg HM; the 
corresponding nuclide compositions are provided with the benchmark specification, including 
actinides and important fission products.  
The calculations were performed for five uncontrolled states and one controlled state: (1) 
operational state at full power, (2) hot zero power state at overall constant temperature, (3) 
cold state with high boron concentration, (4) operational state without boron, (5) hot zero 



 

 

power state without boron, (6) hot zero power state with inserted control rods. For all these 
states, multiplication constants and fuel assembly wise fission rate distributions were 
determined. In addition, pin-wise fission rate distributions were calculated for three selected 
fuel assemblies in the operational state at full power. 
 

State MCNP σ MCU σ 

1 1.03770 0.00007 1.03341 0.00013 

2 1.05132 0.00010 1.04719 0.00012 

3 0.93416 0.00010 0.93237 0.00010 

4 1.13871 0.00011 1.13390 0.00012 

5 1.15400 0.00010 1.14932 0.00012 

6 1.04729 0.00011 1.04267 0.00009 

Table 4.1: Monte Carlo results for the multiplication factor of the VVER full core benchmark. 
 
For the MCNP-4C calculations, nuclear point data mainly on the basis of JEF-2.2 were used. 
For all states, calculations were also performed with the Monte Carlo code MCU [GOM-99] 
with its accompanying MCUDAT-2.2 nuclear data library, and the results were compared. 
Table 4.1 gives the calculated multiplication constants with their corresponding statistical 
uncertainties. An acceptable agreement is observed in all cases, with slightly higher MCNP 
values and a maximum difference of ~ 500 pcm. 
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Figure 4.3: Fuel assembly fission rate distribution for the full power state of the VVER-1000 core 
benchmark, calculated with MCNP. The statistical uncertainties are σ ~ 0.05 – 0.2 %. 
 
In Fig. 4.3, the fuel assembly fission rate distribution for the operational full power state is 
displayed. The distribution exhibits a typical shape with its maximum close to the core 
periphery and a local minimum in the core centre, due to the core loading with most of the 
fresh fuel assemblies placed in the outer region of the core. The distributions calculated with 
MCNP and MCU are in very good agreement for all six reactor states, with typical relative 
differences of 1 – 2 % and a maximum difference of 4 % in one case. 
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Figure 4.4: Pin-wise fission rate distribution in a peripheral fuel assembly (indicated by an arrow in Fig. 
4.3) for the full power state of the VVER-1000 core benchmark, calculated with MCNP. The statistical 
uncertainties are σ ~ 1 %. 
 
Figure 4.4 shows the pin-wise fission rate distribution for one selected fuel assembly 
calculated with MCNP. The tilt in the distribution is according to the position of the fuel 
assembly at the periphery of the reactor core. The statistical uncertainties for the pin-wise 
values are σ ~ 1 %. A very large number of neutron histories have to be tallied to make the 
statistical uncertainties satisfactorily small for such local quantities. A comparison of the pin-
wise values calculated with MCNP and MCU, normalized to the same fuel assembly fission 
rates, yields excellent agreement for all three fuel assemblies under consideration. The 
relative differences exceed 2.5 % only for ~ 60 out of 936 fuel pin positions, with maximum 
values of 4 %. The relative statistical uncertainties of the MCU values are similar to those of 
MCNP. 

4.3.3 The C5G7 3-D Extension MOX Fuel Assembly Benchmark  
 
The C5G7 3-D extension MOX fuel assembly benchmark [SMI-03] is designed to test the 
capabilities of modern deterministic transport methods and codes to calculate whole core flux 
distributions sufficiently well without relying upon spatial homogenisation techniques. The 
configuration considered is a small three-dimensional PWR core with 90° symmetry 
containing two UO2 and two MOX fuel assemblies in one quarter of the core. Each assembly 
consists of a 17×17 lattice of square pin cells as shown in Fig. 4.5 (middle) with the side 
length of each pin cell equal to 1.26 cm. Fuel pins, control rod guide tubes, control rods and 
fission chambers are of circular shape with a 0.54 cm radius. As indicated in Fig. 4.5 (right), 
all fuel pin cells are composed of two different materials corresponding to the fuel-clad mix 
and the surrounding moderator which has the same material composition as the water 
reflector. In contrast to the fuel pin cells, both the control rod guide tubes and the fission 
chambers are also present in the upper axial reflector. The overall dimensions of the problem 
are 64.26 × 64.26 × 64.26 cm3 with the 2-D dimensions of each fuel assembly being 
21.42 × 21.42 cm2. The benchmark is subdivided into three cases in which different control 
rod configurations have to be investigated: the Unrodded state and two Rodded states (A 
and B) in which the control rod clusters are partially inserted into the core at different depths. 
For all material compositions, a seven-group set of isotropic cross sections is provided and 
intended to be used for the transport calculation, including the Monte Carlo reference 



 

 

solution. Based on this cross section set, the multiplication constants and the pin-wise fission 
rates for three different axial slices have to be calculated for all three control rod cases. 
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Figure 4.5: Left: Top view of C5G7-3D fuel assembly arrangement including the surrounding reflector.  
Centre: Pin cell layout of the fuel assemblies. Right: Approximation of the circular fuel rod boundary by 
a 3×3 step function. 
 
The demand for no homogenisation at the level of pin cells requires an accurate 
representation of the circular fuel rod within the Cartesian geometry that was used for spatial 
discretisation. This is met by approximating the fuel rod boundary by an n×n step function 
such that, by strictly preserving the cross sectional area of the fuel rod, the area between the 
actual fuel rod boundary and the step function is minimised. This results in a 
(2n + 1) × (2n + 1) Cartesian nodalisation of each fuel pin cell. Concerning the axial 
discretisation, a basic mesh size of 3.56 cm is used. For a more accurate modelling of the 
neutron flux at interfaces between adjacent axial zones, if different material compositions are 
facing each other, the outermost mesh of both slices is halved to 1.785 cm. Consequently, 
close to an interface two nodes of this fine mesh size are used as indicated by thick lines in 
Fig. 4.6. Since for the Unrodded, Rodded A and Rodded B configuration there are one, two 
and three axial interfaces, respectively, the overall number of axial slices ranges from 20 for 
the Unrodded to 24 for the Rodded B case. Due to this detailed pin cell discretisation, the 
spatial discretisation of the whole core requires more than 1.6 millions of nodes for the most-
elaborate discretisation with n = 3. 
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Figure 4.6: Side view of the C5G7 geometry including the details of the spatial discretisation along z-
direction for the three control rod configurations with the numbers counting the axial meshes. The 
control rod positions are indicated by the shading whereas the hatched area denotes the reflector. 
 
For the calculations, the SN order was also varied by using three different level-symmetric 
quadrature sets S4,  S8 and S16. The effective multiplication constant keff and the relative 
deviation of the pin-wise fission rate from the Monte Carlo reference solution have been 
evaluated as a function of the order n of the pin cell nodalisation. The calculations are 
repeated for the three different quadrature sets used. Concerning the multiplication 
constants, the results of our most-elaborate solution (n = 3 and S16) agree within about 0.3% 
with the reference solution. Obviously, there is a stronger dependence on the order of pin cell 
nodalisation than on the quadrature order. This qualitatively also applies to the deviation of 
the pin-wise fission rate from the reference solution with the deviation getting smaller as the 
order of the pin cell nodalisation or quadrature increases. Concerning the maximum percent 
error, the solution compares well to the results of the other international benchmark 
participants [SMI-05]. 
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Figure 4.7. Core configuration (left) and fuel assembly layout for the UO2 (centre) and MOX (right) 
assembly. In the core configuration, CR-A to CR-D denote four different control rod banks, and CR-SA 
to CR-SD refer to the four shutdown rod banks. The control rod ejection occurs in assembly E5. 



 

 

4.3.4 The PWR MOX/UO2 Core Transient Benchmark  
 
Under the auspices of the OECD/NEA Working Party on the Physics of Plutonium Fuels and 
Innovative Fuel Cycles (WPPR) and the U.S. NRC, the PWR MOX/UO2 Core Transient 
Benchmark [KOZ-03] is designed for assessing the ability of modern reactor kinetics codes 
to simulate a control rod ejection transient of a core partially loaded with MOX fuel. The 
localised perturbations of neutronic core parameters caused by the rod ejection may be 
enhanced by the presence of MOX fuel. In order to allow for a realistic simulation, the 
problem chosen for this benchmark represents a four-loop Westinghouse PWR core. The 
core contains 193 fuel assemblies and has 90° rotational symmetry. The fuel assembly 
arrangement of one quarter of the core is shown in the left of Fig. 4.7. It contains UO2 and 
MOX fuel assemblies with different enrichments and at several burnup levels. The 
enrichments are 4.2% and 4.5% for UO2, and for the MOX fuel, the Pufiss content is 4.0% and 
4.3%. Up to seven burnup states are taken into account, ranging from 0.15 GWd/tHM to 35.0 
GWd/tHM. The core is surrounded by a single row of reflector assemblies of the same width 
as the fuel assembly containing a 2.52 cm thick baffle. The outer radial boundary condition is 
vacuum. In axial direction, the active fuel length amounts to 365.76 cm, a uniform fuel 
composition is assumed. Like in the radial direction, axial reflectors of the same height as the 
fuel assembly width are added to the top and bottom of the active core, and the axial 
boundary conditions are vacuum. Each assembly consists of a 17×17 square lattice as 
shown in Fig. 4.7 (centre and right). The pin cell pitch equals 1.26 cm according to the 
assembly width of 21.42 cm. For controlling the reactivity of the fresh fuel, 104 Integrated 
Fuel Burnable Absorbers (IFBA) pins are used in the UO2 assemblies. A number of 24 Wet 
Annular Burnable Absorber (WABA) pins located at the guide tube locations have a similar 
purpose for the MOX assemblies. The benchmark consists of a stationary part and a 
transient part simulating the control rod ejection. We only considered the stationary part for 
which the effective multiplication constant (keff) and the assembly and pin power distribution 
for both the “All Rods Out” (ARO) and “All Rods In” (ARI) configuration at hot zero power 
state are to be calculated. The calculations were performed using the DORT as distributed 
by the OECD/NEA Data Bank. 
For all materials, burnup levels and thermal-hydraulic reactor states, we performed fuel 
assembly calculations for all four UO2 and MOX fuel assembly using HELIOS in order to 
generate pin cell homogenised cross sections in eight and sixteen energy groups and P1 
scattering order. Using these pin cell homogenised cross sections, the DORT calculation was 
performed for one quarter of the core in Cartesian geometry. Each pin cell is divided into 2×2 
meshes which results in 289×289 meshes in x-y plane with the mesh size equal to half a 
pitch, i.e. 0.63 cm. 
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Figure 4.8: Whole core assembly power distribution of the ARO reactor state of the PWR MOX/UO2 
core benchmark. The DORT solution (left) using pin cell homogenised 8-group cross sections in P1 
scattering order is compared with the MCNP result (right) obtained with JEF-2.2 nuclear point data. 
 

DORT MCNP DeCART 

1.05877 1.06065 ± 0.00005 1.05852 

Table 4.2: Effective multiplication constants of pin-by-pin calculations for the ARO reactor state of the 
PWR MOX/UO2 benchmark: DORT with 8-group cross sections (P1 scattering order), MCNP with 
JEF-2.2 nuclear point data and DeCART with 47-group cross sections (transport-corrected P0 
scattering order). 
 
In addition to our DORT solution for the ARO reactor state, we also performed an MCNP 
calculation with nuclear data based on the JEF-2.2 library. In Table 4.2, the corresponding 
effective multiplication constants are listed together with the eigenvalue of a DeCART 
solution. The latter has been made available on the benchmark website and was prepared by 
the Nuclear Engineering Department of the Seoul National University, Korea, and the Korea 
Atomic Energy Research Institute using transport-corrected P0 scattering order cross 
sections based on the HELIOS 47 energy group library without spatial homogenisation. 
Obviously, the eigenvalues compare very well with each other. Test calculations with S4, S8 
and S16 quadratures and 16 energy groups have shown that there is almost no dependence 
on the quadrature order and the number of energy groups used in DORT, i.e. even S4 
quadrature order and eight energy groups turn out to be sufficient, thereby significantly 
saving CPU time. This also applies to the assembly power distribution of the whole core 
which is shown in Fig. 4.8 for the DORT (left) and the MCNP (right) solution. However, there 
are still some discrepancies in the assembly power distribution of up to about 5% at the core 
boundary. So far, the origin of these differences has not yet been resolved entirely and 
needs some further systematic investigations. 

4.4 Recent and Future Developments 
 
At present, the majority of 3-D core models applied to LWR are based on the diffusion 
approximation of the neutron transport with homogenised fuel assemblies in two energy 
groups. This approach is essential for the development of efficient nodal solution methods, 



 

 

but it limits the accuracy of local power values for single fuel rods. Stimulated by increasing 
computer power, current developments in the neutron kinetics field concentrate on the direct 
solution of the multi-group transport equation (deterministic approach) and also on Monte 
Carlo methods which enable first-principle calculations based on continuous energy 
dependence of nuclear data. 
Demands for future developments may also arise from situations in which cores with mixed 
uranium and MOX fuel loadings are considered as well as when fresh fuel assemblies are 
beside high burn-up fuel. Common to these cases is the presence of different material-
dependent (and thus spatial-dependent) neutron fission spectra. For such cases and other 
situations with, e.g., steep flux gradients close to control elements, the traditional LWR 
nuclear standard procedure – as far as it relies upon core calculations in diffusion 
approximation with two prompt neutron energy groups – may not be sufficient to correctly 
predict local reaction rates. 

5 TRANSIENT REACTOR CORE AND PLANT CALCULATIONS 

5.1 Objective 
 
Reactor core transients determined by strong changes of the spatial power density 
distribution or by asymmetric conditions at the core inlet should be studied by 3-D reactor 
core models simulating spatial neutronics with thermal-fluiddynamic feedback. Typical core 
transients relevant for safety evaluation are the control rod withdrawal accidents during start-
up and the very fast reactivity insertion accidents by a control rod ejection in a PWR or the 
control rod drop accident in a BWR. 
For accident conditions which are determined by the strong coupling of the coolant flow in 
the primary loop and the neutronics in the reactor core, coupled codes should be applied. In 
these coupled codes the 3-D reactor core model is fully integrated into the thermal-hydraulic 
system code simulating the plant system. 

5.2 Methods in Use 
 
It was an international effort to develop and to validate coupled codes for applications in 
safety analysis. GRS has developed the coupled code system ATHLET-QUABOX/CUBBOX 
by coupling the thermal-hydraulic system code ATHLET [LER-98] with the reactor core 
model QUABOX/CUBBOX [LAN-96a, LAN-96b]. Within bilateral co-operations also other 3-D 
reactor core models have been coupled with ATHLET like BIPR8 from Kurchatov-Institute, 
DYN3D from FZ Rossendorf, KIKO3D from KFKI (AEKI) Budapest and SADCO from RDIPE.  
In the international framework all known system codes like CATHARE, TRAC or RELAP 
have been coupled with 3-D reactor core models. For the validation of these coupled codes 
several benchmarks have been performed within the OECD activities for LWR core transient 
benchmarks. A separate presentation is dedicated to this topic during this seminar [IVA-05]. 
Following benchmark cases have been studied for LWRs: a PWR main steam line break 
(MSLB) benchmark for TMI-1 [NEA-99, LAN-03], a BWR turbine trip (TT) benchmark in 
Peach Bottom-2 [NEA-01, LAN-04] for which experimental data were available. For both 
benchmark problems good results were obtained by the coupled code ATHLET-
QUABOX/CUBBOX. For the PWR MSLB benchmark, the observed differences between 
different solutions have been sufficiently explained. For the BWR turbine trip transient very 
good agreement was achieved for measured data like pressure, reactor power and local 
power values from local power range monitors. The benchmark activity is continuing by an 
analysis of  a VVER-1000 transient [NEA-02]. 



 

 

5.3 Recent and Future Developments 
 
Important aspects for future developments arise from increased safety requirements which 
can only be met by improved calculation models. In particular, optimised fuel rod modelling 
including refinements of the fuel-cladding gap description or burnup-dependent fuel rod heat 
conduction may become more and more relevant. International activities therefore 
continuously focus on whole core calculations with pin-wise representation. 
This also applies to transient core calculations. At GRS, therefore, considerable effort is 
being made to develop transport codes that directly solve the time-dependent SN transport 
equations in multi-energy group representation without further approximations. Stimulated by 
the good experiences gained with the application of the DOORS codes to numerous 
benchmarks and critical experiments, both the 2-D code DORT and the 3-D counterpart 
TORT have been extended for treating time-dependent problems (DORT-TD and TORT-TD), 
thereby preserving their original capabilities of solving the stationary SN transport equation. 
For the discretisation of the time derivative, the unconditionally stable fully-implicit time 
discretisation scheme has been applied. Since this procedure results in a (formal) stationary 
transport equation with a time-dependent external distributed source that is to be solved for 
the fluxes at each time step, stationary transport codes like DOORS are well suited for the 
solution of implicitly discretised time-dependent problems. Provision must be made for the 
delayed neutrons. Their spatial concentration must be accounted for by the solution of an 
additional balance equation which in DORT-TD and TORT-TD  is also discretised implicitly 
with respect to the time variable. 
In a first step, the 2-D code DORT-TD has also been coupled with the ATHLET thermal-
hydraulic system code. Experiences have been gained with the application to the research 
reactor FRM II in Garching [PAU-03]. The most-recent development is the transient version 
TORT-TD which in principle allows for full 3-D transient core calculations. First test 
calculations based on the transient part of the PWR MOX/UO2 control rod ejection transient 
benchmark (see section 4.1) are in progress. To this aim, a general capability for control rod 
element movements has been implemented. At present, we are working on the 
implementation of feedback models. As a part of these, a fuel rod heat conduction model is 
currently being included which allows for the calculation of the radial temperature profile of 
fuel rods composed of different material layers with varying temperature-dependent heat 
conduction coefficients. In combination with cross section libraries that are parametrised with 
respect to thermal-hydraulic quantities like temperature and moderator density, TORT-TD will 
be capable of performing 3-D time-dependent transport calculations including feedback with 
arbitrary numbers of prompt and delayed neutron energy groups and arbitrary scattering 
order. 

6 CONCLUSION 
 
This paper gives an overview on the methods and computer codes, which are developed and 
applied in GRS to nuclear design and accident simulations. All steps of nuclear calculations 
are covered either by computer codes which have been originally developed by GRS or by 
external codes for which GRS has achieved extended application experiences.  
The main field of code development work in GRS was the field of static and transient reactor 
core calculations by the reactor core model QUABOX/CUBBOX and the field of thermal-
hydraulic plant transient and accident analysis by the system code ATHLET. 
In the past, the nuclear data for core calculations have been mainly provided by the standard 
fuel assembly burn-up codes CASMO or HELIOS within co-operations with other institutions 
for specific applications. For reference calculations and independent evaluations of fuel 
assembly designs a nuclear data library based on recent releases of JEF-2.2, ENDF/B-V and 
JENDL-3.2 was established to perform Monte Carlo calculations by MCNP using point data.  
During the validation of nuclear data libraries by critical experiments, great experience was 
gained for MCNP calculations. It was demonstrated at the example of the VVER-1000 



 

 

reactor core benchmark that full-scale core calculations with pin-wise resolution are feasible. 
The calculational scheme using the Monte Carlo code MCNP with point data is considered 
as a reference tool to study critical systems with complex geometry and material 
compositions. 
An important aspect of fuel assembly calculations is the determination of the reactivity 
dependence on burn-up and the accurate determination of nuclide inventories. In this field 
GRS has developed the reactivity and nuclide inventory code KENOREST to have an 
independent method available for comparisons with other standard solution methods. This 
programme which uses updated and extended ORIGEN libraries, allows nuclide inventory 
calculations of high accuracy using a complete set of nuclides and corresponding reaction 
chains avoiding reductions and simplifications. The validation of KENOREST is on-going. 
For best-estimate reactor core and plant transients, the coupled code ATHLET-
QUABOX/CUBBOX was developed. In the framework of the international OECD benchmark 
activities for LWR core transients, it was extensively validated and compared with other 
available coupled code systems. Meanwhile, all internationally known system codes have the 
capability of integrated 3-D reactor core models. It is agreed that coupled codes are 
important to perform realistic plant transient analyses for all accident conditions with strong 
coupling between coolant flow and neutronics. 
The application of the diffusion approximation for reactor core calculations may limit the 
accuracy for local pin-wise effects relevant for safety. Therefore, the further code 
improvements in the nuclear field tends to apply neutron transport methods for future reactor 
core calculations. In GRS the deterministic neutron transport codes from the DANTSYS and 
DOORS packages have been successfully applied for a series of stationary problems. In first 
prototypes the DORT/TORT codes of 2-D/3-D geometry have been extended for transient 
calculations and experience has been obtained by solving  benchmark problems. The future 
application for reactor core calculations needs still more computer capacity and 
improvements in providing multi-group data including burn-up and thermal-hydraulic 
dependence. The positive experience gained in GRS is very promising for future 
developments. 
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Abstract:  
Incorporating full three-dimensional models of the reactor core into system transient codes allows for a 
“best-estimate” calculation of interactions between the core behavior and plant dynamics. 
Considerable efforts have been made in various countries and organizations on the development of 
coupled thermal-hydraulic and neutronics codes. Appropriate benchmarks have been developed in 
international co-operation led by NEA/OECD that permits testing the neutronics/thermal-hydraulics 
coupling, and verifying the capability of the coupled codes to analyze complex transients with coupled 
core-plant interactions. Three such benchmarks are presented in this paper – the OECD/NRC PWR 
MSLB benchmark, the OECD/NRC BWR TT benchmark, and the OECD/DOE/CEA V1000CT 
benchmark. In order to meet the objectives of the validation of best-estimate coupled codes a 
systematic approach has been introduced to evaluate the analyzed transients employing a multi-level 
methodology. Since these benchmarks are based on both code to code and code to data comparisons 
further guidance for presenting and evaluating results has been developed. During the course of the 
benchmark activities a professional community has been established, which allowed carrying out in-
depth discussions of different aspects considered in the validation process of the coupled codes. This 
positive output has certainly advanced the state-of the art in the area of coupling research.  

1 INTRODUCTION 
 
Incorporating full three-dimensional (3D) models of the reactor core into system transient 
codes allows for a “best-estimate” calculation of interactions between the core behavior and 
plant dynamics. Recent progress in computer technology has made the development of 
coupled thermal-hydraulic (T-H) and neutron kinetics code systems feasible. Considerable 
efforts have been made in various countries and organizations in this direction. Appropriate 
benchmarks have been developed in international co-operation led by the Nuclear Energy 
Agency (NEA) of the Organization for Economic Cooperation and Development (OECD) that 
permits testing of two particular aspects. One is to verify the capability of the coupled codes 
to analyze complex transients with coupled core-plant interactions. The second is to test fully 
the neutronics/thermal-hydraulics coupling. One such benchmark is the Pressurized Water 
Reactor (PWR) Main Steam Line Break (MSLB) benchmark problem [1]. It was sponsored by 
the NEA/OECD, the United States Nuclear Regulatory Commission (US NRC), and the 
Pennsylvania State University (PSU). The benchmark problem uses a three-dimensional 
neutronics core model and thermal-hydraulics core and system models that are based on 
real plant design and operational data for Three Mile Island – Unit 1 (TMI-1) Nuclear Power 
Plant (NPP). A similar coupled code benchmark has been developed for Boiling Water 
Reactors (BWR) also under the sponsorship of NEA/OECD, US NRC and PSU [2]. The 
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chosen plant transient is a turbine trip (TT) and the reference design is based on the Peach 
Bottom-2 (PB-2) NPP. Unlike the PWR MSLB benchmark, measured plant data is available, 
rending this benchmark potentially very valuable. In the framework of a joint effort between 
the NEA/OECD, the United States Department of Energy (US DOE), and the Commissariat a 
l’Energie Atomique (CEA), France a coupled 3D neutron kinetics/thermal hydraulics 
benchmark was defined for a VVER-1000 type reactor named VVER-1000 Coolant Transient 
(V1000CT) benchmark. The benchmark is based on data from the Unit 6 of the Bulgarian 
Kozloduy NPP (KNPP). In performing this work the PSU and CEA-Saclay have collaborated 
with Bulgarian organizations, in particular with the KNPP and the Institute for Nuclear 
Research and Nuclear Energy (INRNE). The benchmark consists of two phases - Phase 1 
(V1000CT-1): Main Coolant Pump Switching On [3]; and Phase 2 (V1000CT-2): Coolant 
Mixing Tests and MSLB [4]. These three benchmarks are presented in this paper. In order to 
meet the objectives of the validation of best-estimate coupled codes, a systematic approach 
has been introduced to evaluate the analyzed transients. A multi-level methodology is 
employed including the application of different phases and exercises, evaluation of several 
steady states, and simulation of multiple transient scenarios. Since these benchmarks are 
based on both code to code and code to data comparisons further guidance for presenting 
and evaluating results has been established employing statistical techniques. The lessons 
learned while applying the aforementioned multi-level methodology in each benchmark are 
outlined and discussed in separate sections of the paper. In addition, these benchmarks 
have stimulated follow up developments and benchmark activities, which are briefly 
presented in the concluding section.   

2 OECD/NRC PWR MSLB BENCHMARK 
 
This benchmark is based on real plant design and operational data for the TMI-1 NPP. The 
purpose of this benchmark is three-fold: to verify the capability of system codes for analyzing 
complex transients with coupled core-plant interactions; to test fully the 3D 
neutronics/thermal-hydraulics coupling; and to evaluate discrepancies among the predictions 
of coupled codes in best-estimate transient simulations. The purposes of the benchmark are 
met through the application of three exercises: a point kinetics plant simulation (Exercise 1), 
a coupled 3D neutronics/core thermal-hydraulics evaluation of core response (Exercise 2), 
and a best-estimate coupled core-plant transient model (Exercise 3).  

2.1 Transient 
 
The initiating event of the MSLB is assumed to be a double-ended rupture of one steam line 
upstream of the main steam isolation valve (MSIV) at the cross-connect. The loss of the 
secondary coolant causes a decrease in steam pressure and an increase of steam flow 
through the steam generator (SG) connected to the ruptured steam line. The higher steam 
flow rate increases heat transfer from the primary to the secondary side and results in lower 
coolant temperature in the loop of the broken steam line. Because of the large negative 
moderator temperature coefficient, the lower coolant temperature in the core region causes a 
positive reactivity insertion in the core and consequently a power increase. The reactor is 
tripped because of either too low reactor coolant pressure or high neutron flux. Following the 
reactor trip, the turbine trips and the turbine stop valves and feedwater control valves close. 
The low steam line pressure initiates the automatic feedwater isolation, which causes the SG 
associated with the rupture to blow dry. The high-pressure injection (HPI) system may be 
activated by low reactor coolant system (RCS) pressure during the cooldown period following 
a large area steam line break.  
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One of the major concerns for the MSLB is the return to criticality and/or return to power in 
the second half of the transient. To maximize the conservative conditions for the return to 
power, the MSLB transient is assumed to take place at hot full power (HFP) operating 
conditions at the end of cycle (EOC). The limiting MSLB for TMI-1 is at HFP because the SG 
liquid inventory increases as the power level increases; the worst case overcooling occurs at 
the maximum power level, which corresponds to the maximum liquid inventory in the SG.  

 
Another conservative assumption is that the control rod with the maximum worth is stuck in a 
fully withdrawn position throughout the transient. This is a limiting condition because it 
reduces the available scram worth even further, and increases the probability of a return to 
power.  

2.2 Methodology 
 
In order to meet the objectives of the validation of best-estimate coupled codes a systematic 
approach has been introduced to evaluate the PWR MSLB transient. Such coupled codes 
use separate temporal and spatial models and numerical methods for core neutronics, core 
thermal-hydraulics and system thermal-hydraulics simulations. Therefore, the validation of 
these codes should include testing of these models for the defined transient (in this case a 
MSLB) as a separate exercise of the overall benchmark. The ultimate goal is to enable 
participants to initiate and verify these models before focusing on the major objective – 
testing of coupling methodologies in terms of numerics, temporal and spatial mesh overlays. 
This systematic approach allows one to evaluate in a more consistent way the modeling of 
the combined effects (determined by neutronics/T-H as well as core/plant interactions) and 
removes the uncertainties introduced with the separate models. In order to perform such a 
comprehensive validation of coupled codes a multi-level methodology is employed. The 
methodology includes the application of three exercises, the evaluation of several steady 
states, and the simulation of multiple transient scenarios. 
 
To allow better testing of 3D coupled-code predictions there are two versions of the MSLB 
transient scenario: one corresponding to the licensing practice scenario and another extreme 
scenario. In the second scenario the 3D models are expected to predict return to power 
because of the conservative assumptions. Both scenarios have the same initial conditions 
and follow the same sequence of events. The difference is the value of the tripped control 
rod worth, which for the coupled calculations is achieved through modifying the rodded 
thermal absorption cross-sections for control rod groups. 
 
Exercise 1 is defined as “point kinetics (PK) plant simulation”. The purpose of this exercise is 
to test the primary and secondary system model responses. Compatible PK model inputs, 
which preserve axial and radial power distributions and tripped rod reactivity, are taken from 
the coupled three-dimensional (3D) kinetics/system T-H calculations, and are provided in the 
Specification as input data. Exercise 2 is defined as an evaluation of the core response to 
imposed system T-H conditions. The Benchmark Specification provides a complete core 
description, a cross-section library, and also initial and transient boundary conditions (BC) for 
18 T-H channels. The BCs include radial distribution of the mass flow rates, liquid 
temperatures at the core inlet, and pressure at the core outlet. Exercise 3 is defined as a 
best-estimate coupled-core plant transient modeling. This exercise provides the opportunity 
to study the impact of different neutronics and T-H models on code predictions, as well as 
the coupling between them. 
 
Since the MSLB benchmark is based on code-to-code comparisons, a statistical 
methodology has been established for presenting and evaluating the results. The situation is 
complicated by the lack of experimental data. The reference values are calculated based on 
the statistical mean value of all submitted results except obviously outlying solutions. While 
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not perfect, this method provides a strong basis for a statistical analysis and comparison of 
the results. In all phases of the MSLB problem, several types of data had to be analyzed, and 
the results of all participants compared. The analyzed data types were: Type I - Time History 
Data; Type II - 2D Radial Distributions; Type III - 1D Axial Distributions; and Type IV – 
Singular Parameter Values. 

2.3 Results 
 
Overall, this benchmark has been well accepted internationally, with about 15 participants 
representing 11 countries in each exercise. The results submitted by the participants for each 
exercise are used to make code-to-code comparisons and a subsequent statistical analysis. 
The results encompass several types of data for both thermal-hydraulics and neutronics 
parameters at the initial steady state conditions and throughout the MSLB transient. The final 
reports on the first, second and third exercises [5, 6, 7] contain summaries of the comparison 
of the participants’ results. This information is presented in plots graphically illustrating the 
agreement of different code predictions and tables containing relative differences for each of 
the participants’ results for each parameter. First the mean values and standard deviations 
are calculated. Participants’ deviations and figures of merit are calculated relative to the 
mean solution.  
 
Based on the comparisons of participants’ results for Exercise 1 it was concluded that the 
deviations in the predictions of system-parameters time histories are due to both the 
modeling differences and the different theoretical models of the codes. These modeling 
differences were identified as follows: the conservative initial steam generator (SG) masses, 
the modeling of the additional feed water to the broken SG, the steam line break flow 
modeling, the flow paths to the upper head of reactor vessel, and the different reactor vessel 
mixing models. The need of resolving these issues was addressed by carrying out 
parametric studies that demonstrated sensitivity of power response during the MSLB 
transient to key input parameters. This fact initiated a discussion in depth about the main 
effects during a MSLB transient and their sensitivity to the modeling assumptions. As a 
result, a three-step procedure was applied: additional information was provided, some 
modeling assumptions were specified explicitly (such as the additional feed water to the 
broken SG which was specified as feed water mass flow rate vs. time), and other 
assumptions were made consistent (such as the SG initial mass). The lessons learned in the 
Exercise 1 were applied also to the third exercise. 
 
The power response and the magnitude of the return to power during the transient as 
predicted by different codes are functions of the total reactivity time evolution (see Figures 1 
and 2). The differences arise from the different predictions of moderator feedback and 
Doppler feedback reactivity components, as well as the prediction of the inserted negative 
reactivity of the tripped rod during the dynamic scram simulation. The moderator reactivity 
component follows the cold leg temperature. The discrepancies in the cold leg temperature 
predictions are due mostly to differences in the secondary side models. It was observed that 
the major factors affecting the dynamics of the transient are the break flow modeling (critical 
flow model), the liquid entrainment, the modeling of the aspirator flow, and the nodalization of 
the SG down comer. These factors affect the SG mass parameter for both the broken and 
the intact SGs. This parameter shows the greatest deviation amongst participants’ results, 
both in the value and behavior of the SG masses throughout the transient. In addition the 
disagreement can be attributed to differences in the heat-transfer correlations used within 
each code. This is especially true for the participants who use proprietary correlations that 
are specific to U-Tube SGs in their codes; the behavior of a Once Through SG (OTSG) is 
much different than a U-Tube SGs, and also involves superheat, something U-Tube SGs do 
not have. The Doppler feedback reactivity predictions are sensitive to the relation used for 
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Doppler fuel temperature as well as to the used radial and axial nodalization of the heat 
structure (fuel rod).  
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Figure 1. Core-Averaged Total Power Time History for Extreme Scenario, Exercise 3 of PWR MSLB Benchmark 

Overall, it was determined that for the system behavior prediction in this benchmark, the key 
parameters were the SG masses, the break flow rates, the coolant and fuel temperatures, 
and the powers. The other parameters were valuable to analyze because they helped to 
determine what was causing the behavior of the key parameters. As expected, the break flow 
rates/modeling was very sensitive to the SG masses/modeling and vice versa. In addition, it 
was proven that the SG model has a great effect on the power throughout the transient. In 
particular, the way the additional feed water was introduced into the steam generator, the 
aspirator junction area, the down comer nodalization, and the OTSG model in general proved 
to be very important. During the Exercise 2 of this benchmark  it was determined that the key 
parameters for coupled core modeling were the thermal-hydraulic core modeling and the 
spatial coupling schemes with the core neutronics model; the spatial decay heat modeling; 
and the Doppler temperatures and density correlations, used by the thermal-hydraulics 
codes. This conclusion was confirmed in the analysis of the Exercise 3. As expected, the 
axial distributions after the scram were very sensitive to the spatial decay heat modeling.  In 
addition, it was proven that the detail of the core thermal-hydraulic models has a great effect 
on the radial power distribution throughout the transient.  In particular, the differences can be 
up to 15 % for the snapshot at the time of highest return to power affecting local safety 
parameters such as maximum nodal fuel temperatures. Different code 
formulations/correlations for Doppler temperature and moderator density, affected both core 
average power and reactivity time histories and local distributions throughout the transient 
since these two parameters are the major feedback parameters for the cross-section 
modeling impacting in this way the neutronic predictions.  
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Figure 2. Core-Averaged Total Reactivity Time History for Extreme Scenario, Exercise 3 of OECD/NRC PWR 

MSLB Benchmark 

The observed discrepancies in the core averaged radial distributions, local axial distributions 
(in the position of the stuck rod), and maximum nodal Doppler temperature time history 
(especially for the return to power scenario) are mostly due to the detail of spatial coupling 
schemes: from very detailed spatial mesh overlays (one neutronics node per thermal-
hydraulic cell/channel) to coarser mesh overlays (18-channel model). During the course of 
the MSLB transient, a power spike is seen at the position of the stuck rod. However, in the 
18-channel model this assembly is averaged with several of the surrounding assemblies 
while mapping the neutronics model to the thermal-hydraulics model. This has the significant 
effect of underestimating the feedback in this part of the core. On the other hand, the 177-
channel model (one neutronic assembly per T-H channel) is expected to more accurately 
predict the feedback (as a result of a better spatial feedback resolution), and therefore the 
relative power shape, near the stuck rod. This was seen very clearly from the comparisons of 
participants’ results for the snapshot taken at time of highest return to power for transient 
scenario 2. The observed deviations (up to 15 %) in radial power distribution are due mostly 
to the different thermal-hydraulic (about 5 %) and heat structure (about 10 %) nodalization 
and mapping schemes. This result is very relevant since from a safety point of view, the 
possibility of a return to power in the later half of a MSLB transient is of great importance. 
 
Participants’ kinetics models for the benchmark utilized mostly a one node per assembly 
(npa) scheme in the radial plane. The benchmark team and some participants also 
developed a more detailed neutronic model using a 4-npa scheme in the radial plane and the 
subsequent mapping schemes. Comparative studies were performed for the extreme MSLB 
scenario with expected return to power. The obtained results demonstrated that the 
refinement of the neutronic model in the radial plane does not impact the total power 
transient evolution. The neutronic scheme refinement impacts local radial power distributions 
but not to the extent of the impact of the T-H nodalization. These parametric studies 
indicated that the MSLB calculations are mostly sensitive to the detail of the thermal-
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hydraulic core modeling. The MSLB simulations are less sensitive to the radial refinements of 
the neutronic model, especially when coarser nodalization for the thermal-hydraulic core 
model is used. This reflects the feedback phenomena involved in the MSLB transient since 
the asymmetric cooling is the driving force of the transient. 
 
Comparisons of the results of Exercise 1 (performed using point kinetics models) and 
Exercise 3 (performed using 3D neutronics models) demonstrate that the 3D analysis 
removes some of the conservatism inherent in point-kinetics analysis. The differences are 
believed to be caused by the inability of standard point-kinetics approaches to properly 
account for the moderator density feedback, dynamic scram simulation, local effects, and flux 
redistribution, which occur during the transient. As a result the 3D core transient modeling 
provides a margin to re-criticality over the point-kinetics approach during an MSLB analysis. 
Such a margin is desirable due to the extended refueling cycles and high burnups, which 
result in increasingly negative moderator temperature coefficients.  
 
As mentioned previously, the simulated main steam line break transient results in 
asymmetric power and temperature distributions within the core region. As a result of this 
asymmetry, the assumption of 100% mixing within the core leads to non-conservative and 
non-realistic results. In order to determine the appropriate mixing percentage to be used 
when modeling such a transient several tests were performed at the Oconee Plant, which 
has a vessel identical to TMI-1. These tests were used to determine the amount of loop flow 
mixing that occurs within the reactor vessel when there is a large difference in the cold leg 
temperature behavior. For the MSLB benchmark problem, a ratio of 0.5 was chosen to limit 
the analysis at an upper value. In addition, the mixing was set to be 20% in the lower plenum 
and 80% in the upper plenum. The influence of the coolant mixing within the reactor pressure 
vessel on transient results was studied by some participants. They have observed that the 
coolant mixing ratio has an impact on the accident consequences. This is a drawback of the 
system codes using 1-D parallel channel models of the reactor core – the coolant mixing is 
input dependent and requires preliminary experimental knowledge. The codes, which have 
complete 3-D vessel T-H modeling information, do not need such input information but need 
to be validated for these applications. 

3 OECD/NRC BWR TT BENCHMARK 
 
Following the success of the PWR MSLB benchmark another OECD/NRC sponsored 
coupled-code benchmark was defined for a BWR TT transient. Turbine trip transients in a 
BWR are pressurization events in which the coupling between core space-dependent 
neutronic phenomena and system dynamics plays an important role. In addition, the 
available real plant experimental data makes this benchmark problem very valuable. Over 
the course of defining and coordinating the BWR TT benchmark, the systematic validation 
approach, established during the PWR MSLB benchmark, was further developed to study 
different numerical and computational aspects of coupled best-estimate simulations. 

3.1 Transient 
 
Three TT transients at different power levels were performed at the PB-2 NPP (a GE BWR/4) 
prior to shutdown for re-fueling at the end of Cycle 2 in April 1977. The second test (TT2) has 
been selected for the benchmark problem since it has the highest quality measured dataset 
in order to investigate the effect of the pressurization transient (which follows the sudden 
closure of the turbine stop valve) on the neutron flux in the reactor core. The tests were 
designed to produce plant/core responses that approached the design basis conditions as 
closely as possible. The actual data were collected, including a compilation of reactor design 
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and operating data for Cycles 1 and 2 and the plant transient experimental data. This 
transient was selected for this benchmark study because it is a dynamically complex event 
with reactor variables changing very rapidly, and it constitutes a good problem to test the 
coupled codes on both levels: neutronics/thermal-hydraulics coupling, and core/plant system 
coupling. In the TT2 test, the thermal-hydraulic feedback alone limited the power peak and 
initiated the power reduction. The void feedback plays the major role while the Doppler 
feedback plays a subordinate role. The reactor scram then inserted additional negative 
reactivity and completed the power reduction and eventual core shutdown. Figure 3 
illustrates the measured time history data of the core fission power and total reactivity. This 
provides a unique opportunity for a comprehensive feedback testing and examination of 
capability of advanced codes to analyze complex transients with coupled core/plant 
interactions through comparison with actual experimental data.  
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Figure 3. Neutron Flux and Reactivity Time Evolution for PB2 TT2 

3.2 Methodology 
 
The chosen benchmark transient – the turbine trip transient – is a rapid pressurization event 
in BWR reactors, which is characterized by tightly coupled thermal-hydraulic/neutronics 
phenomena. The core spatial effects are dominated by the axial changes; however, at the 
end-of-cycle 2, a slight radial non-symmetry exposure exists, which introduces radial spatial 
effects in the initial steady state. This radial non-symmetry has negligible impact on the 
transient response since the radial power distribution remains fairly uniform throughout the 
pre-scram portion of the transient. Previous Exelon (utility operating PB2 NPP) studies 
indicated that using a one-dimensional (1D) neutron kinetics model has limitations. First, a 
“single channel” core model with average power and flow does not respond dynamically in 
the same way as the average of all the channels – 3D average. Second, 1D cross-sections 
are dependent on the core thermal-hydraulic model used for their generation i.e. they are not 
universal and additional “normalization” procedures are needed to adjust these cross-
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sections for specific code applications. The previous studies also demonstrated the major 
difficulty in validating coupled codes – it is difficult to determine if inaccurate thermal-
hydraulic response is driving inaccurate neutronic response or vice versa. Similar 
relationships exist within the core/system interactions. In order to solve these problems the 
consistent benchmark approach, developed during the PWR MSLB benchmark, was utilized 
– the BWR TT benchmark consists of three separate exercises, two initial states and five 
transient scenarios. This approach provides opportunities for both a comprehensive 
validation and studying of the coupled codes and associated models. 
 
The first exercise consists of performing a system thermal-hydraulic calculation with no 
neutron kinetics model involved – core power (or reactivity) is a fixed input for the PB-2 TT 
transient. The purpose of the first exercise is to test the thermal-hydraulic system response 
and to initialize the participants’ system models. This approach is used to develop/refine key 
sub-models including steam lines, steam bypass system, jet pumps, steam separators and 
upper down-comer region where a distinct steam-water interface exists. The second exercise 
consists of performing coupled-core boundary conditions calculations. The purpose of the 
second exercise is to test and initiate the participants’ core models. Thermal-hydraulic 
boundary conditions are provided to the participants from the benchmark team. The thermal-
hydraulic core boundary conditions provided are the core inlet pressure, core exit pressure, 
core inlet temperature and core inlet flow. In summary the second exercise consists in 
performing a coupled 3D kinetics/T-H calculation for the reactor core using the boundary 
conditions provided at core inlet and exit. Three-dimensional two-group macroscopic cross-
section libraries are provided to the participants. The core inlet flow is provided in two 
formats: total core flow as a function of time and radially distributed flow as a function of time 
for thirty-three channels. In addition, the benchmark team provided participants with 
normalized power vs. flow correlations for the different assembly types based on the detailed 
modeling in which each assembly represented by a thermal-hydraulic channel for the initial 
steady-state conditions. The studies performed by the benchmark team indicated that these 
correlations also apply reasonably well during the transient, which provided an opportunity 
for the participants to develop their own core coupled spatial mesh overlays. An additional 
steady state was defined in the framework of the second exercise – hot zero power (HZP) 
state with fixed thermal-hydraulic feedback. This allows for “clean” initialization of the core 
neutronics models and cross-section modeling algorithms. The third exercise consists of 
performing a coupled 3D kinetics/T-H calculation for the core and 1D thermal-hydraulics 
modeling for the balance of the plant. There are five transient scenarios – the best estimate 
scenario (the real test with available measured data) and four extreme versions. The extreme 
scenarios were introduced to provide the opportunity to better test the coupling and feedback 
modeling since they represent challenges for modeling the existing strong interactions 
between neutronics and thermal-hydraulics:  
 

• Turbine trip without bypass system relief opening, which increases the peak pressure, 
and thus, the power peak and provides enough pressurization for safety/relief valve 
opening;  

 
• Turbine trip without scram, which produces secondary power peaks, that are of 

particular relevance for testing the coupled code predictions; 
 

• Combined extreme scenario – turbine trip with bypass system relief failure and 
without reactor scram. This is a very challenging case for code-to-code 
comparisons,Turbine trip with no scram, no bypass system and no activation of 
Safety Relief Valves (SRVs). The fourth extreme scenario was proposed by GRS, 
Germany. It provides both - a basis for better comparison of the physical models of 
the participants’ codes without external perturbations since there is no need to model 
SRVs and their location, - and the possibility to determine the eigen-frequency of the 
system.  
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This benchmark involves both code-to-code and code-to-data comparative analyses of 
different levels: single values, 1D distributions, 2D distributions and time histories. The 
Automated Code Assessment Program (ACAP) [8] and the statistical methodology, 
established in the OECD/NRC PWR MSLB benchmark, have been used to perform these 
analyses. It should be noted that one issue has been re-solved by using ACAP, which is not 
incorporated into the statistical comparison techniques. In the case of time history data the 
overall curve shape should be compared as well. Several methods exist to complete such full 
curve analysis, and a number of these methods are implemented in the ACAP automatic 
assessment tool, which have been utilized for analysis of the BWR TT benchmark results . 

3.3 Results 
 
Overall, this benchmark also has been well accepted internationally, with about 15 
participants representing 9 countries in each exercise. The results submitted by the 
participants are used to make comparisons, and a subsequent statistical analysis. This 
information encompasses several types of data for thermal-hydraulic parameters at the initial 
steady state conditions and throughout the turbine trip transient. The final report on Exercise 
1 was published [9] and the other two reports are under preparation. 
 
For the parameters for which the measured data is available the measured values are used 
as the reference. Such parameters are the core inlet enthalpy and core average pressure 
drop at the initial conditions of the TT2 test. The measured value for the core inlet enthalpy is 
1209.055 KJ/kg, and participants’ results display a standard deviation of ± 3.149 KJ/kg for 
Exercise 1. The measured value of the core pressure drop is 0.1136 MPa and the calculated 
standard deviation of the participants’ results is ±0.0125 MPa for Exercise 1. For the 
parameters for which measured data is not available (code to code comparisons) a mean 
solution is generated to serve as the reference. This can be seen in Figure 4, which shows 
the mean solution and standard deviations of the axial core averaged void fraction 
distribution. Overall, the participants’ results for integral parameters, core-averaged axial 
distributions, and core-averaged time histories are in good agreement with reference 
solutions, considering some of the approximations in participants’ models, uncertainties of 
some system parameters, and difficulties in interpreting some of the measured responses. In 
the void fraction results, deviations are mostly observed in the lower (bottom) part of the 
core, because of the differences in the participants’ sub-cooled boiling models. 
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Figure 4. Exercise 1 – Core Average Axial Void Fraction Distribution – Mean Solution and Participants’ Results 

Deviations  
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In the time history comparisons, the deviations are mostly observed within the first 1.5 
seconds after the transient starts. During the analysis of the results for the first exercise it 
became obvious that the sources of deviations in the participants’ predictions stem from the 
differences in modeling of the two key parameters – pressure response and core flow 
response, which determine the void generation in the core channels. The accurate prediction 
of the pressure response depends on a number of models used by a given code: the steam 
line model, which requires adequate nodalization and treatment of momentum effects; the 
steam bypass system model; and the steam separator model since the steam separator inlet 
inertia and non-equilibrium effects at steam-water surfaces must be properly treated. As one 
of the very important models for this transient, the steam bypass system should be modeled 
consistently to accurately predict bypass flow response. The prediction of core flow response 
is sensitive to the jet pump model used since it must properly represent the dynamic 
response of flow to pressure, and the core exit/separator region model since it must properly 
represent the dynamic response of two-phase flow.  
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Figure 5. Exercise 2 - Core Average Relative Axial Power Distribution – Measured Data and Participants ’ Results 

Deviations  

During the comparative analysis of the participants’ results for the second exercise (see 
Figure 5) the following sources of modeling uncertainties were identified: core pressure drop 
in terms of local losses and friction models, core bypass modeling and void feedback model 
in terms of sub-cooled boiling and vapor slip. The fuel heat transfer parameters such as the 
UO2 conductivity and gap conductivity and direct heating (2% to in-channel flow and 1.7 % to 
bypass flow) were specified. The scram initiation time and the speed of the rod insertion 
were also specified. The scram initiation time was specified since one of the objectives of the 
benchmark is to test coupled codes’ capabilities to predict for TT2 that the thermal-hydraulic 
feedback alone limits the power peak and initiates the power reduction. Other important 
modeling issues were identified such as the impact of using assembly discontinuity factors, 
which are also provided to the participants in a similar table format as for the two group 
cross-sections; xenon correction to account for the actual xenon concentration distribution at 
the initial steady-state conditions of the turbine trip test 2; the number of thermal-hydraulic 
channels and spatial mapping schemes with the neutronics core model; and bypass density 
correction in the cross-section feedback modeling to account for the deviations of bypass 
density from the saturated value used in the cross-section homogenization since the cross-
sections are generated by homogenizing the bypass region associated with the lattice. 
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In Exercise 3 the calculations of extreme scenarios 2, 3 and 4 indicated that the core power 
shows in-phase oscillations. While in scenarios 2 and 3 the dynamics of physical interactions 
between power and feedback mechanisms is interrupted by opening of the bypass valve 
and/or SRVs in scenario 4 the power oscillatory behavior continues until the end of the 
calculation – see Figure 6. Since the benchmark-measured data for the best-estimate (test) 
scenario also contain the Local Power Range Monitor (LPRM) measurements, the 
benchmark team provided the participants with the description of an appropriate algorithm to 
model LPRM response and the necessary associated data  as microscopic detector cross-
sections, flux factors, etc. The modeling of SRVs was identified as an important issue 
causing differences in the solutions.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 6. Exercise 3 – Extreme Scenario 4 Calculated with the GRS code ATHLET-QUABOX/CUBBOX 

The BWR TT benchmark provided the opportunity to study the impact of different thermal-
hydraulic and neutronics models on code predictions and to identify the key parameters for 
modeling a TT transient. The deviations of participants’ results around the average solution 
can best seen in the second extreme scenario of Exercise 3, which is without scram and thus 
allows to study the differences in modeling the feedback effects – see Figure 7 This in turn 
allowed the evaluation of these key parameters, through the performance of sensitivity 
studies. Such investigations were aimed toward evaluation of the impact of the following 
effects and parameters: 
 

• Thermal-hydraulic modeling issues – turbine by-pass line modeling; nodalisation of 
vessel, steam line and steam separator region; the TSV position and steam mass 
flow modeling; thermal-hydraulic model – number of equations; void fraction model; 
steam-separator inertia; and jet-pump modeling, and SRVs modeling. 

 
• Thermal-hydraulic key parameters – feedwater temperature; jet-pump parameters; 

void-fraction in the bulk water (carry-under); the core outlet pressure; the active core 
pressure loss; the core inlet temperature; the core inlet mass flow without bypass 
flow; sub-cooling; void generation rate; and gas gap conductance. 

 
• Time step size – fixed time step of 6 ms vs. using a variable time step algorithm with 

a maximum time step size imposed.  
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• Cross-section modeling - cross-section history dependencies modeling, which is 
important for the initial steady state; instantaneous cross-section density dependence 
(void coefficient) – important for the transient modeling; xenon and bypass density 
correction in cross-section tables; ADF modeling; and refinement of cross-section 
library.  

 
• Neutronics and coupling modeling - different neutronics methods, spatial coupling 

schemes between core neutronics and thermal-hydraulics in terms of number of the 
T-H channels, direct moderator heating; temporal coupling schemes and time step 
sizes; and scram initialization. 
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Figure 7. Exercise 3 – Extreme Scenario 2 – Average and Deviations of the Participants’ Results 

One of the sensitivity studies, performed in a collaboration between CEA, Saclay and PSU 
with the coupled code CRONOS2/FLICA-IV was on the number of thermal-hydraulic 
channels and spatial mapping schemes with the neutronics core model. This sensitivity study 
suggested that the 33 channel mapping, which has been used for the turbine trip benchmark 
may be adequate to provide global core behavior during the transient since it is 
predominantly a 1D event. However, detailed information about the local power distribution 
during the transient would require a large number of channels. – see Figure 8. Furthermore 
the use of 33 channels would not be able to provide accuracy even for global parameters for 
events, which are more 3D in nature, such as out-of-phase instabilities which were also 
performed as part of the Peach Bottom tests. 
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Figure 8. Radial Power Peak Evolution During Turbine Trip Transient 

4 OECD/DOE/CEA V1000CT BENCHMARK 
 
In the framework of a joint effort between the NEA/OECD, US DOE and CEA, France a 
coupled 3-D neutron kinetics/thermal hydraulics benchmark was defined for a VVER-1000 
reactor. The benchmark is based on data from the Unit 6 of the Bulgarian KNPP. The 
benchmark consists of two phases: Phase 1: Main Coolant Pump Switching On; and Phase 
2: Coolant Mixing Tests and MSLB. In addition to the measured (experiment) scenario of 
Phase 1, an extreme calculation scenario was defined for better testing 3D 
neutronics/thermal-hydraulics techniques: rod ejection simulation with control a rod being 
ejected in the core sector cooled by the switched on MCP. Since the previous coupled code 
benchmarks such as the PWR MSLB benchmark indicated that further development of the 
mixing computation models in the integrated codes is necessary, a coolant mixing 
experiment and MSLB transients are selected for simulation in Phase 2 of the benchmark. 
The MSLB event is characterized by a large asymmetric cooling of the core, stuck rods and a 
large primary coolant flow variation. Two scenarios are defined in Phase 2: the first scenario 
is taken from the current licensing practice and the second one is derived from the original 
one using aggravating assumptions to enhance the code-to-code comparisons. 

4.1 Transient 
 
In Phase 1 the reference problem chosen for simulation in a VVER-1000 is a main coolant 
pump (MCP) start-up when the other three main coolant pumps are in operation. The MCP 
start-up test was conducted during the plant-commissioning phase at KNPP Unit #6 (VVER-
1000, model 320) in November 1991 as part of the plant start-up tests. This investigation was 
performed on the stage when the reactor power was at 75% of the nominal level. Before the 
experiment the reactor power level was reduced from 75% (2250 MW) to approximately 21% 
by consecutive switching off of MCP 2 and MCP 3. A few hours before the experiment MCP 
2 was switched back on, and the power was stabilized at 30% following the Technical 
specification requirements. According to the Technical specification for safety operation of 
the Unit 6, a switching on one main coolant pump in operation is performed when the reactor 
power is at 30% of the nominal level. The MCP start-up test is characterized by rapid 
increase in the flow through the core resulting in a coolant temperature decrease, which is 
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spatially dependent. Although the reactivity perturbations in the core are not very strong the 
benchmark team decided to choose this transient because of the available plant data. 
 
In Phase 2 a mixing experiment, conducted at Kozloduy-6 as part of the plant-commissioning 
phase, is utilized as the first exercise. The experiment includes isolation of a steam generator 
at 9.3% of the nominal power causing single loop heat-up, with all MCP in operation. It is 
characterized by temperature rise of about 14 degrees and a decrease of mass flow rate by 
3.4% in the disturbed loop, affecting the neighboring loops as well. For the second and third 
exercises the transient to be analyzed is initiated by a main steam line break in a VVER-1000 
between the steam generator (SG) and the steam isolation valve (SIV), outside the 
containment. A mechanical failure of the main feed water regulation valve is assumed. This 
event is characterized by a large asymmetric cooling of the core, stuck control rods and a 
large primary coolant flow variation. 

4.2 Methodology 
 
Following the approach for assessing coupled codes, established in PWR MSLB and BWR 
TT benchmarks, three separate exercises were defined in Phase 1 of the benchmark: 
 

• V1000CT-1 Exercise 1 – Point kinetics plant simulation: The purpose of this exercise 
is to test the primary and secondary system model responses. The benchmark 
specification provides all the necessary point-kinetics data. Using this exercise the 
participants can verify their system input decks and can eliminate all the deviations 
coming from the user modeling, which later could be helpful for the best estimate 
comparisons. 

• V1000CT-1 Exercise 2 – Coupled 3-D neutronics/core thermal-hydraulics response 
evaluation: The purpose of this exercise is to model the core and the vessel only. The 
benchmark provides inlet and outlet core transient boundary conditions. Using this 
exercise the participants can verify their coupling schemes and cross section library 
utilization. 

• V1000CT-1 Exercise 3 – Best-estimate coupled code plant transient modeling: The 
third exercise combines elements of the first two. In this exercise the participants 
must analyze the transient in its entirety, and computation results will be compared 
against measured plant data. This phase of the benchmark contains also an extreme 
scenario, which involves a rod ejection in the part of the core cooled by the MCP #3, 
which will develop very peaked spatial power distribution and nonlinear asymmetric 
feedback effects. The extreme scenario was developed to test and better compare 
the predictions of the coupled 3-D kinetics/thermal-hydraulics codes. 

 
Since the previous benchmarks indicate that further improvement of the vessel mixing 
models in the integrated codes is necessary, a coolant mixing and MSLB benchmark for 
VVER-1000 (V1000CT-2) was defined. Exercise 1 of Phase 2 is: computation of coolant 
mixing experiments: it will be used to test and validate vessel-mixing models (CFD, coarse-
mesh and mixing matrix). Vessel boundary conditions and core power distribution along with 
pressure above the core will be part of the exercise specification. The task is to calculate the 
core inlet and outlet distributions. The V1000CT-2 Exercises 2 and 3 are on  Main Steam-
Line Break (MSLB) modeling. Two scenarios are defined: the first scenario is taken from the 
current licensing practice and the second is derived from the original one using aggravating 
assumptions to enhance the code-to-code comparison. The main objective of the study is to 
clarify the local 3D feedback effects depending on the vessel mixing. Special emphasis is put 
on testing 3D vessel thermal-hydraulics (T-H) models and the coupling of 3D 
neutronics/vessel thermal hydraulics. The MSLB is thus divided in two exercises (to be done 
for the two scenarios): Exercise 2 consists of coupled 3D neutronics/vessel thermal-
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hydraulics simulations using specified vessel T-H boundary conditions and Exercise 3 
consists of best estimate coupled plant simulations (plant, 3D vessel and core). 

4.3 Results 
 
Eight organizations from six countries have participated in Phase 1. The analyses of the 
results of Exercise 1 show that the participants’ results for each parameter are in good 
agreement. The explanation for some of the discrepancies are in the utilization of the 
provided SG BC, MCP #3 rotor speed, and decay heat modeling as well as different vessel 
nodalization and/or number of channels. The discrepancies of the predictions of power 
change during the transient reflect the corresponding discrepancies in prediction of the total 
reactivity change. The total reactivity change during the transient is determined by the 
Doppler and moderator temperature feedback effects. Since the DTC and MTC are provided 
for Exercise 1, the discrepancies arise from the differences in prediction of core average fuel 
temperature and core average moderator temperature time evaluations. The discrepancies in 
predictions of the fuel temperature arise from differences in modeling of fuel rod (heat 
structure) components (for example gas gap conductance model, nodalization, and the 
relation for obtaining the effective Doppler temperature). 
 
The code-to-plant data comparison is given for 129 seconds while the code-to-code 
comparison is presented for 800 seconds. Transient plots show the change of the parameter 
relative to the initial value of this parameter. In such a way the initial deviation is neglected 
which allows us to better assess the transient predictions of the codes. For the cold leg 
temperatures, the comparison shows good agreement between the plant data and the 
calculated values. The largest difference is observed in loop #3 (Figure 9) in the interval from 
7 to 14 seconds during the start-up of MCP #3. The predicted temperature in this leg drops 
by approximately 3.5 K while such drop of the temperature cannot be observed in the plant 
data. This phenomenon can be explained as follows. Initially, when the pump is off, the 
direction of the flow in this loop is reversed. After the pump starts, the flow that once has 
passed trough the SG is forced back and goes trough the SG again, causing the temperature 
to decrease further. The codes predict the exact situation. However, the measurement did 
not register this temperature drop because the given experimental points do not correspond 
to instant temperature measurements but to mean temperatures between the different 
sampling times and also because of the time delay of the thermo-resistors. A method for 
accounting of the time delay of the temperature measurement system has been developed in 
cooperation with VTT, Finland and will be utilized in the final benchmark reports. 
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Figure 9. Cold leg #3 temperature change during the transient 
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When analysing the submitted results for Exercise 2 two clusters of participants’ results for 
the normalized radial power distribution were formed. The observed difference in the results 
between these two clusters is in the range of ±11%, while the difference within each of the 
clusters is in the range of ±1.5%. These differences were analyzed by the benchmark team 
by performing sensitivity studies, which narrowed down the possible sources of the 
deviations to two. As it was expected the first contributor was revealed to be the differences 
in the methods used in the different codes for solving the diffusion equation in hexagonal 
geometry, which is more challenging than the one for Cartesian geometry. The second 
contribution was related to the VVER reflector properties (it contains much more steel than 
the PWR reflector) which were also found to enhance the discrepancies by increasing flux 
gradients at the core/reflector interface thus highlighting further the difficulties in the methods 
for handling high exponential flux gradients.  
 
For Exercise 3 of Phase 1, which is a combination of the first two exercises and modeling of 
the transient in its entirety the most sensitive parameters were identified to be: fuel 
temperature differences (due to fuel modeling, gap conductance, rod nodalization); and 
different vessel models (3D vs 1D modeling) and BC (SG boundary conditions, MCP 3 rotor 
speed, and decay heat modeling) utilization. Modeling of the coolant mixing in the upper 
plenum is important for the initial conditions. The spatial mesh overlays are important mostly 
for the extreme rod ejection scenario – the results submitted by participants are compared in 
Figure 10. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 10. Reactor power change during the transient (Extreme scenario of Exercise 3, Phase 1) 
 
The specification of V1000CT-2 Exercise 1 based on a vessel mixing experiment at the 
Kozloduy site was distributed by the NEA/OECD. The experimental data show a net counter 
clock angular shift of the main loop flows in certain VVER-1000 V320 flow patterns. This 
rotation towards the other loop has been observed in other VVER-1000 units too.  The loop-
to-loop mixing occurs both due to turbulent mixing and the angular turn of the flow.  

Exercise 1 of Phase 2 provides a test of the impact of real geometry description on the 
simulated flow pattern. A description, based on general design data, is not sufficient to 
reproduce the rotation but is good for code-to-code comparison. In order to assess the code-
experiment discrepancies, a second geometry description closer to the actual plant has been 
prepared as part of the specifications. Giving two geometries will enable the participants to 
identify the key parameters of the geometry description for a good flow pattern simulation. 
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These data are available both in spreadsheet format with tables and drawings, and as a CAD 
geometry file.  
 
CFD computations with the Trio-U code have been carried out. The experimentally detected 
swirl can be reproduced with the Trio-U code only by using real plant geometry data. The 
calculated and measured temperature distribution at the core inlet is given in Figure 11. 
Here, the stabilized thermal hydraulic situation about 20 minutes after the isolation of SG-1 is 
shown. The locations of the cold legs are also added to this Figure. The calculated 
asymmetric temperature field and the counter clockwise rotation of the temperature maxima 
of 24° with respect to the axis of cold leg no.1 are in excellent agreement with the 
experimental data. 
 
 

 
Experiment Trio_U Calculation 

 

 
 
 
 
 

 
 

Leg 1 Leg 1 

 
Figure 11: Temperature distribution at the core inlet at the end of the test 

5 CONCLUSION AND OUTLOOK 
 
The presented three benchmarks are developed in international co-operation to provide a 
validation basis for the new generation best estimate codes – coupled 3D kinetics system 
thermal-hydraulic system codes. Based on the previous experience, three benchmark 
exercises were defined for each benchmark, which allow for a consistent and comprehensive 
validation process. The introduction of the extreme scenarios contributes to the study of 
different numerical and computational aspects of coupled simulations. The participants use 
the cross-section library, generated by the benchmark team, which removes the uncertainties 
introduced with using different cross-section generation and modeling procedures. The 
defined benchmark cross-section modeling approach is a direct interpolation in multi-
dimensional tables with complete representation of the instantaneous cross-section cross-
term dependencies. The systematic validation approach developed includes comparisons on 
different modeling levels – point kinetics and 3D kinetics; neutronics with and without T-H 
feedback; and core boundary conditions modules and core-plant coupling. In most of the 
current 3D analyses the cross-section functionalization for instantaneous dependencies is 
done either by using polynomial fitting procedures or the procedure using multilevel tables 
with base and partial cross-sections. In both cases the instantaneous cross-term effects 
(which are important for the transient analysis) are not modeled completely, which can lead 
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to different degrees of approximation of the thermal-hydraulic feedback phenomena 
depending on the procedure used. In this way the three benchmarks provided the opportunity 
to study the impact of different thermal-hydraulics and neutronics models as well as the 
coupling between them on code predictions and to identify the key parameters for modeling 
important transients for different types of power reactors. This in turn allowed the evaluation 
of these key parameters, through the performance of sensitivity studies, which led the 
participants to develop a more in-depth knowledge of the capabilities of the current 
generation best estimate thermal-hydraulic system codes.  
 
During the course of the benchmark activities a professional community of experts has been 
established, which allowed carrying out in-depth discussions of different aspects considered 
in the validation process of coupled codes. This positive output has certainly advanced the 
state-of the art in the area of coupling research. In addition to the benchmark workshops and 
ad-hoc meetings, special sessions for each benchmark were organized at different 
international conferences and meetings followed by the publication of special journal issues 
devoted to the specific benchmark activity. The special session on PWR MSLB benchmark 
was organized at the 2001 ANS Summer Meting and a special issue was published in 
Nuclear Technology [11]. The special session on BWR TT benchmark took place at 
PHYSOR 2002 in Seoul, Korea followed by a special benchmark issue of the Nuclear 
Science and Engineering journal[12]. The Phase 1 of V1000CT benchmark was presented in 
a special session at NURETH-11 in Avignon, France, 2005 and a special issue is being 
prepared for Progress of Nuclear Energy.  
 
These benchmarks have stimulated also follow up developments and benchmark activities 
such as the OECD/NRC BFBT benchmark [14] and OECD PBMR-400 coupled code 
benchmark [15]. The models utilized have been improved when moving from one benchmark 
to the next one – for example the need for more accurate prediction of void fraction in the 
BWR TT benchmark led to establishing the BFBT benchmark, and the need for more 
accurate vessel mixing in MSLB simulations led to formulation of the V1000CT benchmark. It 
was during the 4th OECD/NRC BWR TT Benchmark Workshop on 6 October 2002 in Seoul, 
Korea, that the need to refine models for best-estimate calculations based on good-quality 
experimental data was discussed. The needs arising in this respect should not be limited to 
currently available macroscopic approaches but should be extended to next-generation 
approaches that focus on more microscopic processes. It is suggested that this international 
benchmark be based on data made available from the NUPEC (Nuclear Power Engineering 
Corporation) database.  From 1987 to 1995, NUPEC performed a series of void 
measurements using full-size mock-up tests for both BWRs and PWRs. Based on state-of-
the-art computer tomography (CT) technology, the void distribution was visualized at the 
mesh size smaller than the sub-channel under actual plant conditions. NUPEC also 
performed a steady-state and transient critical power test series based on the equivalent 
full-size mock-ups. Considering the reliability not only of the measured data, but also of other 
relevant parameters such as the system pressure, inlet sub-cooling and rod surface 
temperature, these test series supply the first substantial database for the development of 
truly mechanistic and consistent models for void distribution and boiling transition. An 
international OECD/NRC Benchmark based on the NUPEC BWR Full-size Fine-mesh 
Bundle Tests (BFBT) has been established and is underway. This benchmark encourages 
advancement in this uninvestigated field of two-phase flow theory with very important 
relevance to the nuclear reactors’ safety margins evaluation. Another important contribution 
of this benchmark will be that the uncertainty analysis will be added as an additional exercise 
as proposed by CEA, Saclay. This exercise   will take into account uncertainties on input 
data (boundary conditions, geometry, etc. provided by the Specifications) and on models and 
produce results with “errors”, which will be compared with measurement uncertainties 

 The accumulated international experience and expertise in developing coupled code 
benchmarks for LWRs has been recently extended to other reactor types. The PBMR is a 



 

20 

High-Temperature Gas-cooled Reactor (HTGR) concept, which has attracted the attention of 
the nuclear research and development community. The deterministic neutronics, thermal-
hydraulics and transient analysis tools and methods available to design and analyse PBMRs 
have, in many cases, lagged behind the state of the art compared to other reactor 
technologies. This has motivated the testing of existing methods for HTGRs but also the 
development of more accurate and efficient tools to analyse the neutronics and thermal-
hydraulic behavior for the design and safety evaluations of the PBMR. In addition to the 
development of new methods, this includes defining appropriate benchmarks to verify and 
validate the new methods in computer codes. Such an international OECD Coupled 
Neutronics/Thermal Hydraulics Transient Benchmark for the PBMR-400 Core Design has 
been established and is an ongoing international activity. The scope of the benchmark is to 
establish a well-defined problem, based on a common given set of cross sections, to 
compare methods and tools in core simulation and thermal hydraulics analysis with a specific 
focus on transient events through a set of multi-dimensional computational test problems. 
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Abstract: The scope of the OECD/SETH project is twofold: (1) to provide experimental data at system 
level for the boron redistribution in the reactor cooling system after a SB-LOCA and after loss of RHR 
system at mid-loop operation and (2) to provide experimental data for CFD code assessment for 
plumes and jets in multi-containment geometry. This paper deals exclusively with part 1 presenting the 
main results obtained in a specific workshop and the status of an ongoing benchmark. The workshop 
showed that the problematics relative to the correct predictions of the boron behaviour were closely 
linked to the non-precise prediction of the thermal-hydraulic phenomena. For SB-LOCA calculations 
most of the participants had problems with obtaining the start -up time and correct sequence of natural 
circulation compromising the remaining part of the transient (boron slug transport/dilution and 
temperature evolutions). Other problems were relative to the thermal stratification in the upper head 
and the correct splitting of the safety injection flow (to the vessel and to the loop). For the mid-loop 
calculations the experimental phenomenology (loop deborication, condensate overspill in short U-tube 
and transport) was predicted qualitatively only when using 3 U-tubes per SG but the heterogeneous 
behaviour of the U-tubes after unplugging was still not clearly identified. An international benchmark is 
currently ongoing relative to the mid-loop test.  
 
 
 

1 INTRODUCTION 
 
The experimental data delivered by the OECD/SETH project relative to the boron dilution at 
system wide level part was extensively used by the participants to validate their thermo-
hydraulic codes. 
This data originated from the four experiments performed at the PKL facility; three dealing 
with SB-LOCA and one with loss of RHR at mid-loop operation. 
The SB-LOCA series was focused on investigating the effect of multiple configurations of the 
Safety Injection (SI) system (i.e. symmetric/asymmetric, hot/cold leg) on a deborated slug 
displacing in the loop after refilling and restart of natural circulation. 
The mid-loop experiment was instead focused on the analysis of the progression of 
deboration in a loop subject to reflux-condenser mode after loss of RHR in a closed circuit. 
This paper will present the main findings obtained by the participants during their code 
validations. 
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2 BORON DILUTION PROBLEMATIC 
 
Inherent boron dilution can take place if a SB-LOCA occurs in the reactor cooling system of a 
PWR and gives temporarily rise to reflux-condenser conditions. If the blowdown rate at high 
pressure is higher than the injection rate of the SI pumps, the primary coolant inventory will 
decrease. As a result, energy may temporarily be transported from the primary to the 
secondary side under reflux-condenser conditions. In this situation only small amounts of 
boron are transferred to the vapour phase. Therefore the condensate produced in the SGs is 
nearly boron free. This condensate may accumulate locally in the reactor coolant system, 
especially in the loop seals. After refill of the primary system and with SGs cooling down the 
plant natural circulation starts and the low-boron water inventories could be transported 
towards the RPV. The main problem will therefore be to determine whether these clear water 
slugs may cause recriticality. 
Possible recriticality will depend mainly on the following aspects: 

1. Size of the "condensate slugs" formed in each loop 
2. Effective boron concentration after the mixing process during refill and transport (in 

the SGs, in the loops) 
3. Intensity of the natural circulation 
4. Time difference between the startup of natural circulation between the different loops 
5. Effective boron concentration after the mixing with highly borated water in the annular 

gap of the RPV downcomer and in the lower plenum. 
The first four items mentioned are issues investigated in the PKL test facility. Full scale or at 
least larger scale test facilities are more suitable for the reactor-like simulation of mixing 
processes in the downcomer of the RPV and the lower plenum. 
The above-mentioned aspects are dominated by boundary conditions such as break size, 
break location, injection rates, injection locations and cooldown rate that have been 
investigated within the experimental campaign. 
 
Inherent boron dilution can also take place if the loss of RHR system occurs at mid-loop 
operation with a closed primary circuit and with at least 1 SG available for cooling. Reflux-
condenser conditions arise and the previously described “boron distillation” phenomenon 
occurs.  

3 PKL FACILITY 
 
The large-scale test facility PKL (Fig. 1 and 2) is a scaled-down model of a KWU design 
1300 MW class pressurized water reactor having the Philippsburg 2 nuclear power plant as 
the reference. The PKL test facility models the entire primary side and essential parts of the 
secondary side (without turbine and condenser). All the elevations are scaled 1:1 while the 
volumes, power and mass flows are modelled by the scaling factor 1:145. 
Similarly to other test facilities of this size, the scaling concept aims to simulate the thermal 
hydraulic system behaviour of the full-scale power plant. The following features serve to 
meet this requirement: 

• Full-scale hydrostatic head. 
• Power, volume, and cross-sectional area scaling factor of 1:145. 
• Full-scale frictional pressure loss for single-phase flow. 
• Simulation of all four loops with identical piping lengths. 
• Core and steam generators are simulated as a “section” from the actual systems, in 

other words, full-scale rod and U-tube dimensions, spacers, heat storage capacity are 
used; the numbers of rods and tubes are scaled down. 

• In cases of conflicting requirements, simulation of the phenomena was given 
preference over consistent simulation of the geometry (e.g. in order to account for 
important phenomena in the hot legs such as flow separation and countercurrent flow 
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limitation, the geometry of the hot legs is based on conservation of the Froude 
number). 

• The RPV downcomer is modelled as an annulus in the upper region and continues as 
two pipes connected to the lower plenum. This configuration permits symmetrical 
connection of the 4 cold legs to the RPV, preserves the frictional pressure losses and 
does not unacceptably distort the volume/surface ratio. 

PKL is the only test facility worldwide with 4 identical reactor coolant loops arranged 
symmetrically around the reactor pressure vessel. This configuration permits accidents to be 
investigated under realistic conditions, including those accidents characterized by non-
symmetrical boundary conditions between the loops. Modelling of a 3-loop plant is possible 
by simply isolating one loop. Each loop is equipped with an active reactor coolant pump with 
speed controllers to enable any pump characteristics to be reproduced. Under natural 
circulation conditions (i.e. reactor coolant pumps not in operation) the flow resistance of 
blocked pumps is simulated. 
The reactor core is modelled by a bundle of 314 electrically heated rods with a maximum 
core power of 2.5 MW, which is equivalent to 10% of nominal rating. Each of the 4 steam 
generators is equipped with 30 U-tubes of original size and material. Allowance has been 
made for the differing elevations (1.5 m) between the tubes with the smallest and largest 
bending radius. 
As the functions of all major primary and secondary operational and safety systems are also 
replicated in the test facility, integral system behaviour as well as the interaction between 
individual systems can be investigated under a wide variety of different accident conditions 
and the effectiveness of either automatically or manually initiated actions can be examined. 
With its total of around 1300 measuring points, the PKL facility is extensively instrumented, 
permitting detailed analysis and interpretation of the phenomena observed in the tests. 
Besides conventional measurements of temperature, pressure and mass flow rates, also 
special measurement techniques for the determination of the boron concentration were used 
for the OECD/SETH experiments. 
The maximum operating pressure of the PKL test facility is 45 bars on the primary side and 
56 bars on the secondary side. Due to this pressure limitation, it is not possible to simulate 
the high-pressure portion of accident sequences (such as SB-LOCAs) starting from a PWR's 
actual operating pressure (155-160 bar) under original conditions. Hence, the PKL tests 
"starts" at a primary system pressure of 45 bar and with initial conditions corresponding to 
those that would prevail in a real plant at this time (i.e. when the primary system pressure is 
at this level). These initial conditions are obtained from analyses conducted using system 
codes (such as RELAP 5) for a real PWR geometry and corresponding boundary conditions 
and are realized within a so-called conditioning phase. The remainder of the accident 
sequence, where the most relevant phenomena are expected to occur (e.g. for the SB-LOCA 
tests described here: refilling, onset of natural circulation and transport of low-boron water in 
the direction of the RPV) is then simulated in the tests using real PWR pressures. Accidents 
scenarios which would occur in the PWR under shutdown conditions (e.g. loss of residual 
heat removal system during mid-loop operation) are simulated in the PKL test facility under 
original pressure conditions.  
The PKL test facility was designed, built and commissioned by Siemens/KWU (now 
Framatome ANP) in the seventies. At that time reactor safety research was centred above all 
on the theoretical and experimental analysis of LB-LOCA, focusing on verifying the 
effectiveness of the ECCS required for controlling these accidents. In line with this original 
objective, Siemens/KWU carried out the first PKL tests in the years from 1977 to 1986 in the 
course of the projects PKL I and PKL II that were sponsored by the BMBF. 
The PKL III project, which was started subsequently, had the main goal of investigating 
experimentally the thermal-hydraulic processes on the primary and the secondary side of a 
PWR during various accident scenarios with and without loss of coolant. Within the scope of 
this project Siemens/KWU conducted tests concerning the investigations of transients from 
1986 to 1999 with financial support of both the German Utilities operating PWRs and the 
BMBF and the BMWi. One focus of these activities was on the effectiveness of beyond 
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design basis accident management measures being initiated manually by the operators. 
These measures for accident mitigation were theoretically analysed within the German Risk 
Study, phase B. 
The PKL tests performed to date have altogether contributed to a better understanding of the 
sometimes highly complex thermal-hydraulic processes involved in various accident 
scenarios and to a better assessment of the countermeasures implemented for accident 
control. In addition, they have supplied valuable information regarding safety margins 
available in the plants. Another important benefit of the PKL tests is that they provide an 
extensive database for use in the further development and validation of thermal-hydraulic 
computer codes, so-called system codes. These codes employed in designing and licensing 
nuclear power plants have to be validated beforehand. 

4 SUMMARY OF THE OECD/SETH PKL TESTS SERIES 

4.1 SB-LOCA series 
 
PKL tests concerning post SB-LOCA inherent boron dilution can be classified into two 
conservative categories: 

1. With respect to the time difference between startup of natural circulation in the 
different loops: for these tests the boundary conditions are chosen in such a way that 
a simultaneous startup of natural circulation is favoured (E1.1, E2.1).  

2. With respect to the amount of condensate accumulated in individual loops: for these 
tests the boundary conditions are chosen in such a way that the mass of condensate 
produced is large and the influence of mixing processes is small (E2.2, E2.3). 

For the first category of tests all four loops of the RCS are fed symmetrically with ECCS 
water. For the second category tests (at least at high pressure) all loops are not fed by the SI 
pumps while the size of the break is chosen to maximize the amount of condensate.  
Table 1 summarizes all tests concerning inherent boron dilution after SB-LOCA within the 
test series PKL III E. 

4.1.1 Objectives of tests E1.1 and E2.1 
 
The purpose of tests E1.1 and E2.1 was not to simulate specific PWR transients but to 
contribute to an answer to fundamental questions regarding inherent boron dilution. The tests 
were intended to investigate the startup of natural circulation after a break in a hot leg under 
maximum symmetrical conditions for cold leg (E1.1) and hot leg (E2.1) injection of ECCS 
water. 
The aim of these tests was to verify whether the simultaneous restart of natural circulation in 
two or more loops can be ruled out after ECCS cold-leg (E1.1) or hot-leg (E2.1) injection and 
to determine the minimum boron concentrations at the RPV inlet. 
The symmetry between the loops (uniform injection) favours the simultaneous restart of 
natural circulation and hence the concurrent arrival of the low-boron slugs of water at the 
RPV inlet from the individual loops. This effect together with the large amounts of 
condensate initially present in all the loops can be regarded as a conservative assumption 
with respect to recriticality.  

4.1.2 Objectives of test E2.2 
 
Test E2.2 consists of a small break in cold leg 1 with 2 out of 4 SI pumps injecting into cold 
legs 1 and 2.  
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Analyses over the entire range of small break sizes show that the largest condensate 
masses accumulating in the event of a cold-side break are to be expected if ECCS water is 
also injected by the SI pumps on the cold side and if the break is precisely big enough on the 
one hand to cause a long reflux-condenser phase but on the other that the filling level of the 
water/steam mixture present on the primary side does not drop below the top edge of the 
(hot-side) RCL at any time during the reflux-condenser phase. As a result of the high filling 
level, the computations and estimates predict that zones with under-borated water will form 
in the loop seals. Test E2.2 modelled precisely this scenario and about 800 kg of condensate 
was formed during the conditioning phase (before start of the test). This value is significantly 
greater than the 240 kg that correspond to the mass of condensate predicted by RELAP 
computations to be formed in the PWR before 40 bars are reached. The test is thus 
conservative in terms of the amount of condensate accumulating in the event of a cold-side 
SB-LOCA.  
The aim of this test was to verify the size of the condensate slugs, to evaluate the mixing 
effects in the SGs and in the RCL, and to determine the minimum boron concentrations at 
the RPV inlet. 

4.1.3 Objectives of test E2.3 
 
Test E2.3 was designed to investigate a scenario involving a hot-side break with 
unfavourable mixing conditions for the accumulated condensate with highly borated water, 
and with accumulation of large condensate masses in individual loops.  
The break was postulated in hot leg 1. Only 2 out of 4 SI pumps were postulated to be 
available and injecting into hot legs 1 and 3. A conservative assumption was that natural 
circulation was not yet interrupted in the two loops with HPSI at a pressure of 40 bars 
(departure point of the PKL-test). It was also presumed that (at 40 bar) the SGs in the two 
loops without HPSI transferred energy to the secondary side under RC conditions while NC 
was going on in the two loops with hot-leg HPSI.  
This scenario is conservative in two respects: 

• If the flow of ECCS water injected into the hot legs is (as assumed) reversed toward 
the SGs with natural circulation, the secondary-side temperature of these SGs will 
exceed the primary temperature during 100 K/h cooldown. Heat will be transferred 
from the secondary to the primary side. This will allow even more condensate to 
accumulate in the loops without safety injection and with reflux-condenser conditions.  

• If natural circulation resumes in these loops once the refilling process has been 
completed and if the condensate masses are transported to the RPV, the conditions 
for mixing of the accumulated condensate with highly borated coolant in the RPV 
downcomer and in the lower plenum will be unfavourable (simultaneous flow through 
all loops at similar flow rates and absence of plumes of ECCS water penetrating the 
core and reaching the lower plenum). 

The main investigated points were:  
• General system behaviour under the postulated conditions 
• Flow conditions on resumption of natural circulation in the loops without HPSI (mass 

flow of reactivated natural circulation and flow rate in the loops with HPSI at the same 
time)  

• Time lag between NC startup in the two loops without HPSI and time lag between the 
arrival of the boron-depleted slugs from these two loops at the RPV 

• Size of the accumulated condensate slugs 
• Time history and minimum boron concentration at the RPV inlet from start of NC. 
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4.2 Loss of the RHR system during mid-loop Operation  
 
The purpose of this test was to investigate the system response following loss of residual 
heat removal in mid-loop operation with a closed RCS. In this plant condition the PWR has 
already been cooled down for refuelling. The operating manual states that German PWRs in 
this condition should have at least one SG on standby ready to remove decay heat in case 
the RHR system fails. Loss of residual heat removal in mid-loop operation can produce 
reflux-condenser conditions. Analyses using the ATHLET computer program have shown 
that this can cause an entrainment of reactor coolant from the inlet to the outlet side of the 
active SG with deboration of individual sections of the reactor coolant system as a possible 
consequence.  
The objective of test E3.1 was to investigate what type of heat removal mechanism becomes 
established in the presence of nitrogen in the reactor coolant system following failure of the 
residual heat removal system and with subsequent heat removal via one operational SG, and 
whether the resultant energy and mass transport processes produce an unacceptable 
decrease in the boron concentration due to inherent boron dilution.  
The test was designed to answer the following important questions: 

• Heat transfer from the primary to the secondary side of the SGs 
o Nature of the evolving heat removal mechanism  
o Temperature and pressure increases on the primary side before steady-state 

conditions are established 
• Development of the local boron distribution in the reactor coolant system 

o Accumulation of largely deborated condensate  
o Displacement of water with low boron content into the RPV before or after the 

accumulator injections.  

5 IMPACT ON CODE DEVELOPMENT AND VALIDATION  
 
The OECD-SETH PKL tests provide a valuable database for the validation/development of 
thermal hydraulic system codes with respect to the prediction of the following phenomena:  
Thermal-hydraulic related 

• Natural circulation startup sequence after SB-LOCA 
• Symmetric and asymmetric loop behaviour (due to: break location, pressurizer 

connection, ECCS injection location) 
• Different behaviour of U-tubes having different lengths  
• Heat transfer between primary and secondary during natural circulation taking into 

account a redirection of the hot leg ECCS injection to the SGs (CCFL)  
• System behaviour after loss of the residual heat removal system during mid-loop 

operation with the primary circuit closed. 
• Plugging of the U-tubes and unplugging of single U-tubes for reflux-condenser 

conditions with non-condensables present in the primary 
Boron related 

• Formation of a deborated slug (Test E3.1) 
• Limitation of the slug size 
• Boron slug mixing and transport 
• Mixing of differently borated masses of water in different sections of the reactor 

coolant system 
The PKL tests also provide boundary conditions for CFD-calculations on mixing in the RPV 
downcomer. 
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5.1 Performed Thermal-Hydraulic Code Analyses  
 
The “First workshop on analytical activities related to OECD-SETH project” held in Barcelona 
on the 2nd and 3rd September 2003 brought together participants of the project to compare 
various simulations of the PKL experiments using their own codes. The codes that were used 
were: RELAP, ATHLET and CATHARE.  
Table 2 summarizes the analysed transients by the participants 

5.1.1 Main Results from the SB-LOCA Tests  
 
The code results related to boron dilution after SB-LOCA showed in general a qualitative 
agreement with the experiments with respect to the overall system behaviour (e.g. evolution 
of pressure, break flow rate, fill-up of the primary system). However, it still seems to be a 
challenge for all the codes to correctly reproduce the restart and establishment of natural 
circulation, which is for this kind of scenario one of the key parameters. As demonstrated by 
the experiments, the restart of natural circulation is in fact a very sensitive mechanism, which 
is strongly influenced by the prevailing boundary conditions in the individual loops (break, 
connection of pressurizer, ECCS-injection). In contrast to the experiments, all the 
calculations tend to result in a simultaneous restart of natural circulation in the individual 
loops. Discrepancies between calculations and experiments also occurred with respect to the 
evolution of the local boron concentration. This is partly a consequence of the above-
mentioned problems in reproducing the natural circulation behaviour but also due to the 
currently used boron transport models. In most cases, the boron transport and the local 
boron concentration could be only qualitatively reproduced. Other problems that encountered 
in the calculations are related to fill-up of the reactor pressure vessel upper head and the 
pressurizer and the correct splitting of the safety injection flow (to the vessel and to the loop). 
Some calculations investigated the effect of a return to criticality due to the deborated slug 
but these results are not readily usable for power plants. 
CFD calculations illustrated two unidentified phenomena: (a) a possible non mixing between 
the low cold safety injection flow and the slow hot deborated slug transiting in the cold leg 
and (b) a buoyancy effect in the vessel inlet where the non-mixed hot incoming deborated 
slug would tend to rise and fill the top part of the downcomer while the cold SI water would 
tend to circulate downwards. These two non-mixing effects are clearly not visible when using 
a 1D model (system codes) of the cold leg and of the downcomer inlet zone. 
General recommendations for improvements which have been discussed during the meeting 
and which should be dealt with in future calculations can be summarized as follows: 

• Modelling improvements for upper plenum/upper head and pressurizer to deal with 
stratification and saturated layers (fill- up behaviour) 

• Use of a 4 loop-configuration instead of a lumped approach 
• Improved boron transport model 
• Sensitivity studies on the influence of parameters dominating natural circulation 

behaviour 
• Finer nodalization and coupling of system codes with CFD calculations. 

5.1.2 Main Results from the Mid-Loop Test 
 
The calculation related to the PKL mid–loop test E3.1 demonstrated that the experimental 
results (U-tube unblocking and condensate overspill in short SG U-tubes, transport of low 
borated water via the pump seal into the reactor pressure vessel) could only be reproduced 
when using at least 3 U-tubes per SG (instead of 1 U-tube). 
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6 BENCHMARK ON TEST E3.1 
 
In order to better coordinate the comparison of results by the participants performing 
analytical calculations an OECD internal benchmark has been proposed at the end of 2004 
on the assessment of test E3.1 of the OECD SETH project. 
AVN was set as leader of the exercise. The deadline for sending results was set for end of 
September 2005 and by spring 2006 a report should be available to the participants. 
The objective of this benchmark is to evaluate and compare the best-estimate system codes 
capabilities relative to boron dilution/concentration transients during a loss of residual heat 
removal (RHR) system accident at mid-loop operation.  
Focus is set on both the correct prediction of the T-H parameters and on the boron dynamics 
in the system. 
The documentation relative to this test was available to all the participants via the specific 
E3.1 CD delivered by FRAMATOME ANP. 
The participants will have to answer to various questionnaires providing: general information, 
nodalization choices, lumping strategy, etc. They will also have to perform two steady state 
calibration runs (at 2 different loopflows) and a heat transfer calibration run to pre-assess 
their model. 
Sensitivity studies are also proposed to investigate potential problematics. 
About 40 curves will be compared between the participants (e.g. pressures, levels, boron 
concentrations, temperatures). 
The countries that have agreed to participate are the following: 
 

• AVN, Belgium 
• GRS, Germany 
• Framatome ANP, Germany 
• KAERI, Korea 
• JNES, Japan 
• PSI, Switzerland 
• University of Pisa, Italy 
• UPV, Spain 
• UPM, Spain 
• UJV, Czech Republic  
• VTT/STUK, Finland 

7 CONCLUSIONS AND OUTLOOK 
 
The participants of the OECD/SETH project have performed an extensive validation of 
thermal-hydraulic codes for boron dilution transients. 
The participants agreed that boron prediction capabilities of T-H codes are strongly 
dependent on correct T-H prediction of the transient. 
The main T-H prediction problematics relative to SB-LOCA transients were: the correct 
sequence and entity of the restart of natural circulation, the refilling of the pressurizer and the 
upper head and the splitting of the SI flow towards the vessel and the loop seal. 
The main T-H prediction problematics relative to the Loss of RHR transient were relative to 
the prediction of the heterogeneous behaviour of the SG U-tubes during reflux-condenser 
mode. A multi U-tube model seems to qualitatively predict the observed unplugging 
phenomenon. 
An international benchmark is currently ongoing relative to test E3.1. 
 
Since the boron prediction capabilities of the T-H codes have been shown to be still 
premature to be used for plant calculations it is necessary in the future to continue to 
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investigate experimentally this domain in order to determine systematically the influence of 
different relevant parameters which will help to validate such codes. 
The ongoing OECD/PKL project, mainly focused on accidents at mid-loop operation will 
contribute in this task. 
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Acronyms 

 
ATHLET Analyse der THermohydraulik von LEckstörfällen und Transienten 
 (computer code) 
BMBF German Federal Ministry for Education, Science, Research and Technology 
BMWi German Federal Ministry for Economy and Technology  
CCFL Counter Current Flow Limitation 
CFD Computational Fluid Dynamics 
ECCS Emergency Core Cooling System 
LB-LOCA Large Break - Loss Of Coolant Accident 
NC Natural circulation 
OECD Organization for Economic Cooperation and Development 
KWU KraftWerk Union AG 
PKL PrimärKreisLauf (test facility) 
PWR Pressurized water reactor 
RELAP Reactor Excursion Leak Analysis Program (computer code) 
RC Reflux-condenser 
RCL Reactor coolant level 
RCS Reactor Cooling System 
RPV Reactor Pressure Vessel 
RHR Residual Heat Removal  
SB-LOCA Small Break - Loss Of Coolant Accident 
SESAR SEnior group of experts on nuclear SAfety Research 
SETH SESAR Thermalhydraulics 
SG Steam generator 
SI Safety Injection 
T-H Thermal-Hydraulics 
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 E1.1* E2.1 E2.2 E2.3 
Break Size 40 cm2 32 cm2 50 cm2 
Break Location Hot leg 2 (pressurizer 

loop) 
Cold leg 1 Hot leg 1 

ECCS (HP and 
LP) 

 

N° of  SI pumps All 4 All 4 2 out of 4 2 out of 4 
Location Cold legs Hot legs Cold legs, (1 in break 

loop) 
Hot legs, (1 in break 

loop) 
Accumulators - - - All 4 
SG sec side 100 K/h cooldown (all 4 SG connected by header) 
Central 
Investigation 
topics 

Symmetry of NC 
startup ; evolution of 

boron concentration in 
all 4 loops 

Max Condensate 
accumulation during 
DBA with cold leg 
ECCS injection 

Max Condensate 
accumulation during 

DBA with hot leg 
ECCS injection 

 
* Performed within the German national programme. 
 
Table 1: SB-LOCA test matrix summary 
 
 

Calculation PKL Test  

 E 1.1* E 2.1 E 2.2 E 2.3 E3.1 Code Version 

FANP, Germany   PoT   
Modified version of 
RELAP5 Mod2.5 and Mod 3 

University of 
Manchester, UK  

  PoT   CFX-5 

UPV, Spain  PoT    RELAP5/mod3 Model 

UPC, Spain PoT  PoT   RELAP5 

GRS, Germany   PoT   ATHLET Mod 2.0 Cycle A 

NRI, Czech Republic  
PoT A PrT A 

PoT A 
PrT R 

PrT R PrT R 
A = ATHLET Mod1.2 Cycle D 
 
R = RELAP5 Mod 3.2 

NUPEC, Japan  PoT PoT PoT  RELAP5 Mod 3.2.2 beta 

PSI, Switzerland  PoT PoT  PoT RELAP5 Mod3.3 gamma 

IRSN, France PoT     CATHARE 2v1.5b 

AVN, Belgium     PoT CATHARE 2v1.5a mod7.1 

 
PoT = Post-test analysis 
PrT = Pre-test analysis 
 
Table 2: Participant analysis summary 
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Figure 1: PKL test Facility 
 

 
 
Figure 2: PKL test Facility (top view) 
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1. INTRODUCTION 
 
The assessment of the operational characteristics of the filtration function used during the recirculation 
phase of safety injection system (SI) and containment spray system (SS), in the event of a primary 
system break in the containment, has been performed by the "Institut de Radioprotection et de Sûreté 
Nucléaire" (IRSN) for the French pressurized reactors (58 reactors). Those one have been designed 
according with the RG 1.82 (rev. 1). The IRSN has focused in particular on the CPY series, 900 MWe 
3 loops pressurized water reactors (28 reactors). 
 
A general overview of the literature has been conducted between October 1999 and November 2000, 
which resulting in defining an approach methodology and in writing technical specifications for an 
experimental program of studies on the sump plugging risk. Those studies have been carried out for 
the different sizes of primary breaks: large, intermediate and small LOCA. For each size of break, 
located on the welding between SG and hot leg, the different characteristics of generated debris, flows 
of SI and SS systems have been defined. Methodology of event trees has been used to define the 
characteristics of the debris and their arrival point at the bottom of the containment using the results of 
the performed tests. 
 
To estimate the risk involved in each case, the following points were studied: 

 An inventory of debris generated. This consists of the following types: 
 Glass wool thermal insulation fibers (spherical model: L = 12.D), 
 Paints, particulates and dusts present in the containment, 

 Vertical transfer of debris, 
 Structural modification of debris in the containment,  
 Horizontal transfer of debris at the bottom of the containment, 
 Filtration efficiency and modification of sump hydraulics / air and debris ingestion, 
 Operation of equipment with mud and air. 
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The subjects giving rise to important questions have been collected and a corresponding full-scale 
experimental program was chosen in order to answer to questions raised from a preliminary study. The 
following points were currently under experimental investigation:  

 IVANA loop (VUEZ / SLOVAKIA): grinding of fibrous debris on the grating system 
(mechanical action of falling water), 

 VITRA loop (EREC / RUSSIA): horizontal transfer speed of debris, 
 MANON loop (VUEZ / SLOVAKIA): pressure drop and air and debris ingestion at the 

sump filters, 
 ELISA loop (VUEZ / SLOVAKIA): chemical action of water, effect of temperature, 

establishment of different correlations. 
 
On the 12th of June 2003, the standing group endorses the strong concern of IRSN that Electricity de 
France has to perform the necessary actions to deal with the question of the efficiency of the filters of 
all the plants. At the end of October (30th October 2003), French nuclear safety authority (DGSNR) 
has told Electricity de France to accelerate the study of the risk of sump strainer clogging in all 58 of 
its PWRs and to report by the end of the year. Electricity de France position has been presented at the 
end of 2003. Electricity de France considered that improvements are needed for all the French series to 
cope with primary breaks higher than 4". 
 
Consequently, important phases related to the sump plugging issue have been developed for the last 
years (references 1 to 7). Nevertheless, questions are remaining opened in particular the LOCA 
induced long-term debris, as a combined action of the temperature and the chemistry of the water, in 
correlation with the nature of the water (references 8 to 11). The chemical effects issue represents the 
materials transformations inside the containment due to the combined temperature and chemical 
impact. It includes the transformation of debris carried or already on the strainers or in the 
containment.  
 
The head loss across the containment sump screen in post-LOCA environment could increase due to 
collection of corrosion products on fibrous insulation. Concerns have been raised about the potential 
for different ions corrosion products to significantly block a fiber bed and increase its head loss.  
 
Little information is available on corrosion product release with representative post-LOCA conditions. 
No study has been performed in the world on this specific item.  
 
In 2003, IRSN managed a preliminary study on chemical effects with its contractor VUEZ showing 
creation of precipitates increasing the head loss of the fiber bed deposited on the filters of Safety 
Injection System (SIS) and Spray system (SS). A program to establish the knowledge of the chemical 
effects on the fiber bed created on the filtering systems during recirculation was proposed, in 2004, to 
be performed with the sub-contractor VUEZ and TRENCIN academy.  
 
This report presents the main scientific knowledge provided by this research program.  
 
2. LITERATURE 
 
In the report OECD/PWG1: Updated Knowledge Base for ECCS Recirculation Reliability (April 
2000), it is underlined:  
–“Following a LOCA, a plant may be required to operate for an extended period of time in a 
recirculation mode to maintain core cooling, depending on the circumstances of the LOCA, such as 
the location of the break. When a debris-laden strainer is in service for an extended period (days), 
there may be a noticeable increase in head loss. The magnitude of the increase may depend on the 
composition and initial size of the bed and the chemical environment.  Results reported by the different 
insulation vendors vary.  
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– Long time recirculation tests were conducted as part of the Ringhals 2 Steam Generator 
Replacement Project. These tests were conducted at representative post-LOCA conditions for 
temperature and chemistry.  Pressure drop was reported to increase without limit after 120 hours.   
–The long-term increase in pressure drop was attributed to the following factors:  

• NaOH present in the recirculation pool was causing SiO2 to be removed from the fiberglass 
fibers, resulting in an increase in the viscosity of the pool water.  

• Glass fibers become less resilient as a result of the above chemical reaction, allowing the 
debris bed to be packed more densely.  

• Debris captured by the fiber bed migrate deeper into the bed.  As the bed compresses, the 
debris will form a less porous bed, resulting in further compression and head loss.  

– This general area is one area where additional research is needed to develop understanding of the 
basic phenomena and enable development of appropriate long term accident management strategies.”  
 
3. PRELIMINARY STUDY 
 
During the previous test realized on ELISA loop in 2003, it was observed that if tap water was used 
(initial pH of about 8 at 20°C), after adding 2g/l H3BO3 and NaOH to adjust pH of the solution to 9, 
precipitates were formed and, after adding NaOH, circulating fluid changed into a turbid suspension. 
These precipitates affected substantially the course of the experiment since they were collected in the 
insulation bed on filters and reduced thus its permeability for circulating fluid, which resulted in a 
substantial increase of head loss.  
 
In 2003, a preliminary study has been performed to investigate the kinetics of glass fiber dissolution:  

- Definition of time behavior of concentrations of selected dissolved components; 
- Measurement of kinetics of glass fiber dissolution under different temperatures;  
- Investigation of changed fiber morphology and precipitate formation on fiber surface 

during the leaching experiment using scanning electron microscope.  
 
It appeared that exposure of glass to liquid media was accompanied with glass corrosion. It is a 
complex process consisting of several elementary phenomena including chemical reactions and 
diffusion. Glass corrosion results in gradual dissolution of glass accompanied in some cases also with 
formation of insoluble products that are formed on the surface of corroded glass and are dispersed 
mechanically throughout the liquid medium.  
 
When exposed to the effects of liquid media, chemical resistance of glass fibers depends on four 
essential factors:  

- Temperature, 
- Glass composition, 
- Leaching liquor composition, 
- Hydrodynamic conditions.  

 
4. IRSN PROPOSAL 
 
Taking into account the following data’s:  

– Data 1: OECD/PWG1: “This general area (long term effects) may be one where additional 
research is needed to develop understanding of the basic phenomena and enable development of 
appropriate long term accident management strategies.”  

– Data 2: IRSN preliminary investigations demonstrated the risk of increase of the head loss 
under LOCA conditions.  
IRSN proposed to realize an experimental program on the chemical effects during PWR-LOCA 
conditions.  
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The main steps of the program are:  
• First to verify the precipitate creation and to determine the concentration of precipitates and, 

if possible, gelatinous compounds which can be produced at long-term.  
• Second to determine the effect of amount of precipitates (crystal and gelatinous compounds) 

on head loss of the fiber bed fixed on the filtering devices.  
 
Realization of a global assessment on chemical effects through this experimental program was 
submitted by IRSN to CSNI partners and discussed during CSNI meeting in Paris (May, 2004). In 
spite of positive technical conclusion, due to lack of interest of the partners, realization of the program 
was finally decided by IRSN on its funds (0,4 MEuros) (May 2004 to May 2005).  
 
5. IRSN CHEMICAL EFFECTS PROGRAM 
 
The chemical effects issue represents the materials transformations inside the containment due to the 
combined temperature and chemical impact. The primary dependent variable will be the 
characterization of corrosion product release. The corrosion rate, corrosion product release rate, and 
the form of the corrosion products from different sources have to be investigated.  
 
5.1. Aim 
 
The aim of the program is the characterization of the behavior of the head loss of the fiber bed fixed 
on the filtering devices during accidental conditions and under precipitation effects. The program is 
focused on the design basis accidents of the existing units. The treatment of the severe accidents will 
be investigated later.  
 
Accidental conditions during recirculation phase are mainly linked with the following parameters: pH 
and temperature. The given pH of the sump solution (9,3) has a large effect on corrosion and 
precipitation reactions. Concerning the temperature, the maximum expected sump temperature is 
113˚C and this temperature is achieved very quickly. Within long term, the temperature decreases to 
about 35˚C. The compounds and products are of a major interest under those thermo dynamical 
conditions, foreseen at the equilibrium. The pressure is not considered as an important parameter. For 
French units, it has to be underlined that during recirculation phase, the sumps are always under water.  
 
To be able to use the results of the program for different units with different quantities and varieties of 
debris, the following topics are considered:  

 
•First step: 
Aim: To establish mooddeellss to characterize the quality of the precipitation forms. 
 
a/ Determination of the nature of the water involved. The IRWST water, the possible injection 

of NaOH and in addition the compounds, which are inside the primary circuit water are considered.  
b/ Measurements of the degradation kinetic rates (dissolution / corrosion) for the main types 

of "material of interest" (latent debris and so-called short-term debris related with the debris 
generation due to the jet effects). 

c/ Computer modeling of time evolution of complex system. This step requires the use of a 
computer code. PHREEQC was chosen. The objective is to calculate the nature and the quantity of 
complex at the equilibrium (pH=9.3, T=65°C-30°C), inside the containment.  

PHREEQC version 2 is described hereafter: 
“PHREEQC version 2 is a computer program written in the C language that is designed to 

perform a wide variety of low-temperature aqueous geochemical calculations. PHREEQC is based on 
an ion-association aqueous model and has capabilities for speciation and saturation-index 
calculations; batch-reaction and one-dimensional (1D) transport calculations involving reversible 
reactions, which include aqueous, mineral, gas, solid-solution, surface-complexation, and ion-
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exchange equilibria, and irreversible reactions, which include specified mole transfers of reactants, 
kinetically controlled reactions, mixing of solutions, and temperature changes; and inverse modeling, 
which finds sets of mineral and gas mole transfers that account for differences in composition between 
waters, within specified compositional uncertainty limits.  

PHREEQC version 2 includes capabilities to model kinetic reactions with user-defined rate 
expressions, to model the formation or dissolution of ideal, multicomponent or nonideal, binary solid 
solutions, to allow the number of surface or exchange sites to vary with the dissolution or 
precipitation of minerals or kinetic reactants, to include isotope mole balances in inverse modeling 
calculations, to automatically use multiple sets of convergence parameters, to print user-defined 
quantities to the primary output file and (or) to a file suitable for importation into a spreadsheet, and 
to define solution compositions in a format more compatible with spreadsheet programs.”  

 
•Second step: 
Aim: To establish a mooddeell to characterize the evolution of the head loss depending on the 

quality and the quantity of the precipitation forms (gelatinous or crystallization). 
d/ Head loss tests. The goal of the tests was to quantify the respective influence on the filter 

head loss of insulation leaching, of precipitation crystal forms and of precipitation gelatinous forms.  
5.2. Input data's 
 
Different species can directly clog a filter bed, or indirectly clog the bed through precipitation 
processes within the sump or within the filter cake. Materials as Zn, Al, Si, Fe, Ca, Mg, Sn, Pb, Na, P, 
and Cl are contained in the recirculation water, the insulation and all the materials destroyed under the 
jet effect or carried by the water flow (paints, concrete, dirt, dust, seals, cables, etc). The respective 
sources able to create precipitates are the following: 

- The different contents of the water (IRWST: 1600m3 and primary water: 200m3); 
- The damaged insulation. The volume of insulation damaged is calculated using a ratio 

L/D = 12 and vertical transport factor of 63%, 
- The different other debris (paints, concrete, dirt, dust, cables, seals, others). 

 
Preliminary chemical analyses have been performed on the solution and on the main different debris to 
precise their initial chemical composition. French composition of flowing fluid complies with 2000 
ppm H3BO3 and NaOH. The corresponding pH is 9,3. Concerning insulation, two kinds of insulation 
(TELISOL, BOURRE) are used on the French NPP. Composition of insulation has been defined by a 
chemical analysis. Corresponding results are presented in % (weight) of sample annealed at a 
temperature of 500°C and represent an average value obtained from two independent determinations. 
Loss induced by annealing at 500°C for the given sample was 1.9 %(weight). As far as the chemical 
compositions of BOURRE and TELISOL fibers are sufficiently close, only BOURRE glass fibers is 
considered. 

 

Constituent Result 
[% Weight] 

Uncertainty 
[% Weight] 

% SiO2 64.82 ± 0.20 
% Al2O3 1.95 ± 0.05 
% B2O3 5.41 ± 0.10 
% total iron in terms of Fe2O3 0.55 ± 0.03 
% TiO2 0.140 ± 0.010 
% CaO 7.10 ± 0.10 
% MgO 3.01 ± 0.06 
% MnO 0.23 ± 0.02 
% BaO 0.17 ± 0.03 
% K2O 0.68 ± 0.05 
% Na2O 15.25 ± 0.16 
% SO3 0.21 ± 0.02 
% Cr2O3 0.004 ± 0.001 
 
5.3. Chemical sub-program 
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Two types of tests are performed: 

- Static leaching tests  
For glass insulation the test are performed on glass fibers and on glass powder with grains of 
prescribed diameter obtained by sieving. The same tests are performed for types of materials as 
concrete. The objectives are to determine concentrations (activities) of all components at various 
temperatures and for various compositions of starting leaching solution and to study the chemical 
composition and structure of dried gelatinous product. 
 

- Flow through leaching tests  
The aim is to study the kinetics of leaching of individual components (i.e. oxides in the case of glass). 
Various temperatures and various compositions of leaching solution are considered. In combination 
with the equilibrium data obtained from static leaching tests, the mathematical model describing the 
time course of corrosion of given material (glass, concrete, dust, dirt, paint, …) for an arbitrary time-
temperature schedule is formulated.  
 
Currently, the most successful long-term dissolution models for boro-silicate glasses employ the rate 
equation consistent with the transition state theory together with geochemical code calculations. A 
generalized form of a rate law that is applicable to surface reaction-controlled processes is given by 
(Aagaard and Helgeson, Lasaga):  
 

∏ Δ−= +
+

i

n
i

n GfaIgaRTESkRate i )()()())(/exp( rHa0
H  

Where:  
k0 is the intrinsic rate constant, 
S - reactive surface area, 
Ea - activation energy, 
R - universal gas constant, 
T – thermodynamic temperature, 
ai – activity of component i, 
(ai)ni describes the net catalytic or inhibitory effects of rate influencing species (H3O+ is 

included explicitly),  
g(I) accounts for the dependence on ionic strength I,  
f(ΔrG) is a reaction affinity term, i.e. reaction free energy function describing the reaction rate 

dependence on the deviation from equilibrium. 
 
For the purpose of glass dissolution modeling, a simplified transition state theory rate law has been 
employed by numerous authors. The general form of the rate law is:  
 

[ ])/(1))(/exp( Ha0 KQaRTEkRate n
ii −−= +ν  

Where: 
Ratei is the release rate of glass component i,  
νi the stoechiometric coefficient for element i,  
Q the activity product of the rate-limiting reaction,  
K the equilibrium constant of this reaction. 

 
The last square-bracketed term describes the thermodynamic reaction affinity. Experimentally 
determined parameters, such as the intrinsic rate constant, apparent activation energy for dissolution, 
pH dependence (when the leaching takes place in un-buffered solutions), the affinity effect on 
dissolution rate, and information about the composition of secondary alteration products are required 
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for this modeling approach. To determine these parameters, a set of static and flow-through leaching 
tests is conducted.  
 
The table of chemical tests can be summarized as follows: 
 

 
Characteristics 
(types, mass) 

 
x, y, z, t, u, v 

 
x, y, z, t, u, v 

 
x, y, z, t, u, v 

 
x, y, z, t, u, v 

 
Data 

 
Types 

 
Fiber          Grain 

 
Grain 

 
Grain 

 
Grain 

 
Data 

    Distilled 
Water 
 Recirculation 

Distilled water 
Others: x, y, z, t, u, v,   , Boron (2500 ppm), Soda, pH = 9,3 

 
Data 

 
Temperature 

Some values  
Data 

 
"Static leaching 
tests" 
 

To get: 
 
   Equilibrium concentrations : f (solution, temperature)  
   Creation conditions of precipitates 
   Chemical composition of precipitates 

 
Experiment 

"Flow through 
tests" 

To get: 
 
    Corrosion rates 
    Initial corrosion rate 
 
To study precipitate formation. 

 
Experiment 

 
The duration of one static experiment, i.e. the time needed to establish the equilibrium can be roughly 
estimated as 20-30 days. The typical duration of flow through experiment, i.e. the time needed to 
attain stationary state, is about 8 days.  
 
5.4. Head loss sub-program 
 
The goal of the head loss experimental program conducted on the ELISA loop from VUEZ is to 
quantify the respective influence on the filter head loss of:  

- Insulation leaching, 
- Effect of dust on precipitation formation, 
- Precipitation crystal forms, 
- Precipitation gelatinous forms. 

 
Parameters with the highest impact on Head Loss Experimental Program are as follows: 

- Quality of initial water used to prepare solution (content of soluble salts), 
- Composition of circulating fluid (H3BO3 content, pH), 
- Temperature of circulating fluid, 
- Amount of insulation used for experiment and corresponding to the spectrum of 

LOCA accidents, 
- Amount of particles of different types, 
- Flow-rate of circulating fluid through the filter box. 

 
The ELISA loop was used to perform the tests (figures 1 and 2).  
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Figure 1: ELISA loop 

 

 
Figure 2: ELISA loop 
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To be as close as possible of the real conditions, a specific “basket” with holes was defined: 
- In one hand, allowing creation and possible migration of the different precipitates 

issued from the different settled debris, 
- In the other hand, avoiding concentration of all the debris on the filtering bed. 

 
An improvement of the existing loop was made by installing two pumps in parallel in normal backup 
and an electrical backup of the pumps and the heaters. 
 
Diverse tests are performed on the ELISA loop. Their objectives are for example: 
 

− Test 1: To assess, at 60°C, the effect on the fiber bed head loss of the precipitates formed due 
to the lixiviation of the fiber bed, and to verify the possible formation of the crystal form and 
gelatinous form of the precipitates, 

− Test 2: To assess, at 60°C, the effect on the fiber bed head loss of the precipitates formed due 
to the lixiviation of the settled insulation, and to verify the possible formation of the crystal 
form and gelatinous form of the precipitates, 

− Test 6: To assess, at 60°C, the effect on the fiber bed head loss of the precipitates formed due 
to the corrosion of the different settled debris (insulation, dust, paints, concrete), and to verify 
the possible formation of the crystal form and gelatinous form of the precipitates.  

− Test 6bis: To assess, at variable temperature depending on the residual heat, the effect on the 
fiber bed head loss of the precipitates formed due to the corrosion of the different settled 
debris (insulation, dust, paints, concrete), and to verify the possible formation of the crystal 
form and gelatinous form of the precipitates.  

 
During the ELISA experiments, the samples of the solution were taken. They were delivered for 
chemical analysis by atomic absorption spectroscopy (AAS) and colorimetry. All analysis was 
performed by the TRENCIN Institute.  
 
To define the average operating conditions of the tests and the scale ratios, the following has been 
used. The ratio of water volume will be maintained (1 500 000/ 550 = 2727). The other quantities have 
been defined by calculation using this ratio or by expert judgment.  
 
With the corresponding quantity of insulation, a quick evaluation shows that homogeneous filter bed 
will be created on the ELISA filter.  
 
 UNIT (kg) ELISA (kg) 

 
RATIO 

Water 1 500 000 550 2727 
Insulation 
for fiber bed 

1 550  0,568 2727 

Settled 
insulation 

730  0,268 2727 

Concrete 125 (estimation) 0,046 2727 
Dust 125 (estimation)  0,046 2727 
Paints 125 (estimation) 0,046 2727 
 
 
5.5. Link between chemical sub-program and head loss sub-program 
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The following logic diagram provides the link between the chemical sub-program results and the head 
loss sub-program model (figure 3).  
 
This diagram uses the results of the two programs, summarized hereafter: 

- R0 (possible precipitates) known by PHREEQC calculation, 
- R1 (maximal precipitates quantities) known by calculation at the equilibrium, 
- R2 (Precipitates forms – gel/precipitates) visually observed but not quantified, 
- R3 (dissolved form) known from chemical tests, 
- R4 (kinetics) known about glass grain from chemical tests, 
- R5 (DP evolution) known for decrease of temperature until 38°C, 
- R6 (maximal quantity, curve form) depending in particular on temperature, fiber, grain and 

concrete corrosion, gas. 
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Figure 3:Logic diagram 
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6. MAIN RESULTS 
 
During experiments, it appeared that temperature had a large influence and depending on its 
value this parameter could modify kinds and nature of precipitates coming from chemical 
reactions. Consequently, it was decided to include a temperature profile in accordance with 
decay heat removal for a 900 MWe plant. So, to-day, all the steps of the logic diagram have not 
been totally fulfilled.  
 
From October 2004, the last steps of the program have been focused on the influence of the 
temperature on the DP evolution. Consequently, only preliminary chemical model and DP model are 
proposed.  
 
A. The main preliminary lessons are:  

 
–Even in an initial distilled water, fiber corrosion leads quickly to an alkaline solution (figure 

4). 

Figure 4 
 
 
-Corrosion rates are defined (figure 5), where NL(i) is the normalized leached amount of the 

element i 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 
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–Precipitates are created under crystal forms and gel forms (figures 6 to 10).  

 

 

Figure 6: Corroded area (distillate water, grain) 

 

 
 

Figure 7:  Precipitates a, b et c (sump water, fibers) 

a

b 

c
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Figure 8: Precipitates covering fiber (sump water, fibers) 

 

 
 

Figure 9: Precipitates under crystal forms (sump water, fibers) 
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Oxides 

 
Na2O K2O MgO CaO BaO Al2O3 SiO2 

Fiber 
 16.4 0.7 3.2 7.6 0.2 2.1 69.7 

Figure 6 
 

11.3 2.2 4.0 5.8 2.5 4.8 69.4 

Figure 
7a 

12.7 2.0 2.0 11.9 0 2.4 68.8 

Figure 
7b 

2.21 0.8 1.9 76.8  3.7 14.6 

Figure 7c 
 

13.4 0 3.6 10.8 0 2.0 68.1 

Figure 8 
 

13.0 1.0 2.5 6.15 0 4.9 72.5 

Figure 9 
 

6.7 2.5 1.8 30.2 0 8.0 50.8 

Figure10: Chemical analysis results (% of oxides weight). 
 
 
 
–Collected precipitates are under crystal forms but gel forms are created mainly under some 

stimuli. The fiber and debris degradation leads to a difficult compounds characterization, due to the 
presence of a mixture of precipitates, gel and gas (figure 11),  

 

 

Figure 11: Example of gel and gas 
 
–In comparison with the test facility conditions, additional stimuli met on the nuclear plant (as 

for example local temperature, drops,..) could increase significantly precipitate formation (figures 12 
and 13).  
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Figure 12: Test 6bis: results (11/10/04 to 4/11/04) 

 

    Figure 13: Test 6bisrep: results (9/12/04) 
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–The possible forms of precipitates are given as an example on the figure 14 showing 
the results of a calculation using PHREEQC model for a temperature of 60°C. 
 

 

Figure 14: Composition of precipitates for various amounts of 
dissolved glass 

 
 
- The diameters of the fibers have been measured before and after corrosion. The 

distributions have been adjusted using a log – normal rule 
It appears that the mean initial value of fiber is 4.01 um ; after corrosion, it became 4.54 um. 

Increase of diameter is linked with precipitate creation (figures 15 and 16).  
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Figure 15:Initial distribution 
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Figure 16: Distribution after fiber  corrosion 
 
B. Following main parameters were underlined for their influence on the DP evolution:  

–The involved masses and types of insulation that influenced corrosion rates 
–The involved concrete masses. It was underlined balance between Mg and Ca and possible 

local influence of concrete dust injected during tests to create precipitate containing Ca and SiO2 
instead of precipitates containing Mg and Si02,  

–The temperature profile and the history. For the tests, sump temperature profile was defined 
according to residual heat removal for a 900 MWe.  
 
C. The following factors have been identified but not quantified and need additional 
investigations:  

–Precipitate under gel forms,  
–Stability of gel forms depending on temperature,  
–Creation of gas in the fiber bed depending on gel forms and of temperature.  

 
D. Using the different available observations, one possible theory to characterize 
morphology changes of the fiber bed is proposed as follows: 

A. At the initial state (t=t0), temperature is closed to 60°C. Fibers and debris that are 
present are carried partly to the filter and create the fiber bed, 

B. At t=t1, for T=60°C, fibers corrosion starts and fibers are partly dissolved. As soon as 
over-saturation of contents in the solution is reached, some precipitates, mainly under 
crystal forms (assumption 1), are created and deposited on the corroded fibers. DP 
starts to increase (assumption 2), 

C. At t=t2, if T is decreased from 60°C to 45°C then to 38°C, precipitates are growing 
because DP continues to increase not only from viscosity effect (assumption 3). 
Depending of the changes of temperatures, some already created precipitates can be 
dissolved and replaced by other kinds of precipitates. It is assumed that some gel 
forms are present (assumption 4).  
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D. Without any spurious quick and spurious changes of temperature, no gas seem to be 
captured in the fiber bed or seem to be present in the gel form of the fiber bed 
(assumption 5), 

E. At t=t3, if T is suddenly increased from 38°C to 50°C, gas phase (or similar) seems to 
be created and captured by the fiber bed (assumption 6). Three hypotheses are 
possible for this gas presence. The first one (assumption 7.1) consists on possible gas 
release coming from chemical reactions. The second one (assumption 7.2) consists on 
possible gas release of the solution in particular during transfer through the fiber bed 
and precipitates due to local continuous decrease of pressure for which vapor pressure 
could be reached for existing temperature. The third one (assumption 7.3) consists on 
gas release at the top of the filtering box coming from water at hot temperature and 
decrease of local pressure but due to the respective pressures the transfer of this gas to 
fiber bed is questionable. Increase of DP for the first increases of temperature is noted 
due to simultaneous increase of amount of precipitates by chemical reactions 
(assumption 8) or capture of gas increasing the volume of the fiber bed (assumption 
9), 

F. Several quick transients of temperatures artificially created, which activate strong 
mechanical or chemical reactions, lead finally to a progressive decrease of DP due to 
gel form dissolution (assumption 10) or to gel forms washing by mechanical stresses 
from flow, gas or other origin (assumption 11), 

G. For long duration time with T=30°C, evolution of DP will be low because corrosion is 
reduced (assumption 12). 

H. Using a temperature profile decreasing without any quick transients of temperatures as 
artificially created at 38°C during tests 6bis, 6bisrep and 6bistro, an increase of DP 
could be observed due to additional precipitate creation (assumption 13). 

 
The objective of the proposed program remains to establish a model usable for different NPP. After 
assessment, among the different specificities of the different NPP, one has a main importance: the type 
of insulation (glass-wool or mineral wool). So, it is proposed to perform a specific test on mineral 
wool. Consequently, additional investigations need to be performed on: 
 - Glasswool corrosion during long time and final temperature at 30°C, 
 - Mineral wool corrosion during long time and final temperature at 30°C, 
 - Concrete corrosion by washing, 

- Gas phase (or similar) creation or capture by the fiber bed (assumption 6) coming 
from chemical reactions or from local continuous decrease of pressure for which vapor 
pressure could be reached for existing temperature (assumption 7), 
- Increase of DP for the first elevation of temperature due to simultaneous increase of 
amount of precipitates by chemical reactions (assumption 8) or capture of gas increasing the 
volume of the fiber bed (assumption 9), 
- Effects of quick transients of temperatures artificially created: progressive decrease of 
DP due to gel form dissolution (assumption 10) or to gel forms washing by mechanical 
stresses from flow, gas or other origin (assumption 11) followed by new increase of DP for 
long duration (assumption 13), 
- For long duration time with T=30°C, increase of DP assessment (assumption 12). 
- Using a temperature profile decreasing without any quick transients of temperatures as 
artificially created at 38°C during tests 6bis, 6bisrep and 6bistro, increase of DP due to 
additional precipitate creation (assumption 13). 

 
E. Consequently, a complementary program is in progress. The proposed tests of the future 
program (2005-2006) are the following: 
•Test 1: with all types/ quantities of debris (insulation, dust, concrete, paints). 
 Measurement: DP evolution  
 
•Test 2: with all types/ quantities of debris (insulation, dust, concrete, paints). 
 Measurement: DP evolution including spurious stimuli of temperature 
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 Specificity: as soon as 30°c will be reached, five successive changes of temperature (from 
 30°C to 60°C and finally to 30°C) 
•Test 3: with only insulation (glasswool). 
 Measurement: DP evolution due to fiber corrosion  
•Test 4: with insulation and concrete. 
 Measurement: DP evolution due to fiber and concrete corrosion 
•Test 5: with glass wool to create thin bed. 
 Measurement: DP evolution. 
•Test 6: with mineral wool 
 Measurement: DP evolution under profile temperature depending on severe accidents. 
 
7. CONCLUSION 
 
During last decades, the chemical durability of glass was and is frequently discussed in connection 
with the vitrification process of high level nuclear waste material. In minds of people from Nuclear 
Power Plant (NPP) field as well as for those from the glass science and technology, this is the most 
important connection between the glass chemical durability, and glass itself, on one side and the 
nuclear energy on the other side. 
 
A great deal of the theory of the process of glass corrosion by liquid media was born within this 
connection – see e.g. the numerous publications in Nuclear Waste Management Journal.  
 
Nowadays, a new phenomenon was pointed out in a new manner to this old theme, namely the 
problem of the sump screens clogging during the Loss of Coolant Accident (LOCA) in Pressurized 
Water Reactor (PWR) based NPP. In this case, a huge amount of debris coming from the glass fiber 
insulation is generated by the jet effect of the water vapor. Together with other kinds of debris 
(concrete, dust, paints, metal chips) the glass fibers are trapped on the containment sump screens. The 
crude hydrodynamic conditions of the solution falling down from the spraying system cause the 
mechanical disintegration of the fibers. 
 
This phenomenon was thoroughly studied in IRSN with respect to the possible clogging of the 
containment sump screens. But moreover, the alkaline (pH=9.3 at 60°C-25°C) sodium borate solution 
of the spray system causes a significant chemical corrosion-dissolution of the glass accompanied with 
a back-precipitation of the dissolved glassy material, that can be in some cases accompanied by the 
generation of a thermodynamically unstable intermediates in gelatinous (i.e. colloidal) forms. The 
precipitated matter (and the gelatinous forms) is trapped in the thin layer of the filtration bed adhering 
to the screens and causes the screen clogging (reference 12).  
 
Three years ago (i.e. in the year 2003), this glass fiber dissolution phenomenon was identified and 
partially quantified simultaneously in USA (University of New Mexico & Los Alamos National 
Laboratories) and in the Vitrum Laugaricio Glass Centre (VILA) in Trenčín.  
 
The results obtained led to the identification of serious risks for the safety of NPP in a specific LOCA 
situation. This moment??? is extraordinary important in case of small diameter fibrous glassy material, 
where all the glass volume can be chemically changed (corroded) in relatively short time.  
 
On the other hand, the models can be applied for the initial stages of the glass dissolution and open 
new research fields for the glass industry. 
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Abstract:  
In the last two decades the regulatory “risk informed” approach for nuclear power plants started to 
develop in the USA. Shortly after that, this approach was emerging in several European countries. The 
idea in a risk informed in service inspection (RI-ISI) process is to evaluate the failure potential or rate 
in passive systems, structures and components. In a quantitative RI-ISI process the failure probability 
or rate at each location is usually calculated with so called Structural Reliability Models (SRMs). This 
paper shows the results of a benchmark study with five different SRMs conducted in the frame of the 
European project NURBIM (Nuclear Risk Based Inspection Methodology for Passive Components). 
The SRM codes are demonstrated to work in a wide range of parameter variations and differences in 
the calculated failure probabilities can in most cases be explained from the theoretical basis of the 
SRMs. A set of requirements to be fulfilled by a SRM and the associated software for application in a 
risk informed in service inspection study are then formulated.   

1 INTRODUCTION 
 
In the past, priority has been given to deterministic approaches for the assessment of the 
safety of reactor pressure vessels, containments, piping and other passive structures in 
nuclear power plants. In several technical fields, as e. g. civil engineering, steel construction, 
offshore constructions, the national and international rules and regulations are increasingly 
oriented towards the quantitative determination of structure reliabilities. This also applies to 
the field of nuclear technology where various international rules and regulations go over to 
define quantitative specifications for the reliability of main components. The regulatory “risk 
informed” approach for nuclear power plants started to develop in the USA in the mid 
nineties. Shortly after that, this approach was emerging in several European countries. 
 
The idea in a risk informed in service inspection (RI-ISI) process is to evaluate the failure 
potential or rate in passive systems, structures and components to provide a quantitative or 
qualitative measure of the associated risk. Within this context, risk is defined in terms of 
consequences from Probabilistic Safety Analyses (PSA), i.e. the Conditional Core Damage 
Probability or Conditional Large Early Release Probability, times the failure frequency of 
incurring these consequences. The outcome is a risk ranking of individual locations. After 
that the locations to be inspected, the frequency and type of inspection are selected and the 
change in risk after applying this inspection programme is evaluated. The main objective of 
the process is to obtain a programme for inspection which addresses the main risk significant 
areas with a sufficient risk reduction and at the same time may optimize the resources 
necessary for the inspection programme. Fig. 1 illustrates the major elements of a RI-ISI 
programme. 
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Fig. 1: Major elements of a Risk Informed-In Service Inspection programme 
 
 
In a quantitative RI-ISI process the failure probability or failure frequency at each location is 
usually calculated with SRMs. These models are usually based on fracture mechanics 
principles when the damages occur as crack mechanisms. The probability of failure due to a 
specific damage mechanism is calculated from the input data such as the component 
geometry, the material data, the expected loading history, the defect geometry, the damage 
progression and the assumed detection efficiency of the in service inspection. The 
probabilistic nature of the result is determined by the uncertainties of the input data entering 
the deterministic routines. 
 
This paper presents the results of a benchmark study with different SRMs conducted in the 
frame of the European project NURBIM (Nuclear Risk Based Inspection Methodology for 
Passive Components) [1]. 

2 BENCHMARK STUDY 
 
One objective of NURBIM was the investigation of the accuracy of reliability methodologies 
for passive components. Therefore different approaches of determining the reliability of 
piping systems were tested and compared with regard to their capabilities and efficiency for 
specific problems. One of the major topics of this project was named “Review and 
Benchmarking of Structural Reliability Models (SRMs) and associated software”. The 
benchmark study was performed for two damage mechanisms starting from pre-existing 
cracks, stress corrosion cracking (SCC) and fatigue. 
 



 

The following five SRM codes are considered in the benchmark study: 

• WinPRAISE, Engineering Mechanics Technology software for fatigue or SCC in nuclear 
piping components [2]. 

• NURBIT, DNV software for RI-ISI for SCC or pre-existing cracks in nuclear piping 
components [3]. 

• ProSACC, DNV software for SCC or fatigue or pre-existing cracks (non-growing defects) in 
general components [4]. 

• PRODIGAL, Rolls-Royce software for fatigue or pre-existing cracks in different 
components [5]. 

• PROST, GRS software for fatigue in cylindrical shaped components [6]. 

2.1 Benchmark Study Definitions  
 
The benchmark analyses are performed by first defining a baseline case and then varying 
each parameter one by one, keeping all other parameters fixed at their baseline values. The 
baseline case corresponds to the “best estimate” values of all parameters, reflecting actual 
plant conditions for a Large, Medium and Small diameter pipe. Table 1 summarizes the pipe 
dimensions used for both studies. The cumulative rupture probability and the cumulative leak 
probability after 40 years from pre-existing circumferential cracks in girth welds are evaluated 
for SCC and fatigue, respectively. 
 

Pipe dimensions Fatigue SCC 
Small diameter in a stainless 

steel pipe 
D = 88.9 mm 
t = 11.1 mm 

N = 6 

D = 168 mm 
t = 12.5 mm 

N = 10 
Medium diameter in a stainless 

steel pipe 
D = 324 mm 
t = 33.3 mm 

N = 20 

 

Large diameter in a stainless 
steel pipe 

D = 861 mm 
t = 62.2 mm 

N = 64 

D = 680 mm 
t = 40 mm 

N = 36 
 
Table 1: Pipe dimensions considered (D = Outer pipe diameter, t = wall thickness, N = 
Number of welding passes SMAW or SAW). 
 
The following parameters are varied in the sensitivity analyses: 
1) Initial crack depth. 
2) Aspect ratio or crack length. 
3) Flow stress. 
4) Yield stress and ultimate tensile strength (only for fatigue). 
5) Fracture toughness. 
6) Dead weight stress (only for SCC). 
7) Secondary stress. 
8) Upset stress (Design limiting stress). 
9) Vibration stress (threshold effects, only for SCC). 
10) Weld residual stresses (only for SCC). 
11) Crack growth rate. 
12) Number of cycles (only for fatigue). 
13) Leak rate detection limit (only for SCC). 
14) ISI, effectiveness in terms of probability of detection (POD) for a fixed inspection interval. 
15) ISI, inspection interval. 
 



 

Depending on the damage mechanism and the SRM code used, some of the parameters 
were treated as random and some parameters were treated deterministically in the 
benchmark study. In this paper selected results are presented only. The complete study is 
reported in [7] for SCC and in [8] for fatigue. 

2.2 Selected results of SCC benchmark 
 
Table 2 shows the results for the (small) leak and rupture probability after 40 years for the 
baseline case and using NURBIT Version 2.0, [3] and WinPRAISE Version 4.24, [2]. 
It is observed from Table 2 that the small diameter pipe gives higher rupture probabilities 
than the large diameter pipe. This is mainly due to the thicker pipe giving longer times to 
failure (more favourable stress state) and also larger leak flow rates which are easier to 
detect. 
 
Pipe dimension NURBIT 

small leak 
NURBIT 
rupture 

Win-PRAISE 
small leak 

Win-PRAISE 
rupture 

Small pipe 2 E-2 1 E-4 9 E-5 6 E-5 

Large pipe 7 E-3 2 E-5 2 E-5 1 E-5 
 
Table 2: SCC baseline failure probabilities after 40 years. 
 
Furthermore, NURBIT gives slightly larger rupture probability values than WinPRAISE for the 
similar problem. The reason for this is due to the different theories of failure probability which 
NURBIT and WinPRAISE represent in some aspects. In NURBIT, contribution to the rupture 
probability is obtained only if all the following conditions are fulfilled: 

a) a stress corrosion crack has been initiated. 

b) the initial crack size, pipe stresses and crack growth rates are such that rupture is 
predicted to occur before end of operation (40 years). 

c) the crack remains undetected with inspections. 

d) the through-wall crack (which has been grown from a surface crack) remains undetected 
with leak flow rate detection. 

Since a) and c) are assumed a priory for the baseline case, differences in rupture probability 
for NURBIT in this case originates from not all initial crack lengths fulfilling condition b) above 
and from different leak flow rate evaluations. A higher leak flow rate is easier to detect and 
will result in a lower rupture probability through the probabilistic leak flow rate detection 
model in NURBIT. For the large diameter baseline case in NURBIT, rupture is predicted to 
occur immediately after wall penetration for initial crack lengths longer than about 71% of the 
inner circumference. This corresponds to the no LBB (Leak Before Break) situation and for 
those cracks there is no benefit from leak flow rate detection. For the small diameter pipe 
baseline case in NURBIT, LBB is predicted for all initial crack length up to a full 
circumferential initial crack. However, for very large initial crack lengths the leak flow rate just 
before rupture is quite small and thus little benefit is coming from leak flow rate detection for 
such long cracks. The reason for this is that critical conditions is reached quite soon after 
wall penetration for these long initial crack lengths and the much smaller crack length at the 
outside of the pipe at wall penetration does not have time enough to grow much before 
critical conditions (rupture) is reached. 
The WinPRAISE definition of a rupture is when the surface crack becomes unstable with the 
subsequent through-wall crack also being unstable. The surface crack may also lead to a 
stable leak and after which the growth of the through-wall crack eventually leads to rupture 
with no leak detection before rupture. 
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It is also interesting to note the differences in the (small) leak probabilities between NURBIT 
and WinPRAISE in Table 2. This is the probability of a wall penetration integrated over all 
assumed initial crack sizes, regardless of the leak flow rate at wall penetration. However, 
often this initial leak flow rate is quite small and therefore this is here denoted the small leak 
probability. Since the conditions a) to c) are fulfilled for all initial crack sizes for the small 
diameter pipe in NURBIT, the small leak probability will approach 3 E-2, which is the crack 
existence frequency or the number of pre-existing cracks per weld. (The condition d) is only 
relevant for rupture.) For the large diameter pipe in NURBIT, the small leak probability will 
not tend to the crack existence frequency. This is because for the smallest initial crack 
lengths, a leak (and rupture) is not predicted to occur until after 40 years which means that 
for these small initial crack lengths, there will be no contribution to the small leak probability. 
In general, the rupture probabilities are smaller than the small leak probabilities in NURBIT 
due to the benefit of leak flow rate detection as discussed above. 
However, the WinPRAISE results in Table 2 show that the small leak probability is not very 
different from the rupture probability after 40 years. This is because almost all initial crack 
sizes in WinPRAISE will lead to rupture as soon they have grown through the pipe wall, i. e. 
a no-LBB situation for all sampled cracks for the baseline cases, provided they grow through 
the wall within 40 years of operation. 
Thus for the baseline cases, the 
WinPRAISE results will be less 
sensitive to the leak flow rate detection 
limit. 
 
Fig. 2 shows the benchmark result for 
a variation of the flow stress. A vertical 
line indicates the baseline value, 300 
MPa. Fig. 2 demonstrates a smaller 
rupture probability for increasing flow 
stress. The NURBIT result for the large 
diameter pipe and a large flow stress 
shows that LBB is always predicted 
even for a very large initial crack length 
due to the increased critical through-
wall crack size when a large flow stress 
is used. Thus benefit from leak flow 
rate detection is obtained for all initial 
crack lengths and this decreases the 
rupture probability. This is different from the baseline case where a baseline flow stress 
caused no LBB for long initial crack lengths which implies a substantial contribution from long 
initial crack lengths to the rupture probability. A similar behaviour is noted for the small 
diameter pipe using NURBIT. For the small diameter pipe, a higher flow stress will also lead 
to a longer critical through-wall crack size which increases the leak flow rate just before 
rupture. The increased leak flow rate is easier to detect and this decreases the rupture 
probability. 
 
The WinPRAISE results show a relatively sharp transition from low to high rupture 
probabilities. This corresponds to the situation when the load-controlled stresses are 
approaching the flow stress. The load-controlled stresses are the sum of the stress from the 
internal pressure and the dead weight stress, which amounts to 48.4 MPa and 54.6 MPa for 
the small and large diameter pipe, respectively. As discussed in more detail in relation to Fig. 
4, the leak flow rate detection will not make much difference for the WinPRAISE results in the 
baseline case. Almost all cracks will lead to rupture as soon as they have grown through the 
pipe wall, provided they grow through the wall within 40 years. This means that for 
WinPRAISE, the rupture probability at year 40 will be determined by the fraction of cracks 
that will lead to rupture which are essentially determined by the critical through wall crack 

Fig. 2: Rupture probability by variation of flow stress  
for SCC 
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length. If rupture is limited by net section collapse, then the critical through wall crack size is 
only weakly dependent on the flow 
stress for a flow stress larger than about 
300 MPa. This is due to that the load-
controlled stresses are much smaller 
than the flow stress, regardless if the 
flow stress is equal to 300 MPa or 3000 
MPa. This explains the quite small 
influence from larger flow stresses for 
the WinPRAISE results.  
Note that for the smallest value of the 
flow stress (equal to 45 MPa), all the 
rupture probabilities will approach more 
or less the similar value. For a 
sufficiently small flow stress (compared 
to the primary stresses), even an 
uncracked pipe will be predicted to 
break and then the rupture probability 
will be the occurrence frequency of 
IGSCC, i. e. the number of pre-existing 
cracks per weld (3 E-2). 
Fig. 3 shows the influence from the initial 
crack length. The rupture probability is plotted versus the exponential distribution parameter 
1/λ for the NURBIT formulation of initial crack length. For the WinPRAISE results, this 
corresponds to a translation to an equivalent exponential distribution for the initial aspect 
ratio. The values of 1/λ for the initial crack length with NURBIT and the rate parameter λ for 
the initial aspect ratio with WinPRAISE are calibrated to coincide for the mean value of initial 
crack depth 2.56 mm. 
It is observed from Fig. 3 that the rupture probability decreases for shorter mean values of 
the initial crack length, both for NURBIT and WinPRAISE. This is explained by the fact that 
shorter initial crack lengths will result in longer times to rupture, more than 40 years for a 
sufficiently short initial crack length. 
 
Especially for the large diameter pipe in NURBIT, the rupture probability after 40 years is 
very small for a short mean value of 
the initial crack length in Fig. 3. In this 
case, the longer initial crack lengths 
will not contribute much to the rupture 
probability due to the exponential 
decrease of the probability for 
existence of long initial crack lengths, 
even though a no-LBB situation is 
predicted. For the baseline case 
these longer cracks do contribute 
significantly to the rupture probability. 
Fig. 4 shows the influence from the 
leak flow rate detection limit. It is 
observed from Fig. 4 that the 
NURBIT results are quite sensitive to 
the leak flow rate detection limit. 
However, note that the considered 
leak flow rate detection limits cover a 
very wide range. Realistic leak flow 
rate detection limits would correspond 
to a range from 0.03 to 1 kg/s. For a very large detection limit, virtually no leak flow rates are 

Fig. 3: Rupture probability by variation of initial crack  
length for SCC. 
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Fig. 4: Rupture probability by variation of leak rate  
detection limit for SCC. 



 

ever detected before rupture and the influence of the detection limit is actually small above 2 
kg/s for the small diameter pipe. This is due to that the leak flow rate just before rupture is 
less than 2 kg/s for all initial crack lengths for the small diameter pipe using NURBIT. The 
upper limit of the rupture probability for the small diameter pipe for a large leak rate detection 
limit is the crack existence frequency 0.027 cracks per weld. This value is reached because 
all initial crack sizes will contribute to rupture, the growth time is less than 40 years for all 
initial cracks and neither leak flow rate detection, nor inspections (since inspections are not 
included in the baseline case), will detect the cracks before rupture. On the other hand when 
specifying a very small leak flow rate detection limit, all leak flow rates will be detected, no 
matter how small they are. This means that the rupture probability will be quite small unless 
break occurs before leak. For the small diameter pipe, all initial crack lengths will lead to a 
leak before a rupture is predicted. 
 
The WinPRAISE results show much less sensitivity from the leak flow rate detection limit. 
This is because almost all initial crack sizes will lead to rupture as soon they have grown 
through the pipe wall, i.e. a no-LBB situation for all sampled cracks, provided they grow 
through the wall within 40 years of operation. For the large diameter pipe with NURBIT the 
trend is similar but the upper limit of leak flow rate detection limit when the rupture probability 
saturates will be larger, reflecting the larger leak flow rates before rupture for the large 
diameter pipe. Also for very small leak flow rates the rupture probability saturates the large 
diameter pipe with NURBIT. For a smaller leak flow rate detection limit than the baseline 
value of 0.3 kg/s, the rupture probability will be virtually unchanged. This is due to that the 
results are dominated by the no-LBB results for long initial crack lengths. For the no-LBB 
cases, the leak flow rate detection limit will not influence the result at all. 
 
Note that NURBIT is using complex crack shapes which is reflecting the observed 
experimental behaviour for cracks that have grown to through-wall cracks; the crack length at 
the outside of the pipe just after 
break-through is often much smaller 
than the crack length at the inside 
of the pipe, see Fig. 5. This affects 
the crack growth after wall 
penetration as well as the crack 
opening areas and leak flow rates. 
The difference in behaviour 
compared to the NURBIT results is 
partly due to the simplification in 
WinPRAISE that at wall penetration 
the entire length of the surface 
crack is assumed as the through-wall crack length. Another feature in WinPRAISE is the J-
solution used to compute crack stability once the crack is through-wall. WinPRAISE uses a 
tension solution, which assumes the maximum stress is applied around the circumference. It 
does not consider bending (the circumferential variation of the stress). For a given maximum 
stress, a tension solution would result in a shorter crack for instability than a solution that 
considered bending. This conservative assumption promotes a non-LBB behaviour. 
 
The assumed initial crack length is also of key importance, see Fig. 6. In Fig. 6 the 
WinPRAISE behaviour for the large diameter pipe is shown for specifying a different rate 
parameter λ for the aspect ratio. In the baseline case, λ = 0.026 is used which makes the 
assumptions of the initial crack lengths similar as with NURBIT. This corresponds to 
relatively long initial crack lengths, a mean value of about 10.6% of the inner pipe 
circumference, taken from damage statistics of IGSCC in Swedish BWR pipes. In Fig. 6, also 
λ = 0.5 is considered which means much shorter initial crack lengths. When using λ = 0.5, 
WinPRAISE will now also give a transition from small LOCA probabilities for small leak flow 
rate detection limits to larger LOCA probabilities for large leak flow rate detection limits. 

Fig. 5: Typical crack shape development in NURBIT. 



 

When specifying a very low leak flow rate detection limit, all leakages will be detected (if not 
break is occurring immediately after 
wall penetration). When λ = 0.5, there 
will be many short 
cracks (in length) which will be detected 
before rupture by leak flow rate 
detection and this will cause a low 
rupture probability. (This is also 
indicated by a much larger leak 
probability, of about 1 E-7 in Win-
PRAISE when the rupture probability is 
1 E-10 for the lowest leak flow rate 
detection limit.) On the other hand, if 
the leak flow rate detection limit is 
large, no leak flow rates will be 
detected before rupture and this makes 
the rupture probability to be higher. In 
this case, for the highest leak flow rate 
detection limit, the leak probability in 
WinPRAISE will be the same as the 
rupture probability, about 1 E-6, which 
makes sense. This case corresponds 
to a situation when no credit for leak flow rate detection is made. 
The WinPRAISE results in Fig. 6 regarding the influence from the leak flow rate detection 
limit on the small leak and rupture probability have also been confirmed for fatigue in the 
paper by Simonen et al [11]. Fig. 6 highlights the importance of including leak rate detection 
in risk evaluations. If leak rate detection is ignored (corresponding to setting the leak 
detection limit to a large value), the risk of core damage can be severely overestimated 
which also may make it more difficult to select the high risk components from the population.                                      

2.3 Observations from the SCC  
 
1. The benchmark study for SCC has generated results for the accumulated rupture 

probability after 40 years using NURBIT and WinPRAISE, which in most cases are 
consistent with expectations, given the SRM theory assumptions of the respective code. 

 
2. Both NURBIT and WinPRAISE have been demonstrated to result in a wide range of 

rupture probabilities when using extreme values of input parameters. These rupture 
probabilities cover very small values (1E-10) up to unity over the operating life of the 
component. 

 
3. Differences between NURBIT and WinPRAISE exist and do influence the evaluation of 

the rupture probability. NURBIT is a relatively simple code with limited possibilities of 
treating variables as random. The differences regard the treatment of certain stresses 
(weld residual stress, thermal expansion stress, upset stress, vibration stress), the 
treatment of the initial flaw size, the crack shape development at wall penetration and for 
the sub-critical growth of the through-wall cracks and the treatment of  leak flow rates and 
their detection. It is important that users of the codes are aware of these differences in 
order to correctly assess the importance of the sensitivity analyses and the use of the 
codes in real RI-ISI applications. 

4. The main influencing parameters for the accumulated rupture probability after 40 years 
are for NURBIT the flow stress, initial crack length, leak rate detection limit, dead weight 
stress, vibration stress amplitude and crack growth rate. For WinPRAISE, the main 

Fig. 6: Variation of leak rate detection limit for SCC 
using different initial crack length assumptions   
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influencing parameters are the initial crack depth and length, dead weight stress and 
crack growth rate. 

5. The deterministic comparison for through-wall cracks of NURBIT and WinPRAISE 
regarding the evaluation of J-integrals, crack opening areas COA and leak flow rates 
have generally resulted in small differences, see the full report by  Brickstad [7]. Only 
NURBIT accounts for residual stresses for through-wall cracks. For the studied case, the 
effects of weld residual stresses for through-wall cracks are relatively small on COA and 
leak flow rates. However, they have a larger effect on J-integrals and the times to initial 
leak and to rupture. 

6. In general, both NURBIT and WinPRAISE give a consistent ranking of the rupture 
probability between the small and large diameter pipe during the benchmark study. With 
a few exceptions, the rupture probability for the small diameter pipe is larger than for the 
large diameter pipe. 

2.4 Selected results of fatigue benchmark 
 
The accumulated leak probability after 40 years, P(40) and at year 0, P(0) for the baseline 
cases for all three pipe sizes are shown in Tables 3 and 4. 
 
 Small Pipe Medium Pipe Large Pipe 
WinPRAISE 4.31 5 E-06 2 E-05 2 E-06 
PROST 4 E-06 3 E-05 7 E-06 
ProSACC 0.92 3 E-06 1 E-05 8 E-07 
PRODIGAL 2 E-05 3 E-05 3 E-05 

 
Table 3: Fatigue, accumulated leak probabilities after 40 years. 
 
 Small Pipe Medium Pipe Large Pipe 
WinPRAISE 4.31 2 E-07 5 E-07 3 E-09 
PROST 4 E-08 1 E-07 3 E-10 
ProSACC 0.92 2 E-07 5 E-07 7 E-10 
PRODIGAL 3 E-07 2 E-07 9 E-09 

 
Table 4: Fatigue, accumulated leak probabilities at year 0. 
 
It is observed that the leak probabilities after 40 years for all codes increase from small to 
medium pipe and then decreases from medium to large pipe. The trend is more or less 
significant. WinPRAISE and ProSACC exhibit the largest differences and PRODIGAL the 
smallest. The accumulated leak probabilities after 40 years are in a range of 8 E-7 to 3 E-5 
with the biggest scatter for the large pipe. The cyclic stress range is of about 70 MPa for all 
three pipe sizes, but the pre-existing crack depth distributions are very different. The crack 
depth distribution for the small pipe includes more deep cracks normalized with the wall 
thickness compared to the flaws for the large pipe. However the higher stress intensity 
factors of the large pipe cracks due to the larger crack depths in absolute units lead to higher 
crack growth rates and compensate this effect in such a way that the failure probabilities for 
both pipes are of the same order. Furthermore it is remarkable that the results for the 
medium size pipe coincide very well. They differ by not more than a factor of 3, whereas the 
differences for the small and large pipe are by factors of 7 and 30 respectively. 
The accumulated leak probability P(0) in PROST, ProSACC and WinPRAISE is calculated as 
the failure probability for applying the load of the first loading cycle. In PRODIGAL the load of 
the most severe loading cycle during the whole operating time is applied. All codes show the 
lowest failure probability for the large pipe due to the small number of deep cracks in the 



 

Fatigue: Large-Pipe, Crack-Depth-Variation
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given distribution. The accumulated leak probabilities at the beginning of operation are in a 
range of 3 E-10 to 5 E-7, again with the biggest scatter for the large pipe. The scatter 
between the codes reflect the 
different failure estimation 
approaches and the different 
statistical methods like Monte-
Carlo (WinPRAISE), first order 
Reliability method or Monte-
Carlo (ProSACC), Monte-Carlo 
and stratification method 
(PROST), or direct integration 
(PRODIGAL). 
The loading cycle stress range 
of the baseline cases is of 
about 70 MPa. This stress 
range has been varied from 41 
to 101 MPa for the small 
diameter pipe, from 35 to 105 
MPa for the medium diameter 
pipe and from 42 to 109 MPa 
for the large diameter pipe. The 
variations are done by keeping 
the minimum stress constant 
and vary the maximum stress. 
Fig. 7 shows the results for the 
large diameter pipe. A higher 
loading results in a higher 
stress intensity factor and 
therefore in a higher crack 
growth rate during the life time 
that should lead to a larger 
accumulated leak probability. 
All codes confirm this trend as 
shown in Fig. 7. The change in 
leak probability is about 4 
orders of magnitude and this is 
among the largest change of all 
parameter variations. 
 
The prescribed variation of the 
crack depth distributions for the 
large pipe is shown in Fig. 8. 
The mean value of the 
lognormal distribution is 
changed while keeping the ratio 
of standard deviation to mean 
value constant. This results in a 
difference of the probability 
density of a few orders of 
magnitude for the deeper 
cracks, while the probability 
density of the short cracks in the 
first quarter exhibit a less 
significant change. 
 

Fig. 9: Variation of crack depth distribution see Fig. 8 for 
fatigue.  
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Fig. 7: Variation of maximum load for fatigue.   

Fig. 8: Fatigue, used crack depth distributions for large pipe.  



 

0

0.2

0.4

0.6

0.8

1

0 0.5 1
Normalised crack depth a/t

P
ro

b
ab

ili
ty

 o
f d

et
ec

ti
o

n

Poor
Good
Advanced

The calculated accumulated leak probabilities after 40 years reflect the probability density 
change of the deep cracks. A change from low to high estimates of flaw densities results 
after 40 years in a difference of about 4 to 5 orders of magnitude independent of the code 
(see Fig. 9). All codes show the same trend. The scatter between the codes is of about 1 to 
2 orders of magnitude. It is observed that the failure probability is mainly driven by the 
distribution of the deep cracks. Similar results are generated for the small and medium pipe. 
 
The baseline cases were calculated 
without any inspection. In all 
calculations with inspections it was 
assumed that the first inspection always 
starts after 10 years of operation. In a 
first study the influence of 3 different 
inspection effectiveness was 
investigated, taken from Simonen and 
Woo [10]. These were named poor, 
good and advanced at the years 10, 15 
20,…,35. Fig. 10 shows the probability 
of detection as a function of the 
normalised crack depth. The results in 
Fig. 11 show a good agreement 
between WinPRAISE and PROST. 
PRODIGAL shows a similar trend, but 
exhibits a stronger influence on the leak 
probability by changing the efficiency 
from poor to good. In a second study 
the influence of the inspection interval 
for a good inspection team has been 
investigated (see Fig. 12). From this 
investigation it is seen that the impact of 
the number of inspections for fatigue 
driven cracks is not very significant. The 
first inspection after 10 years detects 
most of the larger fabrication flaws, 
which are the dominant contributors to 
failure. Once these flaws are eliminated 
by the first inspection at 10 years, the 
subsequent inspections at 20 and 30 
years provide little additional benefit, 
because the larger flaws have already 
been detected and repaired. The 
decrease in leak probability of 
subsequent inspections after a first 10 
year inspection is not very strong, 
whereas the efficiency of the inspection 
is more important to an improvement. In 
our selected case a good inspection 
after ten years leads to a lower 
accumulated leak probability at the end 
of plant life than a poor inspection every 
5th year starting at year 10. 
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Fig. 10: Probability of detection used in the benchmark. 

Fig. 11: Variation of inspection efficiency for fatigue. 

Fig. 12: Variation of inspection interval for fatigue. 



 

2.5 Observations from the fatigue benchmark study 
 
1. PRODIGAL, ProSACC, PROST and WinPRAISE reflect the expected trends by 

changing the investigated input parameters. 

2. All investigated codes demonstrated to work in a wide range of leak probabilities by 
changing input data to extreme values. The range covers very small values from 1E-13 
up to unity. 

3. The resulting accumulated leak probabilities after 40 years show a good quantitative 
agreement between the different codes for the small and large pipe size and a very good 
agreement for the medium size pipe. From this behaviour one can conclude that the 
different failure criteria, stress intensity factor calculations and statistical methods of the 
codes have no strong effect on the resulting leak probability. 

4. In some special cases a non expected trend or larger differences to the general results 
occur. They could be explained from the different basic assumptions and treatments in 
the codes. It is important that users of the codes are aware of these differences. 

5. The accumulated leak probability after 40 years was mostly influenced by a variation of 
crack depth distribution, crack growth constant and maximum load. 

2.6 Requirements for Structural Reliability Models used in a RI-ISI process  
 
As an outcome from the benchmark study the following list of requirements are formulated 
that should be fulfilled by a suitable SRM and the associated software for application in RI-ISI 
studies. 

1. The SRM theory and technical basis should be published and independently reviewed. 
 

2. The SRM and the associated software should address the relevant damage mechanisms 
under consideration. 

 

3. The SRM and the associated software should be able to evaluate failure probabilities 
both for leak events and ruptures. 

 

4. A sensitivity study using the SRM and the associated software should be presented, 
addressing the relevant damage mechanism under consideration. In the sensitivity study 
failure probabilities, for events varying from small leaks to ruptures, should be evaluated 
for variations of input parameters and shown to be consistent with expectations and the 
given SRM theory assumptions. 

 

5. Sample calculations of the SRM and the associated software should be presented where 
the assigned input parameters should be described and sources of the data assignments 
should be given. The probability distributions and internally assigned (hardwired) 
parameters (if any) in the SRM software should be documented and the reasons stated. 
Also the limitations of the SRM software should be clearly identified. 

 
It is also strongly recommended that the SRM software should be benchmarked against at 
least one other publicly available SRM software for the relevant damage mechanism under 
consideration. The report of this benchmark study should be published and independently 
reviewed. 



 

The SRM software should also be benchmarked against operating experience using actual 
plant failure frequencies. For damage mechanisms where no ruptures have occurred, leak 
frequencies may be used for this comparison. 

3 CONCLUSIONS AND OUTLOOK 
 
With the structural-reliability methodologies available today it is in principle possible to 
calculate quantitative leak and break probabilities for certain damage mechanisms. Trends 
can be quantitatively identified with regard to the change in influencing parameters. 
Limitations regarding the ability to use the codes within the framework of probabilistic safety 
analyses (PSA) are observed to exist in particular with respect to the validity of absolute leak 
and break probabilities. The results sometimes strongly depend on the uncertainties attached 
to relevant input parameters, such as crack geometry and expected loads, as well as certain 
parameters for the characterisation of the damage mechanisms. In general, structural 
reliability codes are valuable tools supplementing the methods applied so far within the 
framework of PSA for the estimation of risk of core damage or large early release originating 
from failure of passive components. In the presented study, only SCC and fatigue from pre-
existing cracks have been benchmarked. Further developments of SRMs are needed to 
correctly assess the probabilistic aspects of initiating SCC and initiating fatigue cracks as 
well as erosion-corrosion and thermal stratification. 
The nuclear regulatory bodies in Europe have formed a working group (Nuclear Regulatory 
Working Group NRWG, Task Force on RI-ISI). They have produced a report [12] where the 
common views about RI-ISI are presented. These are the following: 

1. The introduction of RI-ISI must be in accordance with legal and regulatory framework of 
the European countries. 

2. An ISI programme must be in place that is consistent with the defence-in-depth 
philosophy. 

3. Risk-informed changes to ISI programmes must maintain safety margins against leakage 
and failure. 

4. Risk should be reduced to a level derived from national legal requirements, regulations 
and regulatory guidance. When changing to a RI-ISI programme, risk reduction or risk 
neutrality should be achieved. 

5. RI-ISI programmes should be monitored using performance measurement strategies. 
 
Utility representatives have also expressed their views through the ENIQ Task Group on 
Risk. Their report [13] gives guidelines for using RI-ISI for ENIQ member countries. It is a 
comforting observation that both the ENIQ report [13] and the NRWG report [12] express 
views which to a large extent are in agreement. 
The benchmark results within the NURBIM project should provide a valuable contribution 
within the objective to obtain a common view on applying RI-ISI procedures in Europe. 
Another step is to directly benchmark different RI-ISI procedures applied on a real Nuclear 
Power Plant. Such efforts are now planned within the so-called RISMET project [14]. 
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Abstract: The analysis simulator for VVER-1000/V-320 has been developed in a working relationship 
of German Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH and Russian General Energy 
Technology (GET). The Balakovo NPP, Unit 4, has been selected as a reference plant for simulation. 
The thermo-fluid dynamics of the primary circuit including the steam generator secondary side is real-
ised on the basis of the German system code ATHLET (GRS). The thermo-fluid dynamics of the sec-
ondary circuit is calculated on the basis of the Russian code CMS (GET). The detailed behaviour of 
plant regulator systems is simulated with the specially developed library of Balance-of-Plant modules 
BOP320. The conditions in the containment are analysed with the code CONDRU (GRS). As graphical 
envelope for the plant simulator interactive control as well as representation of the calculated informa-
tion (the human-machine interface) the German ATLAS plant analyser tool developed at GRS is used.  

1  INTRODUCTION 
 
Within the framework of the scientific-technical co-operation between Germany and Russia in 
the field of reactor safety research, the plant analyser for VVER-1000/V320 has been 
developed in a working relationship of German Gesellschaft für Anlagen- und 
Reaktorsicherheit (GRS) mbH and Russian General Energy Technology (GET). As a 
reference plant for the simulation the Balakovo NPP, Unit 4, has been selected. The thermo-
fluid dynamics of the primary circuit including the steam generator secondary side is realised 
on the basis of the German system code ATHLET (GRS). The thermo-fluid dynamics of the 
secondary circuit is calculated on the basis of the Russian code CMS (GET). The detailed 
behaviour of plant regulator systems is simulated with specially developed library of Balance-
of-Plant modules BOP320. The conditions in the containment are analysed with the code 
CONDRU (GRS). As graphical envelope for plant simulator interactive control as well as  
representation of the calculated information (the human-machine interface) the German plant 
analyser tool ATLAS (GRS) is used.  

2  THE ATLAS PLANT ANALYSER 
 
The plant analyser tool ATLAS (ATHLET Analysis Simulator) was developed by GRS with 
the aim to create a multi purpose tool for analyses in the field of nuclear and industrial plant 
safety. It is based on computer codes modelling the dynamic processes in the plant and 
offers a simulation environment in which the presentation and evaluation of the numerous 
resulting data is supported by an interactive visual display system and which makes it 
possible to intervene directly in the simulation as it proceeds. The visual display system is 
supplemented by the graphics editor APG (ATLAS Picture Generator) which creates the 
images interactively and prepares them for adaptation to the dynamic data.  
 
The analysis simulator has been designed with a client/server structure. The data server 
administers the resulting data of the simulation models and keeps them ready for the system 



 

that include the visual display systems with interactive intervention possibilities. The server 
de-couples the visual display and other systems from the process data interface. The server 
stores the updated process data with a time tag as well as the history of all arriving data. 
Therefore, the time functions (trends) of all process data can be retrieved. The connected 
programs can call up every desired date during the entire trend stored. This system of de-
coupled data access makes it possible, for example, to have playbacks during the simulation 
run. Simulation runs that have been stored can be put onto the server at a predetermined 
speed and can then be re-run. Special features of the visualisation system are:  

• Graphics based on OpenGL (WINDOWS version) and GKS (UNIX version) for portability 
• All geometrical and graphical attributes can be dynamically changed by using data from 

the simulation 
• All simulation data are available as trends 
• Trend group images with several axes and several functions per axis can be created 
• Handling of the process by interactive mouse-clicks on symbols 
• Automatic or manual scaling of the parameters and the time section.  
 
The plant analyser is cotrolled with mouse. A menu bar with the most important functions 
always appears on each frame. Image related functions can be activated by mouse-clicks on 
buttons in each image. Clicking on the symbols either activates interventions in the 
simulation program or calls up the trend of the associated process variable.  
 

 
Fragment GA6: The general view of 4 loop primary circuit presentation. Important process 
variables such as pressure, temperature or density distributions may be chosen interactively 
and rendered according to a colour scale. 

3  THE SYSTEM CODE ATHLET 
 
The thermal–hydraulic system code ATHLET (Analysis of THermal–hydraulics of LEaks and 
Transients) is being developed by GRS for the analysis of the whole spectrum of leaks and 



 

transients in light water reactors. The main code features are besides the advanced thermal–
hydraulics and the modular code architecture especially the separation between physical 
models and numerical methods as well as the pre– and post–processing tools and the 
portability of the code to the prevalent computer platforms. The code is composed of several 
basic modules for the simulation of the different phenomena involved in the operation of a 
light water reactor: 

• Thermofluid dynamics (TFD),  
• Heat Transfer and Heat Conduction (HECU),  
• Neutron Kinetics (NEUKIN),  
• General Control Simulation Module (GCSM),  
• Fully implicit numerical integration method (FEBE). 
 
The code enables additionally the simulation of several non-condensable gases, dissolved 
nitrogen, and of boron transport. The system configuration to be simulated is modelled just 
by connecting basic thermo-fluid dynamic elements, called thermo-fluid and heat conduction 
objects. Other independent modules (e.g. large models with own time advancement 
procedure) can be coupled without structural changes in ATHLET by means of a general 
interface.  
 

 

Fragment GA1: The general view of a reactor facility. The picture control will be used for the 
control of MCPs, pressurizer heaters, ECC pumps, any other valves and pumps, and also 
allows to enter some malfunctions: station blackout and several leaks.  
 
The current version of the ATHLET 2.0A input deck for the analysis simulator Balakovo NPP, 
Unit 4, includes topological, geometrical and physical information for the reactor, including 
core; primary loops; steam generators (primary and secondary side); pressurizer; ECCS; 
make-up system; MCP; and emergency gas removal system (GRS).  



 

4  THE SYSTEM CODE CMS 
 
The thermal–hydraulic computer code CMS (Compressible Mixture Solver) is being 
developed by GET for the analysis of thermal-hydraulic circuits. It provides a modular 
network approach for the representation of a thermal-hydraulic system of a two-phase, two-
component mixture. A predefined system configuration is simulated by connecting basic 
fluid-dynamic elements acting on the assumption that there are nonequilibrium and 
nonhomogeneous (or homogeneous) conditions. There are several types of elements, each 
of them applying for a certain fluid-dynamic model. All types can be classified into the basic 
categories:  

• Point: Node, where mass, energy and gas concentration balance are performed.  
• Volume: Separate balance for liquid at the bottom and a steam-gas-liquid mixture at the 

top are performed. Thermal and mass interactions between lower and upper parts of 
volume are taken into account.  

• Boundary Condition: Special definitions for interface conditions like environment, heat 
transfer at steam generators, drain-pipes, etc.  

• Junction: Connection between points, volumes and boundary conditions with separate 
impulse balance for each phase with their interactions. In case of a volume the connection 
depends on an elevation mark and the level inside the volume.  

 
The current version of the CMS input for the plant analyser includes the complete simulation 
of steam-feed tract in a four-loop approximation of Balakovo NPP, Unit 4, presented in the 
next two pictures.  
 

 

Fragment GB1: The steam and condensate part of the secondary circuit including some 
main components such as turbine, deaerator, BRU-K, BRU-SN, condenser, low pressure 
pre-heater and turbines of turbo feedwater pumps.  



 

 

Fragment GB2: The feedwater and steam line part of the secondary circuit including some 
main components such as steam generators, safety valves, BRU-A, feedwater tank, high 
pressure pre-heater and turbo feedwater pumpst. The interface ATHLET-CMS is mainly 
realised by the Boundary Condition on the secondary side of steam generators 1-4. 

5  LIBRARY BOP320 AND CONDRU BOUNDARY CONDITION 
 
For an effective detailed simulation of the main regulators the specially developed library of 
Balance-of-Plant (BOP) modules BOP320 is used. The BOP-library contains a number of 
FORTRAN programs describing the models of the different regulator systems: 

• reactor power control (ARM, ROM);  
• primary pressure control (spray regulator and pressurizer heaters);  
• control of level in pressurizer (feed regulator of make-up system);  
• secondary pressure control (BRU-A and BRU-K);  
• control of level in steam generators (regulators of main and auxiliary feedwater);  
• regulating system of turbine (Modes RD-1, RD-2, RM and Manual) 
 
The modules are coupled with the code system using the general interface option LIBRARY 
of the ATHLET code. Additional necessary regulator models for the secondary circuit are 
modelled within the code CMS directly.  
 
Code CONDRU-4 was developed by GRS and calculates the transient thermodynamic loads 
in full pressure containment and the environment during a LOCA, especially in the long term 
behaviour. It is a two-phase, three-component model for three nodes. The two containment 
nodes are connected with a free or pressure related flow path area. The third node is the 
environment. This code is also connected by the general interface option LIBRARY of 



 

ATHLET with the coupled code system. The input for the CONDRU module is beside the 
leak mass and energy flow rate, delivered by ATHLET, the spray flow and heat addition to 
the containment. The main output is the calculated containment pressure. Inside the coupled 
code system this module is used to assess the conditions concerning the system interlock 
“containment isolation”. The activation of this interlock reflects to the generally system 
behaviour. 

6  THE GRAPHICAL ENVIRONMENT 
 
The graphical environment of the plant analyser can be used under two different conditions: 

• ON-line , when it will start simultaneously with ATHLET/CMS code calculation;  
• OFF-line, when the simulator mirrors the calculation output held earlier with or without 

usage of a graphics environment.  
 
By choice from the menu items in the top of the plant analyser multi-frame window it is 
possible to start/stop the calculation (continuously or step-by-step), set of temporary breaks, 
set of time defined break points, playback, set of speed factor for playback, and also perform 
screenshots. Special menu item presents in an appearing keyword list any parameters of 
ATHLET, CMS, GCSM-signals and give the possibilities to display parameter values in the 
given moment or as a trend from the beginning of calculation. In addition graphical fragments 
prepared with the APG can be chosen from a list and displayed. The current plant analyser 
version includes  fragment library with following images: 

• GA1: The general view of reactor facility scheme. The picture control will be used for the 
control of MCPs, pressurizer heaters, ECC pumps, change of boron concentration, cool-
down procedures as well as the control of any other valves and pumps. It also allows to 
enter some malfunctions such as station blackout and several leaks from a special menue.  

• GA2: The main parameters of a reactor core and panels of the reactor power control. This 
picture allows to realise the manual control of control rods, SCRAM dumping, URB 
switching on.  

• GA3: Panels of the state of reactor unit protections and interlocks, and histogram of main 
parameters.  

• GA4: Panels of the state of some systems and fittings on the primary and secondary 
circuits, values of some parameters.  

• GA5: Scheme of basic reactor unit elements in frame of containment and technological 
scheme of the emergency core cooling system (ECCS). The picture present the panel for 
indication of state of different parameters, signals and systems. The pumps of high and 
low pressure injection of boron water be controlled interactively.  

• GA6: The general view of four loops of primary circuits including basic elements of loops 
as well as some technological parameters and dynamic control units. Important process 
variables such as pressure, temperature or density distributions may be chosen 
interactively and rendered according to a colour scale.  

• GB1: Part of the scheme of the secondary circuit - steam line and condenser system. The 
picture relates to the secondary circuit scheme, including main steam line, main turbine, 
turbines of turbo feedwater pumps (TFP), extractions from turbine, heaters, steam super 
heater, BRU-K, BRU-SN, etc.  

• GB2: Part of the scheme of the secondary circuit – steam lines and feedwater line. The 
picture relate to the secondary circuit scheme, including steam generators, main steam 
line, main steam collector, TFP turbine, heaters, deaerator, BRU-A, etc.  

• GB3: Signal panel of the state of secondary circuit protections and interlocks. Interactive 
possibilities are not provided for this picture.  



 

• GRV: Four-sectional and multiregional axial reactor geometry with dynamic representation 
of thermo-hydraulic and fuel rod heat structure parameters. Core consists of inner and 
outer parts. Cross connection mass flow rates between 4 sections as well as between axial 
nodes are taken into account.  

• GSG: Transversal slit of steam generators with allocation of parameters: temperature, 
density, flow rates, etc.  

• ATHLET_Nodalisation: The primary circuit scheme, built with post-processor “ATHLET 
Input Graphics” by using geometrical data from input data set. Dynamic visualization of 
different parameters can be visualized at this scheme by help of defined color scales.  

 
For additional process control, problem related groups of two-dimensional plots showing the 
course of selected physical quantities as a function of time, so called trend sets, can be 
created interactively and displayed. Additionally, GCSM signal trees can be generated as 
separate fragment and dispayed incuding dynamical values of the related GCSM signals.  
 

 
Fragment GRV: Cross-sectional multiregional reactor geometry with dynamic representation 
of thermo-hydraulic and fuel rod heat structure parameters. Core consists of inner and outer 
parts. Cross connection mass flow rates between 4 sections as well as between axial nodes 
are taken into account.  

7  THE ANALYSIS SIMULATOR VERIFICATION 
 
The systematic validation of ATHLET is based on a well balanced set of integral and 
separate effects tests derived from the CSNI code validation matrices.  
 
Special developed procedure defines a sequence and the order of the analysis simulator 
testing. Testing has been carried out in two stages.  
After functional test of all interactiv elements in the fragment library at the first stage and 
beside the visualization of parameters on diagrams and the possibility of the equipment 



 

control from diagrams mainly the conformity of displayed parameters with the NPP stationary 
normal operation conditions has been checked.  
At the second stage ability of the simulator to model the basic transients and accidents has  
been checked. 
 
Within the framework of this activity the following calculations for verification have been 
carried out: 
 
Steady-state conditions: 

• 100% power level;  
• unloading and stabilization at 75% power level;  
• unloading and stabilization at 50% power level; 
 
Transients:  

• Switching off 1 out of 4 main circulation pumps (MCP);  
• Switching off 2 out of 4 main circulation pumps (MCP);  
• Switching off 1 out of 2 turbo feedwater pumps (TFP);  
• Closing of turbine stop valves;  
• Switching off high pressure pre-heater (PVD) 
 
Accidents: 

• Break of cold leg DN 850;  
• Break of cold leg DN 50;  
• Break of steamgenerator header;  
• Leak from primary to secondary circuit DN 100.  
 
Results of steady-state analyses and transients analyses have been compared with 
measured operational transients and commissioning test results from NPP with VVER-
1000/V-320. Results of accident analyses have been compared with results of safety reports. 
Comparison of the results has shown that this analysis simulator can be used for solving 
various problems. It can be used for off-normal modes analyses, for safety validation of NPP 
units as well as for personnel training, etc. 

8  OUTLOOK 
 
The presented version of the analysis simulator for VVER-1000/V-320 comprises all main 
components necessary for the safety-related analysis of a VVER-1000/V-320. A number of 
simulations of different operational transients and incidents have been tested successfully. 
The further development is mainly aimed at the enhanced qualification and validation of the 
simulator configurations by test runs. In a next step, the scope of the simulated transients 
and incidents shall be extended.  
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Abstract:  
The objective of a knowledge management system (KMS) in the field of Nuclear Safety Assessment is 
to keep competences in expertise and research at the best level. This contribution proposes a diagram 
of KM organization associated with the Eurosafe Safety Assessment Guide project proposal. The aim 
of the KM action is to test and bring forward a generic and perennial method of knowledge 
management adapted to the safety culture. It will be interested to support the access to information 
useful for the practices of expertise by organizing a knowledge mapping, supporting the exchanges of 
know-how by the consolidation of a competence network and the externalisation of expert knowledge. 
This article presents the actions in progress at AVN, GRS and IRSN, and suggests some principles 
based on experience feedbacks drawn from the literature. It is not supposed to be exhaustive but 
rather to encourage other Technical Support Organizations to take part in this KM action associated 
with the technical project.  We suggest to organize the KM action in three phases (1) definition of a KM 
Strategy adapted to the technical project (2) implementation of KM selected actions (actors 
sensitization, tests of KM methods…) (3) choice and fulfilment of effective and perennial KM solutions. 
  

_____________ 

1 ABOUT KNOWLEDGE MANAGEMENT 
 
The knowledge within an organization is frequently identified as the main source of its 
competitive advantage [1], [2], [3]. Considering Nuclear Technical Support Organizations 
(TSO), their production power lies in their intellectual and service capabilities. In that case 
the knowledge should be considered as a primary resource. 
 
The literature in the field of knowledge management (KM) distinguishes tacit knowledge and 
explicit knowledge. Tacit knowledge is constructed from individuals own experience [4], it 
represents the knowledge embodied in the human brain (i.e. skills of employee, know-how) 
and cannot be separated from the people who possess it [1]. At the opposite, explicit 
knowledge can be codified, reduced to data and transmitted whatever the media (i.e. 
technical documents, recordings, videos …). Because distinguishing  knowledge from 
information or data [5], [6] is not always straightforward, we will simplify our terminology and 
use the terms knowledge for « tacit knowledge » and information for « explicit knowledge ». 
From a practical point of view, we would prefer as soon as possible terms like knowledge 
goals, knowledge acquisition, knowledge sharing, knowledge transfer because they sound 
more operational and draw knowledge management closer to a concrete activity  [7].  
 
From a general point, the stake consists in implementing a sharing culture of knowledge and 
information at all the levels of organization, from the individual to the corporate network (and 
reverse for a mutual profit) by using all the modes of knowledge creation [1], (see Figure 1). 
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Figure 1 : Spiral of the creation of knowledge and information. Adapted from Nonaka [1]. The externalisation consists of 
transferring its knowledge into contextual data, i.e. quality process, technical report.... Socialization is a process of knowledge 
creation by exchange of experience, i.e. mentoring. The internalisation is a process of knowledge creation by a brain treatment 
of information, i.e. education. The combination is the creation of new information by treatment of existing information, i.e. web 
search engine. We usually use a mix of these different modes of knowledge creation at the same time. 

2 KNOWLEDGE MANAGEMENT AND NUCLEAR SAFETY 
 
The levels of safety reached today, reflected and codified in Safety Standards, are fruit of 
intensive cooperative efforts nationwide and internationally. They represent the state of the 
art, agreed upon in expert commissions and in regulatory work. By its nature, the evolution of 
standards of safety is a dynamic process which is developing over time. Maintaining 
standards at a high level requires ongoing efforts which counteract the tendencies of decay. 
Further developments need efforts in excess. A predominant part of these activities is 
entirely knowledge-based, such as: 
 
§ Sharing of knowledge on relevant safety issues. This involves the discussions and 

exchange of information in working groups, the exchange of recent knowledge on specific 
topics, the definition of requirements for safety assessment methods, the discussion of 
cross-cutting issues by multi-disciplinary expert groups (for example the activities on 
safety margins), the definition of the state of the art, and collective opinions on key safety 
issues. 

§ The generation of new scientific information is entirely knowledge-based: the specification 
of primary research areas and experimental projects, analytical exercises such as 
benchmarks and international standards, and information collection on safety-relevant 
events and their evaluation. 

§ Also knowledge-based is the contribution to competence maintenance: transfer of 
information to countries with shrinking resources in nuclear safety research, training of 
young scientists through involvement in national and international research projects, and 
maintaining unique experimental facilities and capabilities. 



   

§ Archiving and distributing information is entirely knowledge-based: document 
management on joint programmes, the management of experimental data, conducting 
seminars and conferences, and the release of reports to the public.  

It is no coincidence at all that these topics are congruent with knowledge management and 
may be directly mapped to knowledge management methods. It is not an exaggeration to 
state that knowledge management lies at the heart of keeping safety standards at a high 
level. 
 
Whatever the future of nuclear industry stake holders (company, authority, technical support) 
will always require qualified personnel to ensure the development, the maintenance or the 
follow-up of the nuclear facilities [8]. The capitalization of information (articles, technical 
reports, proceedings, safety reports ...) stored in a suitable way in data bases, libraries or 
files is not identified like the main stake. On the other hand, the  lack of appropriate academic 
formation, the loss of knowledge or know-how in nuclear safety is identified as a risk of loss 
of competences by the nuclear stake holders [9], [10], [11]. These concerns are the subject 
of reflexions and permanent experience sharing at the international level1 and actions like 
education, training, mentoring, etc. are considered as priority to maintain the qualification  
level to keep the nuclear safety expertise at the good level [11], [12] . 
 
The part of KM related to education and training will not be considered here. The following 
chapters limit the presentation to the KM actions implemented at AVN, GRS and IRSN and 
proposed in the “ Safety Assessment Guide” Eurosafe Project proposal (SAG).  The output of 
the KM tasks as described hereafter should encourage people to go through a process of 
self-learning and could be efficient inputs for training and education. 
 
The objective of the KM part of the SAG project is to federate all the project partners in order 
to create the relational network essential to the quality of the exchanges between the 
technical experts, but also between the persons in charge of the knowledge management in 
their organizations. The relevance of exchanged information is closely related on human 
cognitive and social interactions. Thus, the effectiveness of a system of knowledge 
management (creation, capitalization, interpretation and use) is more a question of strength 
and confidence of the relations between human beings than a technical question related to 
the information system. 

3 KNOWLEDGE MANAGEMENT  IN ACTIONS  

3.1 AVN 
 
As Authorised Inspection Organisation for the Belgian nuclear installations, in particular all 
nuclear power plants, AVN developed activities in this field both internally and in relation with 
the Belgian Licensee (Electrabel) of the nuclear power plants and its main architect-engineer 
(Tractebel Engineering). 
 
Within AVN’s missions, inspection and safety evaluation of nuclear installations are at the 
forefront [13]. For such activities, knowledge and expertise have always been and will always 
be of primary importance.  
 

                                                 
1 Knowledge Management Meetings within AIEA (http://www.iaea.org/km/pages/meetings.html) from 
2002 to 2005; NEA from 1998 to 2005; Eurosafe Workshop on Nuclear Knowledge Management, june 
2004, Cologne.  



   

3.1.1 Knowledge Management within AVN 
 
The growing importance of KM and the related efforts encouraged AVN to integrate KM 
visions and activities in a structured framework.  For achieving this goal, AVN was inspired 
by a framework developed in reference [14]. A management document has been established 
identifying existing and planned activities and processes that contribute to KM. Two aspects 
(Knowledge development and knowledge retention) are illustrated below. 

3.1.1.1 Knowledge development 
 
Presently, an important contribution to knowledge development within AVN comes from the 
R&D activities. Strategic knowledge goals on KM are defined within the AVN R&D strategy 
(for a 5 year period) and the yearly R&D Programme. Some important developments were 
first started with the aid of an external consultant and than further refined and implemented 
through the R&D Programme. 
 
All technical staff is member of one or more Technical Responsibility Centres (TRCs). These 
are non-hierarchical networks of (typically) 3 to 6 persons, active in a well-defined technical 
domain. The TRCs are responsible for developing and maintaining AVN’s expertise in their 
domain. 

3.1.1.2 Knowledge retention 
 
At a recent retirement of a staff member who had been in charge of a specific domain the 
idea was taken up to charge a young engineer to make a structured inventory of past 
projects and to identify major issues and lessons learned from these past projects. This is a 
contribution to knowledge retention.  
 
In the framework of the recently introduced Quality Management System, one of the 
processes aims to introduce better and more structured reporting on safety assessments. 
For this, different templates of structured documents on work requests and the 
corresponding reporting are now in use. This should also be beneficial for knowledge 
retention by allowing better retrieval of safety assessments documentation (combined with 
the introduction of the new EDMS). 
 
In 2005, a start was made to test an approach for knowledge retention with some engineers 
foreseen to retire in about 5 years. Through interviews, attention was devoted to aspects as 
identification of their knowledge, the need for keeping this knowledge and on how to transfer 
the knowledge to other staff. This approach will be further developed in future. 

3.1.2  Knowledge management aspects discussed with Licensee 
 
Presently, some common subjects are being under investigation for all plants within the 
framework of the Periodic Safety Review. One of these subjects is related to the 
documentation and knowledge of the design basis of the NPPs. 
 
For these aspects, a methodology was set up to investigate this matter and to foresee the 
appropriate actions, where needed. 
 



   

Steps in the methodology (developed by Electrabel and Tractebel Engineering) contain 
issues such as the identification of the knowledge needs related to the design basis of the 
NPPs, a structured method to perform a “Risk analysis”, with, as objective, to identify those 
critical domains were actions seem warranted to improve documentation or knowledge 
sharing, and finally, defining approaches to improve documentation or knowledge sharing, 
where needed.  
 
Within the same subject of the PSR the Licensee (Electrabel) is also presenting the 
Knowledge Management programme developed within its organisation. This covers as well 
organisational aspects for a better management of knowledge as methodological aspects for 
specific aspects of KM. These initiatives are then discussed with AVN, partly in respect to the 
observations made by AVN in its daily inspections in the nuclear power plants. 

3.2  GRS 
 
The starting point for the activities of GRS was the realization that due to the retirement of 
many experts, a loss of knowledge was imminent. Consequently, GRS has initiated a 
knowledge management program which is in development since 2002.  

3.2.1 Basic knowledge model 
 
A simple model [15], has been adopted, describing all stages of knowledge management 
activities. On a strategic level, the formulation of the knowledge goals has been the 
indispensable first step. The operational level aims at realizing these goals by identifying, 
acquiring, developing, disseminating, and deploying knowledge.  

3.2.2 Portal 
 
As a prerequisite to achieve the knowledge objectives, an information and document 
management system had to be put in place. Such a system would collect the information and 
the documents dispersed in wide variety of file shares, data bases, or internet sites, and 
should allow fast retrieval by different criteria. It was decided to take benefit from the 
development of enterprise portals and to adopt Microsoft’s Sharepoint Portal Server, which 
not only implements a document management system, but contains also features to improve 
cooperation and communication, two characteristics essential to knowledge management. 
The portal provides a central access point to all documents and information. In particular, 
each project has an own portal site, where not only the project documents but all information 
pertinent to a project is stored. The portal contains sites with news which are gathered from 
different sources, and covers important topical themes in a horizontal structure such as 
Yellow Pages, Quality Management, Organisation Handbook and many more. Vertically, 
every organisation unit has its own pages for presenting its activities. For collaboration, team 
sites have been set up for departments, projects, and particular areas such as Emergency 
Response, Strategical Programme Groups or ad hoc collaboration. 

3.2.3 Knowledge representation and mapping 
 
Methods for capturing knowledge of leaving experts have been thoroughly investigated. The 
efforts for individual knowledge elicitation are commonly agreed to be very high. As an 
alternative, knowledge representation methods such as Topic Maps, Concept Maps or 
Ontologies were investigated. They offer a systematic approach, and result in a controlled 



   

vocabulary set up by experts to describe the domain, as well as visualization and search 
facilities to navigate the knowledge maps.  Prototype applications have been developed with 
a concept map tool (CMapTools by the Institute for Human and Machine Cognition (IHMC)) 
in the domain of Component Safety and to represent the knowledge management activities 
at GRS. A second tool, the Semantic Miner by Ontoprise, has provided the basis for a pilot 
project aimed at mapping the GRS-knowledge in the domain of Containment.  

3.2.4 Process oriented Knowledge Management 
 
One of the strategic goals of knowledge management lies in avoid the need for capturing 
knowledge of leaving expert for the future. A process-oriented knowledge management trying 
to capture knowledge as it is being produced in the work process, and to make it available 
when needed, has been installed with this goal in mind. As at GRS the most important 
business process is a project, a very simple template was developed which would be 
adaptable to different project’s needs. The template contains a starting point, milestones and 
an end point. At the start of the project, a state-of-art report should summarize the technical 
or scientific initial point. At milestones or at the end of the project, a debriefing session should 
be held with participation of the project controller, the project leader and his team, where a 
lessons learnt form would be filled. All documents are held in their own project portal. 

3.3 IRSN 
 
Recommendations and actions proposal in the field of KM are based on Internal reflexions 
carried out from 2003 (2).The main KM topics are briefly describe hereafter.  

3.3.1 Document management 
 
The objective consists in improving the document management of the Institute in order to 
answer in a more relevant and reactive way at the requests of information. An assessment of 
the existing documentary management tools and the definition of document management 
strategy are in hand. Interworking and semantic search engine would be the structuring 
elements of the project wich is programmed for 2006. 

3.3.2 Employment and competences management 
 
The forecast management of employment and competences ensure the adequacy of 
competences of the Institute employees and the competences necessary to realize the 
missions of the Institute. This action, managed by the direction of human resources (DRH), 
will be completed in 2007. The DRH wishes to build management tools of employment and 
competences, two of them are of a great interest for the knowledge management 
(terminological source of information):  

• the repertory of standard job will gather the descriptions of the basic posts in terms of 
activities, necessary competences… ;  

• the reference frame of competences describes the competences need to manage IRSN 
missions: definition, where to find them in the company, how to evaluate them…. 

                                                 
2 IRSN has been created in 2002 by the fusion of CEA/IPSN (Institute for Nuclear Protection and 
Safety) and OPRI (Office for Protection against Ionising Rays). 



   

3.3.3 Cartography of competences 
 
The cartography of competences is interested in all the knowledge acquired by an individual 
from his initial formation to its current employment (approach by the individual), i.e. it uses 
information contains in document like curriculum vitae. It should not be confused with the 
cartography built from the reference frame of competencies describe above wich represents 
the state of the competences need by a company to achieve its missions at a given moment 
(approach by the function). The restitution in the form of chart makes it possible to quickly 
identify the forces, the weaknesses and the potential resources of the company related to its 
strategic aims. It could also enable the identification of competences needed for a project 
team…   This action began in 2004 by a benchmark on the topic and should be completed in 
2006. 

3.3.4 Knowledge transfer 
 
The general objective consists to gather and treat on a hierarchical basis information useful 
to a practice of expertise or a positioning in key fields for the activity of the institute. It 
consists in formalizing the know-how of experts in a multi-media document, useful for other 
specialists. These kind of document give answers to the simple question « from your point, 
what should we know on this topic? ».  The method could be applied in the case of the 
departure of an employee (retirement, resignation…), the synthesis at the end of a project, 
general context of decision making process... The methodology was tested in 2005 with an 
expert of 20 years experiment on nuclear waste storage. It consist of a play of  
questions/answers in the form of recorded and illustrated interview (figures, photographs, 
table, graphs...). It was successful regarding the appraisal panel result. The expert was 
mobilized 3 days for two hours of recording information organized to be useful for end-users. 
The method will be implemented in 2006. 

3.3.5 Community of practice 
 
The communities of practices or informal networks favour the sharing of technical information 
and know-how between experts. They play an important part in the process of transfer of 
knowledge according to a peer to peer approach. Their effectiveness depends on the 
spontaneous character of their creation and the establishment of confidence relations 
between the members [7]. This condition is essential for a good quality exchange of 
knowledge on a practice. A first group being interested in the use of the Monte Carlo codes 
applied to the interactions radiation/matter has been just recognise as a « transverse 
group », others should follow.   

4 KNOWLEDGE MANAGEMENT AND THE EUROPEAN SAFETY ASSESSMENT 
GUIDE PROJECT PROPOSAL 
 
Considering the knowledge cycle of production, dissemination and exploitation of knowledge 
for the projects in the 5th and 6th EURATOM Framework Programme, the aspect of 
exploitation of project results, particularly after the end of a project, is the least developed. 
While still considering all three aspects, the items described in the following will concentrate 
on deploying knowledge management methods for utilizing project results, particularly 
beyond their lifetime. 
 
The role of KM may focus on three aspects (Figure 2):  
 



   

§ KM can provide mappings of knowledge domains in the nuclear field ; 

§ KM can provide means for enabling or facilitating exchange of expertise between 
organization’s (competence network, know-how externalisation); 

§ KM can provide common repositories of document bodies shared between organizations 
(Nuclear Information Data Base). 
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Figure 2 European Nuclear Knowledge Management outline. The project will focus  on the Knowledge Mapping associated to 
Nuclear Ontology, the Competence Network, the Externalization of the Expert Knowledge and Nuclear Information Data  Base. 

4.1 Knowledge Mapping 
 
The basis of many knowledge-based activities is a representation of the knowledge domain. 
One of the most promising methods of knowledge representation is known as knowledge 
mapping. Constructing maps of knowledge domains offers an efficient way of gaining insight 
into knowledge fields, and enables navigation in knowledge domains, searching for relevant 
documents and information, improving the effectiveness of full text searches, harvesting 
knowledge by drawing inferences, or analyzing critical knowledge and its possible loss. By 
utilizing knowledge representation methods, which are related to the envisaged new 
generation of the internet, the Semantic Web, the landscape of knowledge represented by 
different organizations would be modelled.  



   

 
A review of the main activities would provide a starting point, resulting in a good overview of 
the domains of expertise in different organizations. Single knowledge domains can then be 
deepened into more layers of detail, making the resulting models a sound basis for 
knowledge retention, dissemination and exploitation. 
 
In gathering groups of experts from different organizations, and assigning them the task of 
developing a knowledge map for a given domain, a controlled, widely accepted vocabulary is 
eventually established, which helps accessing vast document repositories by structuring the 
external search processes. Furthermore, knowledge maps offer features for visualizing, 
navigating and searching the knowledge domains, which greatly improve the understanding 
of the knowledge structure and thus offer an excellent platform for knowledge transfer and for 
training purposes. 
 
A knowledge model will contain the most important documents and links for a given topic, 
making the information immediately available. In addition to this explicit knowledge, the 
connection of specific topics in the knowledge map with a skill database as described in the 
next chapter will provide the access to the tacit knowledge of the expert. 

4.2 Sharing Expert Knowledge  

4.2.1 Competence network  
 
Cooperation between organizations is at the core of EURATOM projects; project partners are 
often chosen on the grounds of personal connections established in long years. However, a 
catalogue of the fields of work in different organizations and of expert’s skills in these fields 
would facilitate establishing contacts and cooperation, particularly for the younger generation 
with fewer relations. Such catalogues are known as skill databases or Yellow Pages, and 
support the retrieval of the so-called tacit knowledge of the experts. 
 
The aim therefore is to provide Yellow Pages (YP) describing the skills of experts and the 
main domains of work of institutions working in the nuclear field. This effort may start from 
the specification of the structure and of the requirements of such YP, accounting for existing 
skill databases and considering rights and security issues. The parts of the YP which are 
open to third parties will be indexed, in order to be searchable by an appropriate web or 
portal site. 

4.2.2 Know-how externalization 
 
The expert knowledge makes up the core competence within an organization as human 
knowledge capital.  
 
Capturing the knowledge before the loss of key individuals as well as capturing the various 
repositories that they maintain for personal use will reduce the need for performing this effort 
again or for locating the documents that have been used. 
 
At first, the aim consist of defining TSO’s needs and fixed a common objective,  then make 
the state of the art about knowledge externalization tools and their efficiency, formalize, 
experiment, share results and promote the best practice in response of technical expertise 
need. These know-how documents, whatever the media, made by experts for experts in the 



   

framework of a nuclear practice, should be an important source of information for education 
and training (transfer of knowledge by socialisation, [1]). 

4.2.3 Sharing Documents 
 
Many organizations hold large bodies of the documents with often identical information. The 
location of documents is often decentralized; documents may be found on paper, on PC’s in 
form of local files, in personal databases and on company-wide file shares. Often, a central 
repository is missing, as well as a central index to retrieve these documents from the variety 
of sources where they reside. A step towards a repository shared by several organizations 
would consist in defining file locations open to partners, and allow a central indexer to 
construct a full-text index, which would enable to search on the distributed file repositories. 
Each organization will hold the rights on the documents they introduce into the common 
repository, which includes the specification of access rights for each partner. 
 
A repository utilized by different organizations will provide a common, comprehensive 
document body; references to the documents contained therein will remain stable for long 
periods of time, thus providing an ideal basis for utilizing documents in knowledge modelling 
or as training material. 

4.3 End-User Benefits 
 
The above mentioned knowledge management methods hold interest for expert’s 
organizations, authorities, utilities and manufacturers. Skill databases and shared document 
repositories will offer access to locating the expertise in different organizations. This will 
contribute avoiding double work, encourage and facilitate cooperation (e.g. choosing 
partners in EURATOM projects), and support decisions as to build own expertise in a field or 
import such know-how. Representing knowledge in a semi-formalized way as achieved by 
knowledge modelling techniques provides the basis for retaining, disseminating and 
exploiting knowledge. 

4.4 Recommendations 
 
For an effective diffusion of the project knowledge management we recommend to plan 
sequences as following [6] [16], Figure 3: 
 
Before the beginning of the SAG technical project: 
 
§ KM team should define a KM Strategy and develop a KM System (KMS). The lessons 

learned from other projects, e.g. SARNET, and the feed back of experience of KM project 
members should be considered;  

§ Build up/Set up the KMS in coordination with the chairmen of technical working groups ; 

§ Work on the organizational culture and structure to facilitate the implementation of the 
KMS ; 

§ Persuade and educate people to use the KMS ; 

 
During the technical project:  
 
§ Provide people with continuous training and support to encourage their use of KMS ; 



   

§ Replace people’s old means of accessing knowledge by more appropriate means ; 

§ Monitor people’s usage of the KMS ; 

§ Keep providing the knowledge that people want in the KMS ; 

§ Promote best practice ; 

§ Develop and encourage people’s sustained use of the KMS ; 
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Figure 3 : Links between the Eurosafe SAG Technical Project and the Knowledge Management actions 
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Abstract:  

Nuclear emergency exercises show up notably the need to clarify the role of environmental 
radioactivity measurements in the decisions taken by the national or local authorities concerning the 
protection of the population. The actions scheduled in the Offsite Emergency Preparedness & 
Response Plan of the authorities are preventive actions which must be implemented as soon as they 
appear necessary. There is an urgent necessity of using calculation tools in order to anticipate the 
evolution of the accident and protect efficiently the populations exposed. Actually, measurements of 
radioactivity in the environment do not allow the evolution of the situation to be predicted, and waiting 
for the results of measurements in order to decide on protection actions would seriously compromise 
their effectiveness. Nevertheless environmental radioactivity measurements are indispensable as 
soon as the national emergency organisation has been set up to confirm, in addition to the expertise 
on the state of the installation, whether or not a release has occurred. During the releases and the first 
hours of the post-accident phase, measurements are required notably to monitor the level of the 
emissions, determine what are the radionuclides involved, to enable the authorities to adapt or to 
complement the actions undertaken or envisaged for the protection of the population, to contribute to 
the decisions to be taken from the withdrawal of the sheltering order.   

1 INTRODUCTION 
 
For many years nuclear emergency exercises have been organized periodically in France. 
They concern mainly nuclear installations and radioactive material transportation with the 
special aim of testing and improving all the aspects of the corresponding crisis organization. 
Some exercises, such as those performed on the site of Tricastin NPP (Drôme department) 
in November 2004 and at Belleville NPP (Cher department) in March 2005, have provided 
precious preliminary insights in the framework of the ongoing French study regarding post-
accident situation management.  

Some of the insights are particularly relevant to the role of environmental radioactivity 
measurements in the decisions taken by the national or local authorities concerning the 
protection of the population and information on the consequences of the accident. 

As soon as the alert has been triggered, specialised teams originating from the nuclear 
operator and from local authorities are used to take measurements of radioactivity (also 
measurements of chemical substances, if need be) in the environment. However, both 
exercises showed up delays of several hours for taking measurements and transmitting the 
results to the local operational managers and to the national authorities in charge of crisis 
management supervision. 

The lack of measurement results was perceived by the authorities, at both national and local 
level, as an obstacle to rapid decision making on protection of the population and the 
environment. 



 

 

This difficulty shows up the need to clarify the role of radioactivity measurements in the 
environment during the emergency phase and at the beginning of the post-accident phase 
when the releases have stopped.  

2 RADIOACTIVITY MEASUREMENTS IN THE ENVIRONMENT ARE NOT A 
PRELIMINARY TO DECISIONS ON PROTECTION OF THE POPULATION 

 
2.1. Decisions relating to the protection of the population: before and during releases 
 
To meet the population’s need for protection during an accident situation arising in a nuclear 
installation, the authorities have drawn up an emergency plan adapted to the risk 
characteristics of the installation and to the particular demographic, topographic, social and 
economic features of its immediate surroundings. In France this plan is called the Plan 
Particulier d’Intervention (i.e. Offsite Emergency Preparedness & Response Plan). It includes 
in particular the implementation of actions for the protection of neighbouring populations, 
which vary according to the nature and the magnitude of the possible radioactive (chemical) 
releases: sheltering, evacuation, and absorption of stable iodine in case of radioactive iodine 
releases. The actions scheduled in the Offsite Emergency Preparedness & Response Plan of 
the authorities are preventive actions which must be implemented as soon as they appear 
necessary. With this aim, the Prefect of the Department, as director of rescue operations at 
departmental level, sets the plan in motion. If a sufficiently long time elapses between the 
alert from the operator and the first releases, the necessary actions for protection of the 
population would be started even before releases occur.  

What would the authorities base their preventive decisions on? As soon as the alert is given 
by the nuclear installation operator, the authorities together with the operator set up a crisis 
organisation in order to control the accident and, if necessary, to start up actions for the 
protection of the population. Certain accident situations may rapidly lead to releases 
requiring protection actions within a short time.  

Thus, regarding emergency actions for the protection of populations, two cases may arise:  

1st case. There is a sufficiently long time (more than 6 hours) between the alert given by 
the operator and the first releases: the Prefect sets in motion the Offsite Emergency 
Preparedness & Response Plan in what is called "concerted" mode. This decision would 
be taken in direct dialog with the Nuclear Safety Authority, after expert calculations 
forecasting the doses likely to be sustained, without protection action, by the populations 
exposed to the radioactive plume.  

2nd case. There is a short time (less than 6 hours) between the start of the accident and 
the possible occurrence of releases: the Prefect sets in motion the Offsite Emergency 
Preparedness & Response Plan in what is called "reflex" mode, based on technical 
criteria previously established from the safety analyses of the installation.  

2.2. Decision to ban the consumption and sale of contaminated foodstuffs: during or 
after the releases 

After the Chernobyl accident in April 1986, the European Community adopted a regulation1 
including the immediate application, in the event of another nuclear accident, of maximum 
admissible levels (MALs) of radioactive contamination in foodstuffs and animal feed.  

                                                 
1 Modified EURATOM regulation No. 2218/89 of the Council of 18 July 1989 



 

 

The MALs were originally set to harmonise the international trade in food products. They are 
based on concerns about consumer health protection. These MALs would therefore be taken 
into consideration by the French authorities to limit consumption of products originating from 
contaminated areas.  

In this context, the Prefect can issue, during or rapidly after the releases, a decree 
temporarily banning the consumption and sale of these foodstuffs in certain districts around 
the nuclear installation. 

However, it is difficult, or even impossible, to effect sufficient radioactivity measurements in a 
short time to allow for an exhaustive assessment of the level of contamination in foodstuffs; 
the possible decision to ban would be based on a contamination forecast, performed by 
IRSN using mathematical models. Given the level of soil contamination, these models, 
including radioecological parameters, provide the food contamination levels for various types 
of food and radionuclides. This forecast would help to establish the perimeter of the zone in 
which maximum admissible levels are exceeded and the duration of the banning. In a later 
phase, the results of the measurement would allow for a progressive consolidation of the 
assessment and, if necessary, a scaling down of the restrictions first ordered as a preventive 
action (see below).  

3 RADIOACTIVITY MEASUREMENTS IN THE ENVIRONMENT ARE HOWEVER 
INDISPENSABLE 

The foregoing considerations show up the urgent necessity of using calculation tools in order 
to anticipate the evolution of the accident and protect efficiently the populations exposed. 
Actually, measurements of radioactivity in the environment do not allow the evolution of the 
situation to be predicted, and waiting for the results of measurements in order to decide on 
protection actions would seriously compromise their effectiveness. 

Nevertheless, taking these measurements is indispensable: 

o As soon as the national emergency organisation has been set up following the alert given 
by the operator, teams of firemen as well as the operator's teams are dispatched to the 
area near the installation according to predefined circuits. They take measurements using 
equipment items which enable them to measure the nature and level of radiation 
associated with the radionuclides released. In addition to the expertise on the state of the 
installation and the conclusions which result from it concerning the possible existence of 
a release, these measurements are particularly useful to:  

o confirm that the release has not yet occurred if the ambient radioactivity is no 
different from the natural background radiation; 

o confirm, if that is the case, that a release is in progress.  

o During the release and in the first hours of the post-accident phase, as soon as there are 
enough available of sufficient quality, the measurements would in particular be used, 
along with estimations based on dispersion models, to: 

o monitor the level of the emissions and in some cases to determine what are the 
radionuclides involved; 



 

 

o back up or modify the assessments of the event's consequences on the 
population and the environment, to enable the Prefect to adapt or to complement 
the actions already undertaken or envisaged for the protection of the population 
and the restriction on the consumption and sale of contaminated foodstuffs  

o contribute to the decisions to be taken from the withdrawal of the sheltering order. 
As far as living conditions are concerned after the withdrawal of the sheltering 
order, the measurements must help in the assessment of whether it is possible for 
people to stay in their homes, taking a minimum of precautions, or alternatively, if 
it is necessary for them to provisionally leave the affected zone. At first, the 
decision will essentially be based on model forecasts of exposure; progressively, 
these forecasts will be consolidated from the increasingly numerous 
measurement results. 

4 RADIOACTIVITY MEASUREMENTS IN THE ENVIRONMENT NEED TIME 

Obtaining the first reliable and interpretable measurement results requires several hours, on 
account of the time necessary: 

- to bring the measurement teams to the area affected by the releases,  

- for the teams to cover the measurement circuits,  

- to take and pack the samples, 

- to set up the equipment items,  

- to transmit the results to the Prefecture and to the National Emergency technical centres,  

- to analyse the results so as to ensure correct interpretation. 

Finally, the nature of the measurements performed will significantly influence these time 
factors: 

- measurements of ambient radioactivity (external exposure) can be performed quickly (in 
one to a few hours) once the teams are in place, 

- gamma spectrometry measurements require 4 to 10 hours. 

- alpha measurements, more than one day. 

5 CONCLUSION 

It would appear to be essential to explain to the parties involved that the results of the 
measurements provide no directly exploitable information concerning the doses which the 
population might sustain or on concentrations in foodstuffs. For forecast estimation of doses 
and concentrations in foodstuffs, calculation remains indispensable. Radioactivity 
measurements are nevertheless useful to back up or to modify the assessments obtained by 
calculation.  



 

 

Work is currently undergone in France in view of better organizing the overall measurement 
process: What type of measurement according to the accident situation? Where to measure 
in the urban and rural zones? When, according to the various objectives of the 
measurements? Which measurement and sampling protocols? Which field actors and which 
laboratories? Which procedures for data gathering and dispatching of the results?  

It is useful to produce arguments for dissemination of information on the question of 
measurements, emphasizing in particular:  

o the necessity of using models to calculate doses and concentrations in 
foodstuffs, as the results of measurement support and complement these 
models, 

o the type of measurement necessary according to the types of accident and 
the phases of the accident,  

o the time needed to obtain the results, in particular of sample analysis,  

o the necessity, in view of the exploitation of the measurement results, of 
correlating them, as they will inevitably include inconsistencies2.  

 

                                                 
2 Given the variability of meteorological phenomena, atmospheric dispersion phenomena in a built-up environment, the 
fluctuations of deposits on diverse surfaces, but also the possible saturation of measuring devices and the inevitable errors in 
the entry of results, even of units, etc.   
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Abstract:  
For transport or handling accidents involving packages with radioactive materials and the assessment 
of potential radiological consequences, for the review of current requirements of the IAEA Transport 
Regulations, and for their possible further development reliable release data following mechanical 
impact are required. Within this context a research project was carried out which extends the basis for 
a well-founded examination of the contemporary system of requirements of “Low Specific Activity” 
(LSA)-type materials and allows for its further development where appropriate. This project comprises 
a prior system-analytical examination and an experimental programme aiming at improving the 
general physical understanding of the release process as well as the quantity and the characteristics 
of airborne released material for non-fixed dispersible LSA-II material upon mechanical impact. 
Impaction experiments applying small, medium and real sized specimens of different dispersible 
materials revealed that the release behaviour of dispersible powders strongly depends upon material 
properties, e.g. particle size distribution and cohesion forces. The highest experimentally determined 
release fraction of respirable mass (AED < 10 µm) amounted to about 2 % and was obtained for 2 kg 
of uncontained easily dispersible pulverised fly ash (PFA). For larger uncontained PFA specimen the 
release fraction decreases. However, packaging containing powdery material substantially reduces 
the airborne release fraction. The measured airborne release fractions for a 200 l drum with Type A 
certificate containing PFA were about a factor of 50 to 100 lower than for uncontained material. For a 
drop height of 9 m the airborne release fraction amounted to about 4⋅10-5. This value should be 
applicable for most of transport and handling accidents with mechanical impact. For a metal container 
of Type IP-2 or better which contains powder masses of 100 kg or more this release fraction may be 
adopted after a 9 m drop. 
Based on these experimentally determined release fractions for packages containing LSA-II material 
in powder form it can be concluded that the resulting inhalation dose of an individual in the vicinity of 
the accident location lies by more than one order of magnitude below the effective dose limit of 
50 mSv. Thus, the limits specified in the Transport Regulations of the mass-related activity 
concentrations for LSA-II of 10-4⋅A2/g were confirmed as being conservative also for powdery, easily 
dispersible materials. 

1 INTRODUCTION 
 

The IAEA Regulations for the Safe Transport of Radioactive Materials [1] regulate the 
transport of packages containing “Low Specific Activity” (LSA)-type materials. Requirements 
concerning the material characteristics of the allowed radioactive contents and the quality of 
the packaging are mainly derived from considerations of potential radiological consequences 

 



 
 

to individuals following severe transport or handling accidents. Of major concern are airborne 
releases of radioactive material as consequence of an accidental impact which can result in 
a radiation exposure of persons in the vicinity of an accident site via inhalation of radioactive 
particulate. 
 
The Transport Regulations distinguish three types of solid radioactive LSA-materials: 
- LSA-I: essentially uranium and thorium ores and concentrates of such ores as well as 

natural or depleted uranium or natural thorium  
- LSA-II: material in which the activity is distributed throughout and the estimated 

average activity concentration does not exceed 10-4 ⋅ A2/g (A2 being the radionuclide-
specific activity limit for Type A packages for material which does not qualify as special 
form). A large fraction of LSA-II packages contain various kinds of radioactive wastes in 
solid form and may include powdery materials. 

- LSA-III: Solids (e.g. consolidated wastes), excluding powders, in which the radioactive 
material is distributed throughout a solid or a collection of solid objects, or is essentially 
uniformly distributed in a solid compact binding agent (such as concrete, bitumen, 
ceramic) and the estimated average activity concentration of the solid does not exceed 
2 x 10-3 A2/g. 

For transport or handling accidents involving packages with radioactive materials and the 
assessment of potential radiological consequences, for the review of current requirements of 
the Transport Regulations, and for their possible further development reliable release data 
following mechanical impact are required. This is definitely one of the demanding issues in 
the field of transport safety of radioactive materials. 
 
For radioactive substances which are either embedded in brittle matrix material (e.g. in 
cement, glass, or ceramic) or in a dispersible form the amount of accidentally generated 
airborne particulate matter and its particle size distribution as a function of aerodynamic 
diameter is of special importance. In most accident situations the radiological consequences 
are dominated by the aerosol release. Particles up to about 10 µm aerodynamic equivalent 
diameter (AED) in size are respirable and can reach deeper regions of the lung, where 
clearance times may be long. Particles between 10 µm and 100 µm AED are of less concern 
for the inhalation pathway, but they can contribute to other exposure pathways after 
deposition. Particles greater than 100 µm AED deposit very quickly and are therefore of 
concern only in the immediate vicinity of the location of release. 
 
By the example of radioactive wastes immobilised in brittle materials, e.g. cement, concrete, 
glass, ceramics or other brittle materials such as fresh fuel, recently the release behaviour of 
non-fixed LSA-III materials upon mechanical loading was studied with respect to the 
fragmentation and the release behaviour of brittle material under mechanical loads. This 
investigation was based on a prior system-analytical examination and comprised an 
experimental programme aiming at improving the general physical understanding of the 
release process as well as the quantity and the quality of release data. By combining 
laboratory experiments using small scale test specimens with a few key scaling experiments 
with large scale test objects significant progress was achieved to meet this objective. The 
laboratory equipment enabled the in-situ determination of the amount and aerodynamic size 
distribution of the airborne particles generated upon impact of the test specimen on a hard 
target. Impact energies covered the range experienced in transport accidents including 
aircraft accidents. The well defined experimental boundary conditions and the good 
reproducibility of the experimental procedure allowed for systematic studies to measure with 
good precision the amount and aerodynamic size distribution of the airborne release and to 
quantify its dependence on relevant parameters such as energy input, material properties, 
specimen geometry. The experimental programme was performed within the scope of 
various national and international (e.g. EU-funded [2], [3]) projects.  
 

 



 
 

The small scale experiments with brittle materials revealed a pronounced universality of the 
airborne release in view of the material properties and the aerodynamic size distribution. 
These results form a valuable data base to limit the number of key large scale experiments 
aiming at extrapolation to full size realistic packages. They also justify the use of a surrogate 
material in these tests so that the release fractions determined for this specific material are 
representative for a wide class of brittle radioactive materials. 
 
Because of the outstanding importance of reliable quantitative data for accidentally 
generated airborne particulate matter from packages containing LSA material the 
investigations were continued with respect to non-fixed dispersible LSA-II material upon 
mechanical impact. A corresponding research project - funded by the Federal Ministry for the 
Environment, Nature Conservation and Nuclear Safety (BMU) and the Federal Office of 
Radiation Protection (BfS) - was carried out. This project extends the basis for a well-
founded examination of the contemporary system of requirements of LSA material and 
allows for its further development where appropriate.  
 
The central part of the project was the performance of an experimental programme with the 
aim to determine the influence of energy input, package size, packaging and material 
properties (like e. g. particle size distribution, cohesion forces) on the release of airborne 
dusts from packages containing easily dispersible material upon their impact on unyielding 
surfaces. The experimental programme comprised large scale drop experiments and small 
scale impaction experiments which are described in Section 3. 

In the following Sections the selection of appropriate material systems representing typical 
LSA-II material and the experimental programme (set-up of small scale impaction 
experiments and large scale drop tests, presentation of results) are described. Finally 
conclusions are drawn.  

2 SELECTION OF APPROPRIATE MATERIAL SYSTEMS 
 

Dispersible radioactive material are mainly associated with  
- Uranium oxide (UO2, U3O8) in powder form which is employed in enrichment facilities, 

fabrication of fuel elements and reprocessing plants, 
- ashes arising from the incineration of organic radioactive waste, 
- resins from ion exchangers, filter sludges, and filter cartridges from cleaning processes, 
- building rubbles and excavated soil from the dismantling of nuclear facilities. 

Transports of such materials will mainly occur between installations of the fuel cycle and 
waste management facilities (waste conditioning plants, interim storage facilities, final waste 
repositories). In order to characterise the above powdery materials with respect to their 
material characteristics influencing airborne release behaviour available data were 
evaluated, e.g. from scientific publications/studies or interviews with operators of plants 
which generate waste or are dealing with waste conditioning.  
 
The experimental programme of our research project comprised small scale impaction tests 
with small powder specimens (0.1 kg powder mass) as well as real scale drop tests which 
were carried out for different sizes of powder specimens, i.e. the powder masses ranged 
between 0.4 kg (glass container) and 260 kg (real Type-A-certified 200 l-standard drum with 
attached rolling hoops). For these experiments appropriate surrogate powders were 
identified which, on the one hand, are representative for typical powdery LSA-II materials 
and, on the other hand, are easily available and economically priced.  
 

 



 
 

The majority of the experiments was carried out using a type of pulverised fly ash (PFA) with 
a broad particle size distribution between 1 and 100 µm(AED) and a high dispersion 
propensity characterised as “dustiness”. The size distribution and dispersion propensity of 
the PFA used can be considered as being representative for ash-type LSA waste and to be 
conservative for most other powdery LSA-II materials. In Figure 2.1 the particle size 
distribution of a typical ash originating from the Studsvik-incineration plant (Sweden) in terms 
of geometric particle diameter is presented together with the geometric particle size 
distribution for domestic fuel ash. The corresponding aerodynamic particle diameter 
distribution for domestic fuel ash corresponds to those from PFA, commercially available 
quartz sand (Millisil® W12) and granulated blast-furnace slag. As a consequence pulverised 
fly ash was applied as surrogate powder for ash-type LSA waste. 
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Fig. 2.1: Cumulative particle size distributions for ashes, quartz sand and granulated blast-furnace 

slag 

 
As an alternate test aerosol titanium dioxide material was chosen. This material system 
entirely consisted of particles with AED < 1 µm, but showed much less dispersion propensity 
and a significant lower release rate due to the greater cohesion forces. The TiO2 material 
system is considered to be representative for typical uranium dioxide powders. This may be 
drawn from Figure 2.2 which presents the aerodynamic particle diameter distributions for 
UO2 and TiO2 powders, respectively. The data for UO2 from Nirex were taken from [2]. The 
solid curve for UO2 from Sutter et al. [4] was extrapolated to small particle diameters with the 
assumption of a log-normal particle size distribution. Additionally, in Figure 2.2 a particle size 
distribution for the surrogate powder TiO2 as specified in [4] is shown together with the very 
narrow banded TiO2 particle size distribution which was used in the experiments of this 
study. 
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Fig. 2.2: Cumulative particle size distributions for UO2 and TiO2,  

dashed lines = extrapolation to small particle diameters 

3 EXPERIMENTAL PROCEDURE  
 

In order to investigate the release behaviour of airborne dusts from varying quantities of 
easily dispersible material upon their impact on unyielding surfaces the influence of energy 
input, package size, packaging and material properties was experimentally analysed.  
 
The pulverised fly ash was used to study the release of airborne and respirable amounts 
from dust in "uncontained" amounts of powder between 100 g and 20 kg for drop heights of 
3.2 to 22 m. This was achieved by glass containers of various sizes which burst on impact. 
Thereby a release of “uncontained” dust material upon impact is resulting. The enveloped 
packages used were 10-l sheet-metal canisters as well as Type-A-certified 200-l drums; 
these were vertically dropped from heights between 3.2 m and 22 m. Table 3.1 summarises 
the drop experiments. The specimens applied for the drop tests are shown in Figure 3.1. The 
drop tests were carried out in co-operation with the Federal Institute for Materials Research 
and Testing (BAM) applying the large drop tower at the test site in Lehre.  
 

 



 
 

   
Fig. 3.1: Test specimens for the drop test:  

small glass container (4 l), Typ A-certified waste drum (200 l), tin can (10 l). 

The test specimens were dropped into a 4×4×3 m³ aerosol chamber with an initially open 
sliding roof (Figure 3.2, left). After the impact of the specimen on the unyielding surface at 
the bottom of the chamber the roof was immediately closed. The released airborne material 
of particle sizes up to about 20 µm was homogeneously distributed within the free volume of 
the chamber by means of a ventilator. Based on the decrease of the measured aerosol 
concentration with time the initial concentration and thus the airborne material released due 
to the impact can be derived.  
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Fig. 3.2: Aerosol chamber  

left: with open sliding roof                   right: schematic view of instrumentation 

In supplement to the drop tests, test bodies of the 100-g category were horizontally impacted 
at impact velocities that corresponded to drop heights of 6.4 to 64 m (Table 3.1). The test 
powders were filled into either small cylindrical pill boxes made of tin (cladded specimens, 
73 ml) or small glass containers (uncontained specimen, 30 ml). These small scale 
experiments were conducted using the test rig developed at Fraunhofer ITEM (Figure 3.3). It 
consists of a pneumatic gun accelerating test specimens with a maximum diameter of 43 mm 
to velocities typically ranging up to 100 m/s, a hard impact surface, and an aerodynamic 
classification unit. In this part of the set-up, all airborne particles with aerodynamic diameters 

 



 
 

smaller than 100 µm originating from the impact process are separated from the larger 
fragments in a vertical elutriator. The entire airborne fraction is subsequently further 
classified in three size ranges between 20 and 100 µm AED and 5 stages below 20 µm using 
a combination of centrifugal classifier and cascade impactor. Calibration data and 
performance characteristics of the test rig are presented in [5].  
 

 
Fig. 3.3: Fraunhofer test rig for small scale experiments on release fractions of powder material 

after mechanical energy impact. 

Due to the horizontal impact direction and the special design of the in-situ size classification 
unit, the apparatus gives reliable and very reproducible information on the generation of dust 
particles upon impact of powder material or from fragmentation of (brittle) material and, thus, 
is well suited to explore controlling mechanisms and parameters. 
 
Tab. 3.1: Test matrix of the drop experiments (columns 2-6) and the impact experiments (gray 

shaded cells in row 3)  
x   uncontained specimens 
+   enveloped specimens 

 1 2 3 4 5 6 7 

1  Drop height [m] 
2 Mass 

[kg] 3,2 5,2 9 15 22 72 

3 0,1   x  + x  + x  + x  + x  + 

4 0,4   x    

5 2   x    

6 10 x  + x  + x  + x  + x  +  

7 20   x    

8 260 + + + + +  

 



 
 

4 RESULTS 
 

The uncontained samples (in glass containers) filled with either pulverised fly ash (PFA) or 
TiO2 behave qualitatively and quantitatively quite different. This can be seen from Figure 4.1. 
In case of PFA (Figure 4.1, left) the fraction of airborne released material is much higher and 
consequently the distribution of spilled dust on the ground is much wider and more 
homogeneous as compared with TiO2 (Figure 4.1 right). 
 

  
Pulverised fly ash (PFA) Titan dioxide 

Fig. 4.1: Distribution of spilled material in the aerosol chamber after drop test (drop height: 9 m; 
volume of glass container: 100 ml). 

As a result of the experiments with uncontained samples of the highly dispersive pulverised 
fly ash, the highest observed airborne release in the respirable particle size range (< 10 µm) 
amounts to about 2 % for all combinations of dust masses and drop heights from Table 3.1. 
This maximum release fraction was determined in connection with the drop of 2 kg of 
uncontained PFA from 9 m height (Figure 4.2). For masses above 1 kg, a trend towards a 
decrease of the release fraction with increasing mass was observed for uncontained powder 
masses. For an uncontained dust mass of 100 kg, a respirable release fraction of less than 
0.1 % can be extrapolated from Figure 4.2. Up to a drop height of 15 m, the release fraction 
grows almost linearly with the drop height (Figure 4.3). 
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Fig. 4.3: Release fraction as a function of  
drop height for pulverised fly ash 

 



 
 

By enveloping the powder mass in a sheet metal container the release fraction is reduced by 
2 – 3 orders of magnitude (Figure 4.3). In the case of the 200-l drum with attached rolling 
hoops, there was no measurable release up to a drop height of 5.2 m. At a drop height of 
9 m, the measured respirable release fraction is 4⋅10-5. As can be seen from Figure 4.3, the 
release fraction increases almost proportionally with increasing drop heights up to 15 m. At 
greater drop heights, the increase of the release fraction is disproportionally low. The extent 
of the damage to the 200-l drum is limited even if it is dropped from 22 m. The dust is mainly 
released upon impact onto the lid during the compression and unloading of the cover seal.  
 
The release fractions determined experimentally in the research project of quasi-uncontained 
fly ash are consistent with the measuring results of other documented studies. In the 
experiments performed now, the studied range of masses and drop heights was extended 
considerably towards the upper end. The results that were obtained are therefore much more 
reliable for real-scale conditions. There has also been a demonstration of the high retaining 
capacity of a containment corresponding to a higher-quality industry-grade package or a 
Type-A package under mechanical loads that effectively cover the complete spectrum of 
possible impact velocities that may occur in transport and handling accidents. The results of 
this project lead to an improved basis for the determination of the consequences of transport 
and handling accidents. 

5 CONCLUSIONS 
 

For transport or handling accidents involving packages with radioactive materials and the 
assessment of potential radiological consequences, for the review of current requirements of 
the Transport Regulations, and for their possible further development reliable release data 
following mechanical impact are required. Within this context investigations were carried out 
in order to improve the general physical understanding of the release process as well as the 
database for the quantity and the characteristics of an airborne release for non-fixed 
dispersible LSA-II material upon mechanical loading.  
 
Drop experiments applying medium and real sized specimens of different dispersible material 
(pulverised fly ash and TiO2) have shown that the release behaviour of dispersible powders 
strongly depends upon material properties, e.g. particle size distribution and cohesion forces. 
The very fine-grained TiO2 powder (AED ≤ 1 µm) tends to form agglomerates which in turn 
give rise to an effectively reduced airborne release of the respirable particle fraction 
(AED < 10 µm). On the contrary, pulverised fly ash (PFA) with a broad particle size 
distribution (1 µm < AED < 100 µm) showed much higher dispersion propensity and a clearly 
higher release fraction due to smaller cohesion forces. The highest experimentally 
determined release fraction of respirable mass (AED < 10 µm) was obtained for uncontained 
fly ash and amounts to about 2 % (Figure 4.2). This is, of course, unrealistic because these 
materials are contained within a packaging when transported.  
 
The application of this respirable release fraction to powdery LSA-II materials following 
mechanical impact in safety analyses would therefore be overly conservative. For a more 
realistic quantity of about 100 kg when dropped from 9 m onto a hard surface and no 
remaining containment is acting upon impact a release fraction of 0.1 % can be assumed. 
These values may be reduced if the dustiness of the real LSA-II material is known. 
 
Furthermore, the packaging containing the powdery material substantially reduces the 
release of airborne material. Measured airborne release fractions for a 200 l drum with 
Type A certificate containing easily dispersible pulverised fuel ash (PFA) were about a factor 
of 50 to 100 lower than for uncontained material (Figure 4.3). For a drop height of 9 m the 
airborne release fraction of a 200 l-standard drum amounted to about 4⋅10-5. This value 

 



 
 

should be valid for the majority of transport and handling accidents with mechanical impact. 
For a metal container of Type IP-2 or better which contains powder masses of 100 kg or 
more the release fraction of 4⋅10-5 after a 9 m drop may be adopted.  
 
Concerning LSA material the current requirements of the IAEA Transport Regulations are 
based on a simplistic radiological model (often quoted as the 10 mg inhalation model) where 
it is assumed to be unlikely that a person in the vicinity of an accident site inhales more than 
10 mg of released material. LSA-II material is characterised by a specific activity limit of 10-4 
A2/g. An intake of 10 mg of such material equates therefore to an intake of 10-6⋅A2. A2 is the 
radionuclide-specific activity limit for non special form material in Type A packages and is 
derived by the method of the so-called Q-system. To the extent that the inhalation pathway 
determines the A2-value an intake of 10-6⋅A2 is associated with an effective dose of 50 mSv 
which is the underlying dose limit of the International Transport Regulations for an individual 
being exposed in the vicinity of the location of a transport or handling accident.  
 
Based on the experimentally determined release fractions for packages containing LSA-II 
material in powder form, presented here, and atmospheric dispersion modelling it can be 
concluded that the resulting inhalation dose of an individual in the vicinity of the accident 
location lies by more than one order of magnitude below the effective dose limit of 50 mSv. 
The limits specified in the Transport Regulations of the mass-related activity concentrations 
for LSA II of 10-4⋅A2/g can thus be confirmed as being conservative also for powdery, easily 
dispersible materials. 
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Abstract:  
 
In the event of a nuclear crisis, from the emergency to the post-accidental phase, decision makers 
may need specific information to choose a rehabilitation strategy among the available options. As the 
post accidental phase constitutes a very complex situation, involving many stakes at different levels, 
technical experts must be able to provide clear and argued recommendations adapted to the decision 
makers demand. In order to fit this problematic and to enhance its expertise capacities, IRSN is 
currently developing a coherent package of operational decision-aiding tools. Among them, the project 
of support diagram aims at clearly presenting the possible countermeasures, in time and space, in 
order to facilitate the selection, by the IRSN Technical Crisis Center experts, of preliminary actions for 
post-accidental phase management.  

1 INTRODUCTION 
 
 
The various activities conducted for several years now at both the national level (Becquerel 
exercise, preparation of IRSN CD-ROM on nuclear risk management1, Aube post-accident 
workgroup) and international level (European FARMING and EURANOS programmes, etc.), 
have enriched the IRSN's experience in the construction of post-accident phase 
management strategies. The wish to play this phase during the Pierrelatte and Belleville 
crisis drills (November 2004 and March 2005, respectively) has accelerated the development 
of operational tools for this purpose, including the diagram described in the present 
document, constructed to assist IRSN Technical Crisis Center experts in making 
recommendations to authorities regarding preliminary actions for post-accident phase 
management.  

2 GENERAL DESCRIPTION OF THE DIAGRAM 
 
 
During the emergency phase and the first hours and days following the release phase of a 
nuclear accident, the risk governance process does not authorise broad concertation 
regarding the choice of protection or rehabilitation actions, but rather requires an anticipation 
capacity of experts. The proposed actions and the structure of the support diagram therefore 
meet this requirement. After these first moments, broadly concerted operating efforts 
involving numerous actors would be more appropriate to manage the situation and needed 
other kind of tool.  
                                                 
1 IRSN CDROM : « Elements sur le risque nucléaire et sa gestion » - avril 2004 
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2.1 Proposed actions  
 
 
The actions presented in the diagram are intended to minimise the risks of population 
exposure and environmental contamination from accidental radionuclide releases. They are 
also aimed at limiting the technical, economic and socio-psychological consequences for 
post-accident phase management in the longer term. 
 
For the reasons previously mentioned, these actions only concern possible options where 
deep concertation is not necessary or possible due to lack of time, and their implementation 
must be justified from a radiological and technical perspective.  
 
For example, during the first days after deposition, washing actions on roofs, roads and walls 
would reduce the contamination level of these target compartments by approximately 50%. 
After one month, their efficiency would be decreased by 30% due to the progressive fixation 
of radioelements on materials. Such actions have therefore been adopted for the first 
instants of post-accident phase management. On the contrary, the Chernobyl experience has 
shown that roof replacement actions during the first days after releases could have a very 
low efficiency in the long term due to the resuspension of radioactive particles and the 
human and material constraints associated with the implementation of such actions. They 
would be significantly more efficient if implemented in the longer term and after a series of 
complementary actions.  

2.2 Organisation of the actions in time and space 
 
 
In the diagram, actions are grouped spatially. The geographic environment is divided into 
inhabited, agricultural, forest and aquatic environnments. Each environment is itself divided 
into compartments targeted by the actions to be implemented. The inhabited environment 
consists of buildings, roads and green areas. The agricultural environment is composed of 
agricultural buildings (storage, transformation or production), cultivation covering soils at the 
moment of deposition, bare soils, meat herds and milk herds. Forest and aquatic 
environment are currently not detailed. Domestic animals and subsidiary productions (oyster-
farming, honey, etc.) are not taken into account in this version. 
 
Moreover, actions are grouped in time according to the various phases describing a nuclear 
accident. We thus distinguish the following: 
 

- Preventive actions that can be considered during the emergency phase and release 
phase in areas where populations may pursue normal activities. These actions are 
aimed at minimising the contamination of living habitats, current agricultural 
production (animal or vegetable), storage sites, real estate, building, animal and 
environmental patrimony, etc. When possible, these actions will therefore have 
significant impact on subsequent management of the post-accident phase. 

 
- Curative actions possible during the first days or first weeks after the facility's return 

to safe conditions. These actions are aimed at minimising population exposure over 
time and reducing environmental contamination after radionuclide deposition. 
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2.3 Grouping of actions according to general objectives 
 
 
Actions are also grouped according to general objectives, thus allowing greater flexibility in 
the interpretation and implementation of recommendations. For example, the 'animal 
protection optimisation' objective is intended to limit the exposure of animals, as well as the 
ingestion of contaminated fodder crops and the production of contaminated foodstuffs 
associated with the breeding of these animals. Given the large diversity of breeding facilities 
and possible accident scenarios, multiple actions could be implemented to meet this 
objective. Based on this recommendation and a minimum amount of information and advice, 
field actors would be free to achieve this objective as best as possible using the means at 
their disposal. 

2.4 Additional information for the choice of actions 

2.4.1 Technical information 
 
 
The support diagram thus allows the user to choose actions according to the accident phase, 
environment and compartment considered. Each action in the diagram refers to a specific 
technical sheet containing general information regarding the action (description, constraints, 
precautions, systematic character, etc.) and data required for the calculation of parameters to 
quantify the radiological and technical consequences of its application. These parameters 
include the following: 

- Absolute and relative radiological efficiency 
- Technical and human means, resources and time required to perform the action 
- Time exposure of intervention personnel, dependant on the delay prior to the 

implementation of counter measures 
- Quantity, activity level and type of waste generated 

 
It must be noted that the IRSN is also developping a computer tool2 allowing intercomparison 
of the various possible strategies through rapid calculation of these parameters. 

2.4.2 Representatives and operators responsible for the implementation of actions 
 
 
The technical sheets and the diagram also provide information on contact persons of 
possible assistance to IRSN Technical Crisis Center experts for formulating 
recommendations. The parameters for the implementation of protection/rehabilitation actions 
are very closely related to the local characteristics of the contaminated area. Exchanges of 
information with local actors would therefore allow Technical Crisis Center experts to refine 
their analysis. For example, the departmental agricultural and forest authorities or chambers 
of agriculture could provide important information regarding the agricultural occupation of 
soils at the moment of the accident. The same applies to the departmental health and social 
authorities or water distribution syndicates as regards water-related aspects. The documents 
also specify the information required by the contact persons to provide this assistance. 

                                                 
2 SFRP 2005 publication: "ICAR Intercomparison tool for rehabilitation actions during the post-accident phase" (N. Réales, B. 
Cessac) 
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3 CONCLUSION 
 
 
The preparation of the support diagram for the selection of preliminary actions for post-
accident phase management addresses the need to enhance the operational character and 
efficiency of such actions. One of the main teachings of the Pierrelatte and Belleville crisis 
drills3 is the need to develop emergency management policy as of the end of the emergency 
phase to allow for efficient exchanges of information between IRSN experts and local actors, 
namely local technical authorities. A specific version of the support diagram intended for local 
actors could facilitate these exchanges. An intermediate version of the diagram has been 
presented to a GREF workgroup4 to begin bilateral reflection on the issue of post-accident 
phase management in agricultural areas. Similar initiatives are currently being prepared for 
the year 2005 in collaboration with competent actors in the urban field. 
 

 

                                                 
3 SFRP 2005 publication: "Management of post-accident situations: Teachings of the Pierrelatte and Belleville crisis drills" (A. 
Oudiz, B. Cessac, Ph. Dubiau, F. Gallay, N. Réales, E. Quentric) 
 
4 GREF: Ministry of Agriculture, Department of Water and Forest Engineering 
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Abstract:  
Airborne release and dispersion of radioactive material from objects involved in a fire scenario 
includes a combination of coupled processes that may as well amplify as counteract in terms of 
consequences in the environment. Some of these relevant processes and parameters are type of 
release (spontaneous or continuous), time of release, thermal lift, spatial and temporal variation of fire 
environment and spatial distribution of objects. An exemplary sensitivity study of the behaviour of a set 
of 48Y cylinders filled with UF6 exposed to a large hydrocarbon fire is presented. The analysis reveals 
that a detailed consideration of process interaction and parameter variation is needed to identify most 
unfavourable event sequences with respect to radiological and chemotoxical consequences.  

1 INTRODUCTION 
 

Severe fire scenarios with a significant release of radioactive material due to direct impact of 
internal fires are rather unlikely in nuclear facilities since combustible material is limited to a 
minimum. However, the impact of externally induced fires, particularly on packages used for 
transport and storage of radioactive material, may cause a release of radioactivity to the 
environment. Therefore, this paper focuses on severe fire scenarios due to accidents or 
malevolent actions where transport or storage packages with radioactive material are 
involved. Although not probable, these kinds of scenarios may imply the potential of a 
significant release of radioactive material to the environment. 
 
In the past several studies have been performed on this topic at GRS for various types of 
packages involved in the fuel cycle as well as for interim and final storage of waste and spent 
fuel casks. Within the last years some of these studies also included three-dimensional CFD 
(Computational Fluid Dynamics) fire modelling in order to derive detailed information about 
potential temperature and heat flux pattern to engulfed objects. With this type of model also 
complex configurations of objects, fire area and ventilation can be analysed. Fig 1.1 gives an 
example of a benchmark simulation with the CFD fire model FDS4 (Fire Dynamics Simulator 
[1] ) for a waste package partially engulfed by a kerosene pool fire.  
 
Apart from the application of suitable tools to analyse the package performance in fires it is 
essential to identify the dominant scenario with respect to the severity of radiological 
consequences among the wide range of potential scenarios. Various phenomena have to be 
taken into account depending on the scenario and on the packages involved. Within the 
following sections the importance of some phenomena which influence the release and the 
dispersion of radioactive material in fire scenarios will be discussed in general. In order to 



 

 

discuss some of these aspects in more detail an example analysis of a fire scenario with a 
release from UF6 cylinders is given. 

 
Fig. 1.1: Example of the flame and flow pattern near to a waste drum (right) in a ventilated 

compartment simulated with FDS4 (color scale gives gas temperatures) 

 

2 RELEASE AND DISPERSION PHENOMENA 
 

Depending on the actual accident or sabotage scenario up to four fire environments with 
different release and dispersion characteristics can be defined: 
- initial fireball 
- spreading and growing fire  
- fully developed fire 
- post fire environment. 

 
A fireball may occur in collision scenarios with liquid or gaseous fuel, e.g. due to intentional 
impact of an aircraft or due to an accidental collision with a tank car. Immediate mechanically 
driven release of airborne radioactive material will experience a strong updraft and rapid 
dilution due to the build-up and rise of the fireball and the remaining gases up to several 
hundreds of meters depending on the fuel mass and on atmospheric stability. Therefore, 
even substantial release during this phase may be of less severity compared to the following 
phases if a fireball occurs. 
 
When the fireball has disappeared or in cases without an initial fireball any further early 
phase airborne release from packages while the fire is spreading and growing will experience 
a much lower plume rise implying a higher potential threat to the downwind area relative to 
the fireball environment due to near ground dispersion Fig. 2.1 shows exemplary FDS4 
results of the thermal lift of near ground particle release in a fireball environment (left and 
center) and in a subsequent pool fire. Results generally showed good agreement with plume 
rise models as [2] or [3]. 
 
With respect to thermally driven airborne release of radioactive material (e.g. evaporation, 
pyrolysis, aerosols from burning etc.) the fire spreading and growing phase is of lower 
importance compared to the subsequent phase of a fully developed fire due to the thermal 



 

 

inertia of packages and of the radioactive material itself. On the other hand, the thermally 
driven plume rise increases with increasing heat release rate of the fire, commonly reaching 
heights of several hundreds of meters for fires with 100 MW order magnitude the potential to 
trigger significant releases by thermal impact [3]. Hence, it may not be obvious at the start of 
an analysis which of both fire phases could be more severe with respect to radiological 
consequences. 

 
Fig. 2.1: Example of flame pattern and particle dispersion of near surface release during a fireball 

phase (left and center: developing fireball and remaining particle cloud) and a 
subsequently spreading and growing pool fire (right) simulated with FDS4 

Furthermore, the thermal inertia of packages may lead to a delayed release of material 
during the post fire phase. This delayed post fire release may either be due to a temperature 
wave still propagating into the radioactive material with diminishing amplitude, continuing 
depressurisation via a comparably small leak or even a rupture due to ongoing internal 
pressure build-up after the end of the fire. There will be only a minor thermal lift during this 
phase which is driven by hot objects and by residual fire nests or smouldering.  
 
Hence, the careful analysis of the sequence of events may be crucial for radiological dose 
calculations. The temporal development of events itself may be subject to large variability. 
Thus, even if the amount of combustible material involved in the fire is known it is still difficult 
to decide which scenario will dominate the radiological consequences without analyzing 
some branches of the scenario event tree in detail. This also holds for further parameters of 
the fire scenario as fire extent, heat release rate and spatial distribution of objects which will 
be discussed in the following section. 
 

3 THERMAL PERFORMANCE OF OBJECTS  
 
Given the amount of combustible material involved in a fire and its energy content there may 
still be a range of potential scenarios of heat release (fire temperature) and respective fire 
duration. As an example, Fig. 3.1 gives the temperature development in a steel package wall 
for two engulfing fires which are nearly equivalent with respect to their integral (radiative) net 
heat flux to the package:  
- the standard test fire for a Type B Package: 30 min, 800°C 



 

 

- a large hydrocarbon fire of 1150°C and 10 min duration. 
The temperature 1150°C is primarily chosen to obtain a simple factor of 3 between both 
radiative fluxes. However, it represents a typical value of temperature maxima measured 
inside large outdoor hydrocarbon fires, e.g [4]. Maximum temperatures within the outer few 
centimetres of the package wall engulfed by these fires are much higher for the short 
hydrocarbon fire which may distort the package body in a way that the seal tightness is 
reduced. Deeper inside the package wall the maximum temperature is similar for both 
scenarios. In both cases maximum temperatures are reached several minutes after the end 
of the fire with a slightly longer delay of the maximum for the short fire. Hence, the choice 
between both fire scenarios basically affects the performance of the outer package region, 
whereas the thermal impact to the interior is mainly driven by the integral heat flux to the 
package. 
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Fig. 3.1: Evolution of simulated package wall temperatures (cast iron) at different depth and for 

different fire scenarios  

The integral heat flux is strongly influenced by the type of exposure of the package to the fire. 
Obviously, a fully engulfing fire is much more severe for a package than a partly engulfing 
fire or a fire beneath a package. As an example, Fig. 3.2 shows the dependency of the 
maximum radiative heat flux to a unit area outside the fire in relation to the heat flux emitted 
by the unit area of the fire surface (approximated by a cylinder of radius r and height h). This 
so called viewfactor shows a rapid decrease with increasing distance to the fire. This factor is 
even higher when comparing it with a package fully engulfed by a fire with approximately four 
times the package area affected by the fire.  
 
Hence, there is a wide range of thermal impact scenarios for individual objects in the same 
fire scenario due to 
- distribution of objects inside and outside the fire 
- temperature pattern of the fire 
- temporal development of the fire (area and intensity). 

 
The interplay of thermally induced damage to packages and release on the one hand and the 
thermal lift of released material the other hand can lead to a broad and complex spectrum of 
consequences, especially if several packages are involved. There is not necessarily a 
monotonous relationship between fire parameters and consequences. Instead, there may be 
an unfavourable combination of fire parameters that may lead to the most severe 



 

 

consequences which can only be established by analysis of the effect caused by the 
processes mentioned above.  
 
In the following section, an example of such a scenario is given by calculation of potential 
radiological and chemotoxical consequences due to a release from UF6 packages in a 
hydrocarbon pool fire. The example demonstrates the effect of a realistic parameter variation 
within one scenario compared to a fixed parameter scenario. Due to the special physical and 
chemical properties of UF6, this example is more complex than for most other radioactive 
materials. 
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Fig. 3.2: Maximum viewfactors between a fire in cylindrical approximation (height h, radius r) and a 

plane outside the fire in distance r from the fire center  

 

4 EXAMPLE: BEHAVOUR OF UF6-CONTAINERS IN A POOL FIRE 
 
As an example, the behaviour of ten 48Y cylinders, each containing 12,5 t feed (natural 
uranium hexafluoride, UF6),exposed to a large hydrocarbon fire is considered by a sensitivity 
study. This highly hypothetical scenario is chosen to demonstrate some effects which can be 
relevant to a variety of situations in which other packages and radioactive materials may be 
involved.  
 
The effect of variations in fire duration and intensity on the risk of rupture and subsequent 
elevated and near-surface release is investigated by a sensitivity study. For this purpose, we 
rely on analyses of the behaviour of a single 48Y container in an engulfing 800°fire by state-
of-the–art methods which are well documented in literature (e.g. [5], [6], [7]) and summarized 
in the following subsection. In order to extend these findings to a release scenario including 
several containers, we introduce additional assumptions on container behaviour which are 
described and motivated in subsection 4.2 The results of the sensitivity study of release are 
described in subsection 4.3 while the radiological and chemotoxical consequences of a 
representative release scenario are analysed in subsection 4.4. 
 



 

 

The details of the rupture and release scenario are closely linked to the properties of UF6. 
Being in the solid state at normal environmental temperature and atmospheric pressure, it 
sublimates at 56,5°C when heated. A subsequent increase in vapour pressure and 
temperature by continuous heating causes the material to start liquefying when its triple point 
(at 0,15 MPa and 64°C) is reached. Further temperature and pressure increase by ongoing 
heating than may eventually cause the rupture of the container and subsequent flashing of 
the over-pressured liquefied part of its content. After release UF6 will rapidly react with the air 
moisture and the hydrocarbons of the fuel (cf. subsection 4.4 for details). The produced 
uranium compounds and hydrogen will determine the consequences in some downwind 
distance. 

4.1 Rupture and release scenario for a single 48Y container in an 800°C fire 
 
The behaviour of a single 48Y container is well investigated by a combination of by the 
TENERIFE heating experiments with numerical simulations by the DIBONA code (cf. [5]) and 
the PEECHEUR rupture tests (e.g. [6]). These investigations establish a lower bound for 
rupture of about 26-28 minutes if exposed to an engulfing 800°C fire by heating of the UF6 
and corresponding phase transitions and pressure build-up. 
 
The release of UF6 from a ruptured 48Y container exposed to a long duration fire has been 
analysed by [7]. The authors present two different scenarios according to whether the breach 
is located in the gaseous phase in the upper part of the container or in the liquid phase in the 
lower part. As the latter is by far more improbable, we rely on the results given in [7] for a 
location of the breach in the gas phase. According to [7], two release phases can be 
distinguished: 
 
- In the first phase (denoted “rapid phase” in [7]) the container pressure is reduced to 

environmental levels by the evacuation of the gaseous UF6 content and the flashing (i.e 
partly vaporization of the over-pressured liquid UF6 content. According to [7], the 
gaseous content (41 kg UF6) vacates through the breach at a release rate of 10.3 kg/s 
within the first 4 seconds. Subsequently, a total of 8850 kg of the initially liquid content 
evaporates in the next 12 minutes at a release rate of approximately 12.2 kg/s. 

 
- In the second phase (denoted “slow phase” in [7]) the remaining 3600 kg of solid UF6 

sublimate at environmental pressure. Sublimation energy is by and large provided from 
the fire by irradiative heat transfer that is gradually reduced with the diminishing surface 
of the solid UF6 in the container. According to [7], this process takes 115 minutes at an 
average flow 0,52 kg/s. No distinction between fire condition and post fire condition are 
made in [7], 

 
For our investigation, we adopt the results of [7] for the first phase which is dominated by the 
flash process but make a different approach for sublimation process the second phase. If the 
fire lasts longer than it takes the container to rupture plus the depressurization time of the 
container we assume that the total heat transfer to the container is converted to sublimation 
energy, leading to release rates of about 10 kg/s until either the fire has ended or the 
container is empty. As we will show below, this conservative estimate of release by 
sublimation during fire does not substantially influence our results in terms of near-ground 
concentrations and doses because the effect of thermal lift on dispersion of released 
quantities is taken into account. After the end of the fire, the quantities of solid UF6 released 
by sublimation are small because ventilation of the container is poor and the UF 6 surface 
tends to be inactivated by conversion to UO2F2 via hydrolysis. 



 

 

4.1.1  Relevance of release height and fire duration  
 
In [7], the calculation of consequences is based on the assumption that the release is near-
ground regardless the thermal lift by the fire. This assumption tends to provoke a 
conservative overestimate of effects as near ground concentrations and doses of UF6 

reaction products are substantially reduced if thermal lifts of several 100 meters are taken 
into account. As mentioned in section 2, a fire which is vigorous enough to cause a 48Y 
container rupture also leads to thermal lifts which are at least of this order of magnitude. The 
counteracting effect of larger molecular weight of UF6 and chemically converted uranium 
compounds on buoyancy is only of minor importance and partly overrun by additional heat 
production due to the reaction of UF6 with hydrocarbons. We thus assume a release height of 
400 m while the fire is burning in its fully developed stage. 
 
It is possible that the fire substantially weakens and finally dies before the release due to 
depressurisation and flashing of the liquefied content has ended. The release height will then 
be influenced by the complex interaction of the mechanical momentum of the flow, the heavy 
molecular weight of the UF6 gas and reaction products, heating from hot surfaces and the 
chemical conversion to HF and UO2F2 by hydrolysis and the turbulent mixing with ambient 
air. As we are interested in the effects at some distance from the source, we mimic the net 
effect of these complex interactions by a volume source with a vertical extension of 10 m and 
a center at about 10 m height. The longer the fire lasts after rupture, the smaller is the 
quantity of near-ground release. The relation between rupture time and fire duration thus 
exerts a substantial influence on the consequences.  

4.2 Rupture sequence for several 48Y containers in a fire with varying temperature 
 
If several UF6 containers burst by thermal impact of a large fire of long duration, the 
superposition of the release from each container will determine the total release. The time it 
takes for each container to rupture will vary with the amount of radiation energy absorbed, 
differences in heat transfer and phase transitions of the contents and the variations in the 
properties of the container steel. The simplified assumption of an instantaneous rupture of all 
containers at once would provoke an overestimation of the net release flow and an 
inappropriate sensitivity of the consequence analysis on the duration of the fire. It is thus 
necessary to establish an estimate of the time interval between the rupture of the first and 
the last container (denoted rupture time interval hereafter). The lower bound of this time 
interval for a homogeneous, engulfing 800°C fire can is adopted from the results of the 
TENERIFE tests and corresponding DIBONA calculations [5] to be about 26 minutes in an 
800°C fire. The upper bound is subject to large uncertainty. As pointed out by Baze et al., 
2001 [8], rupture time is sensitive to the mechanisms of heat transfer within the UF6 content 
and can exceed half an hour. We estimate the upper bound to be 35 minutes for an engulfing 
800°C fire. 
 
As mentioned in section 3, fire temperatures can be substantially higher than 800°C in a 
large hydrocarbon fire and the spatial distribution of temperature is not homogeneous but 
undergoes considerable variations. The spatially inhomogeneous temperature distribution 
within the fire in turn alters the radiant heat transfer to the containers. Using the Stefan-
Boltzmann law, we estimate the dependence of rupture time on fire temperature by assuming 
that rupture takes place when the container has received the same amount of radiant heat as 
within the rupture time established for the 800°C fire. The appropriateness of this simple 
scaling method is supported by the results presented in Fig 3.1 and by estimates of 48Y 
container rupture times based on comparison between the energy needed to reach critical 
pressure in the container and radiant heat transfer to the container (e.g. [9]), which are in 
good agreement with the results from the sophisticated methods cited above (e.g. [5], [6]). 
Though not being applied here, the net effect of reduced heat transfer to containers which 



 

 

are not fully engulfed by the fire (cf. section 3) could be estimated by a similar scaling 
approach. 
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Fig. 4.1: Dependence of rupture time interval on flame temperature for a 48Y container 

The estimate of the dependence of the rupture time interval on flame temperature (Fig. 4.1) 
shows considerable sensitivity of rupture times to the intensity of the fire. Hence, the 
difference between rupture times of several containers tends to increase if the containers are 
exposed to different flame temperatures. Taking into account temperature variations thus 
leads to a broadening of the rupture time interval. 
 
As there is no information available on the distribution of rupture times, we assume the 
rupture times to be uniformly distributed within the respective time interval. By this, an 
individual rupture time is attributed to each container. We assume a container to rupture if 
the rupture time is shorter than the fire duration plus a margin of 100 seconds which 
accounts for the possibility of ongoing pressure build-up after external heating has stopped. 
This possibility is known from the TENERIFE tests [5].  

4.3 Dependence of release from bursting containers on fire duration and intensity  
 
Based on the methodology described in subsections 4.1 and 4.2, release sequences for fire 
durations between 15 and 45 minutes are computed. In order to reveal the difference 
between homogeneous and inhomogeneous heating by the fire, two fire scenarios are 
compared. For scenario 1, a spatially constant flame temperature of 800°C is assumed in the 
whole area. Scenario 2 is based on a linear temperature variation between 800°C and 
1000°C in the affected area. 
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Fig. 4.2: Total and near-ground quantities of UF6 released for different fire durations and two 

scenarios of flame temperature.  

Resulting releases are depicted in Fig. 4.2. It is evident that the total quantities released 
increase with growing fire duration for both scenarios. The quantities of UF 6 released near-
ground show a different behaviour, peaking for fire durations of about half an hour. This is 
due to the fact that with increasing fire duration the number of containers that rupture grows 
but the portion of UF6 that is thermally lifted also increases. Moreover, the maximum near-
ground release is smaller for scenario 2 than for scenario 1 and the sensitivity of near 
ground-release to fire duration is less pronounced than in scenario 1. It is evident that 
inclusion of temperature variations in the analysis leads to a reduction of near-ground 
releases in spite of the effect of higher flame temperatures. As near-ground released 
quantities dominate the radiological and chemotoxical consequences, the effect of 
uncertainties in the knowledge of fire duration is also reduced by the inclusion of temperature 
variations in the fire. 

4.4 Analysis of radiological and chemotoxical consequences 
 
Radiological and chemotoxical consequences are investigated for a fire duration of thirty 
minutes for fire scenario 2 (spatial temperature variation between 800°C and 1000°C). After 
release UF6 reacts rapidly with either the moisture of the air to HF and UO2F2 or with the 
hydrocarbons of the fuel. The complex reaction chemistry within the fire can lead to the 
formation of a variety of products (e.g. [9]), of which the uranium compounds and HF 
dominate the consequences. For simplicity, we assume that, during the fire, UF6 is 
predominantly converted to UF4 and HF while it is hydrolysed to HF and UO2F2 when 
released after the fire. Atmospheric dispersion of the reaction products is computed with the 
particle model LASAT, which is extensively tested and widely employed at GRS for a broad 
range of applications. Turbulence parameters are derived by the procedure established in 
[10] based on Monin-Oboukhov boundary-layer theory. By this method, a validated 
parameterisation of turbulence which yields physically consistent parameters for near-ground 
as well as for elevated release is applied. Near-ground concentrations of Uranium and 
effective doses are calculated for a stable (Pasquill diffusion class E), neutral (class D) and 



 

 

unstable (class B) weather situation with weak winds (1 m/s in 10 m height) and medium 
surface roughness. A deposition velocity of 0,0015 m/s is assumed for uranium compounds.  
 
The time development of near-ground uranium concentration is illustrated by Fig. 4.3 for the 
most unfavourable stable situation at three downwind distances of 1000 m, 2000 m and 5000 
m. A comparison with the AEGL (Acute Exposure Guideline Level)-Scale for UF6 (used as 
estimate for the combined effects of uranium compounds and HF) demonstrates the severity 
of chemotoxic effects already known from earlier studies (e.g. [7]). The AEGL-3 level for ten 
minutes exposure, marking the threshold for life-threatening health effects, is exceeded 
threefold even at a distance of 5 km. Only at distances of about 8 km this concentration level 
is no longer met.  
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Fig. 4.3: Time development of uranium at three distances from release concentrations for a stable 

weather situation. The curves represent 10 minute running averages, thus being directly 
comparable to the corresponding AEGL values referring to the uranium share in UF6. 

 
Chemotoxical effects dominate the radiological impact. This is evident by considering the 
effective inhalation doses for adults presented in Fig. 4.4. The value of 100 mSv, for 
example, which would justify incisive countermeasures such as evacuation according to 
German regulation, is not met. Moreover, the higher doses in shorter distances are 
somewhat hypothetical as the toxic damage to the breath apparatus by the HF alone would 
make it impossible for any individual to inhale the corresponding quantities of uranium 
compounds.  
 
The material released at higher levels during the fire contributes notably to dose only for the 
unstable situation at distances larger than about 1500 m. This contribution from higher 
elevations is visible by the reduced steepness of dose decrease with distance compared to 
the other weather situations. Further analysis reveals that, for the unstable weather situation, 
contributions from elevated release add no more than 0.3 mSv to the entire effective dose 
(not shown). The dominance of near-ground releases is thus confirmed for all weather 
situations. 
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Fig. 4.4: Effective inhalation dose for adults for three different weather situations 

 

5 CONCLUSIONS AND OUTLOOK 
 
The results of our sensitivity study demonstrate that the net effect of a fire on damage the 
release of radioactive material from leaking packages is determined by a combination of 
coupled processes that may as well amplify as counteract. Among these processes, the most 
relevant are 
- possibility and expected time of damage to the packages 
- thermally induced release 
- thermal lift by the fire 
- possibility and duration of ongoing release after the fire has ended. 

 
The example presented shows that it is only the consideration of process interplay which 
leads to a reasonable identification of most unfavourable event sequences. For example, the 
assumption that the longer and hotter the fire, the more severe the consequences would be, 
has been demonstrated to be incorrect. Instead, unfavourable combinations of fire duration 
and intensity could be identified. 
 
In particular, the timeline of package damage and release has to be carefully established to 
identify unfavourable scenarios as well as to avoid unrealistic overestimation of the 
consequences. If a large area with several packages is involved, it is also advisable to take 
spatial inhomogeneities in fire conditions into account to reduce overestimation of 
consequences as well as uncertainties associated with the limited knowledge of the fire 
parameters for a real situation. Supporting information on spatial and temporal variation of 
fire scenarios can be obtained by suitable analysis of fire experiments and CFD fire model 
results.  
 
These findings also apply to analysis of release scenarios with e.g. leaking cast iron 
packages in a fire. The release will be influenced by the pressure build up within the package 
by heating, which is in turn delayed with respect to the forcing by the fire by the time it takes 



 

 

for the heat wave to move into the cask. Hence, the possibility of significant post-fire near-
ground release cannot be excluded and a detailed analysis is necessary to determine the 
consequences and identify the most unfavourable conditions. Further analyses within this 
context will be carried out at GRS. 
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Abstract:  
Germany supports the Russian Federation in the framework of the G8 Global Partnership programme 
to secure nuclear and radioactive materials against misuse and proliferation. In this context, GRS, on 
behalf of the German Foreign Office, is co-ordinating activities to remove disused radioisotope 
thermoelectric generators (RITEG) from the Baltic Sea which serve as power supply for marine 
lighthouses and their replacement by alternative energy sources. Further the planned project includes 
transportation to an interim storage, the storage equipped with radiation monitoring and physical 
protection measures, later transportation for reprocessing to the Mayak Production Association, where 
the RITEG will be dismantled in a hot cell and encapsulated radioactive source will be vitrified and 
stored as radioactive waste. For the whole project safety analyses are to be performed e.g. to meet 
radiation protection requirements. In the present paper modelling and calculation of radiation fields in 
the vicinity of RITEG as a basis for safety analyses is reported 

1 INTRODUCTION 
 
Germany is funding physical protection measures for several nuclear sites in the Russian 
Federation within the framework of the G8 Global Partnership programme to secure nuclear 
and radioactive materials. Concerns about the misuse of disused radioactive sources to build 
radioactive dispersion devices (RDD, also “dirty bomb”), which may be exploded to cause 
contamination of large economic centres thus disrupting their activities, initiated a recent 
project to secure such sources. Of biggest concern in this respect are the radioisotope 
thermoelectric generators (RITEG) which are used in remote regions of the arctic and pacific 
costs of Russia as well as along waterways in the Baltic Sea to power e.g. lighthouses (see 
Fig. 1) and meteorological stations.  
 
One of the planned projects is the removal of RITEG at the Baltic Sea area and their 
replacement by alternative energy sources. After removing the RITEG from their sites mostly 
by ship or helicopter transport by truck to an interim storage is required. For the 75 
lighthouse sites equipped with a total of 93 RITEG devices a storage site near the city of 
Sosnovy Bor, several tens of kilometres west of St. Petersburg is designated (see Fig. 2). 
Later on the transportation to the Mayak Production Association is envisaged, where the 
RITEG will be dismantled by remote handling in a hot cell. Further, the encapsulated 
radioactive sources will be vitrified and stored as radioactive waste. A final storage in deep 
bore holes in the ground as a repository is currently foreseen.   
 
To facilitate the whole project safety analyses are to be performed e.g. to meet radiation 
protection requirements. In the present paper modelling and calculation of radiation fields in 
the vicinity of the RITEG as a whole (shielded source) as well as of the radioactive isotope 
source itself after being dismantled from the shielding covers (unshielded source) as a basis 
for such safety analyses is reported. 



 

 

 
 

Fig. 1   Russian lighthouse at the Baltic Sea coast and RITEG power supply 
 

2 CONSTRUCTION OF RITEG AND OPERATING PRINCIPLE 
 
The core of a RITEG consists of a strong Sr 90 source of the chemical form SrTiO 3. The 
sealed cylindrical source has the dimensions of about 10 cm in diameter per 10 cm in height. 
The sealing wall material is of stainless steel. The Sr 90 nuclide is emitting beta rays with 
maximum energy of 0,546 MeV and a half life time of about 28,5 years. The daughter nuclide 
Y 90 produces beta rays of 2,28 Mev with a decay half life time of 64 h and to a little 
percentage gamma rays of 3,64 MeV with a decay half life time of 3,2 h. The decay ends up 
with the stabile nuclide Zr 90.  
 
The total activity inventory of RITEG in the Baltic Sea area depends on the RITEG type and 
ranges from about several 1014 to several 1015 Bq. When slowing down the beta rays produce 
heat as well as x-rays (bremsstrahlung). This heat generating temperatures up to about  
800 0C is converted by means of the thermoelectric effect into electricity.  
 
Most of the RITEG located at the Baltic Sea area belong to the Beta-M type. A photograph  
and a scheme of the construction of a Beta-M type RITEG is shown in Fig. 3.  
 
The design limits of the dose rate should not exceed 2 mSv/h at the surface and 0,1 mSv/h 
at 1 m distance. 
 



 

 

 
 

Fig. 2   Distribution of Russian lighthouses and marine signs with RITEG at the Baltic Sea 
 

 

 
 

Fig. 3   Photograph (left) and construction scheme of a Beta-M type RITEG (right) 



 

 

The Beta-M RITEG consists of one to three source capsules embedded in stainless steel 
and sealed with an outer capsule of steel. The upper diameter of this outer capsule amounts 
to about 11 cm. It is surrounded by a shielding unit and a thermo isolating layer of SiO2. This 
whole device is embedded in a radiation shield housing of tungsten, lead or uranium 
surrounded by steel. In the present paper tungsten was chosen.  
 
The real dimensions and material parameters (density, composition etc.) have been deduced 
from original literature /1/. The overall diameter of RITEG with cooling ribs is  
0,60 m and the height amounts to 0,65 m. A total mass of 565 kg and a total Sr 90  
(plus Y 90) activity of 2,6 · 1015 Bq  (35,3 kCi) were taken. 
 

3 GEOMETRIC MODEL AND CALCULATION METHOD 
 
For the radiation field calculations simplified geometrical models of the unshielded source 
capsule as well as for the RITEG (shielded source) used in the present paper are shown in 
Figs. 4 and 5, respectively.  
 
In the case of an unshielded source (see Fig. 4) the radius of the inner SrTiO3 cover is  
44,65 mm with a height of 82 mm. The steel cover has a thickness of the cylindrical wall of 
3,1 mm, of the bottom of 3,0 mm and of the top lid of 5,0 mm. The conical shape of the outer 
capsule results in a bottom diameter of 101 mm and a top diameter of 110,5 mm. The 
thickness of the capsule bottom is 6,3 mm and of the capsule top is 4,2 mm including an air 
layer of 3,5 mm beneath.   
 

 
Fig. 4   Model of the unshielded source capsule (left) and dose rate versus height from 

bottom to top along the outer wall surface (right) 
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The geometrical dimensions and materials for the RITEG (shielded source) case are shown 
in Fig. 5. 
 
To calculate the dose rate in the near vicinity of the RITEG the three dimensional Monte-
Carlo code MCNP was used. The MCNP code starts with a beta-source distribution based on 
the Sr 90 and Y 90 original beta ray emission spectra, the generated x-rays (bremsstrahlung) 
will explicitly be calculated.  
 
The starting modus operates with electrons and subsequently with generated secondary 
electrons and x-rays. For slowing down of electrons both the radiation and the collision 
stopping power of the stopping material as a function of the electron energy are considered.  
 
The statistical error of all results of the Monte Carlo calculations is less than 3 % for the 
model in Fig. 4 and less than 5 % for the model in Fig. 5. 
 

 
 

Fig. 5   Model of the RITEG (shielded source) without cooling ribs 

4 RESULTS AND DISCUSSION 
 
The first two sets of results show the dose rates in the vicinity of the unshielded source.  
 
In Table 1 and Fig. 4 (right) the dose rate at the surface along the side wall from bottom to 
top is plotted. Due to the slightly conical shape and hence the thicker side wall at top the 
dose rate at the top is less compared with that at the bottom. 
 
 
 



 

 

Table 1   Dose rate versus height along the outer wall of the source capsule (see Fig. 4) 
 

Height from bottom [cm]  1 2 3 4 5 6 7 8 9 10 
Dose rate [Sv/h] 207 337 397 423 428 408 378 321 254 149 

 
In Table 2 and Fig. 6 the dose rate versus radial distance at a height of 5 cm from the bottom 
is presented (see Fig. 5).  
  
Table 2   Dose rate versus radial distance from the side wall of the source capsule  
 

Radial distance from side wall [m] 0,01 0,2 0,5 0,7 1,0 10 
Dose rate [Sv/h] 428 16,7 3,39 1,82 0,924 0,01 
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Fig. 6   Dose rate versus radial distance from the side wall of the source capsule  

 
For the case of the RITEG as a whole, i.e. including all shielding layers and covers according 
to the model in Fig. 5 dose rate calculations were made along the central vertical axis from 
the top, from the bottom and along the radial axis from the outer wall surface versus distance 
(see Fig. 5). The results are shown in Table 3 and Fig. 7.   
 
The maximum value at the outer side surface of almost 3 mSv exceeds the dose limit of  
2 mSv mentioned in chapter 2. However, adding 12 cm to the distance according to the 
cooling ribs layer thickness, which was not included in the model of Fig. 5, the dose rate will 
drop down below that limit.   
 
In parallel to the MCNP code the discrete ordinate GRS code DORTABLE operating on one 
and two dimensional SN- codes ANISN/SURF und DORT was used. In contrary to MCNP, 
the SN-code starts with a x-ray spectrum deduced from data tables. The results show nearly 
the same behaviour as a function of distance. However, the dose rate values are generally 
higher by a factor of about 2,5. The reason of these deviations might be the different way of 
generating the primary x-ray spectra. 
 



 

 

 
Table 3   Dose rate versus distance from the RITEG (shielded source, see Fig. 5) 
 

Distance / 
m 

radial 
axis from 

side 

vertical 
axis from 

top 

vertical 
axis from 
bottom 

  [mSv/h] [mSv/h] [mSv/h] 
0,01 2,91E+00 1,04E+00 7,21E-01 
0,2 4,84E-01 6,68E-01 5,50E-01 
0,5 1,92E-01 2,01E-01 1,87E-01 
0,7 1,21E-01 1,18E-01 1,07E-01 
1,0 7,02E-02 6,48E-02 5,78E-02 
10,0 1,02E-03 8,37E-04 7,11E-04 
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Fig. 7   Dose rate versus distance from the RITEG according to the model and the conditions 

described in Fig. 5 

5 SUMMARY AND CONCLUSION 
 
The calculated dose rates in the vicinity of RITEG show remarkable values which should be 
considered for radiation protection issues e.g. handling by personnel during removal and 
transport, at interim storages where several RITEG will be grouped closely together in open 
air or during dismantling taking care for appropriate shielding when operating in a hot cell or 
during vitrified waste management.  
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Abstract:  
Large regions in Belarus remain contaminated particularly with 137Cs at such a level that it has to be 
taken into account on day-to-day life. Hundreds of thousands inhabitants live in these territories. Their 
concerns are mainly focused on child health problems, and they lack of means to evaluate 
radioactivity in their environment to better manage it. IRSN has initiated a programme in the 
Chechersk district (Belarus) to improve information about child sanitary status; this project is 
developed in collaboration with two NGOs, ACRO and Médecins du Monde, which will be respectively 
in charge of improving radiological quality, pregnancy follow-ups and actions with the population in 
order to identify their expectations. 
 
 
The accident of Chernobyl NPP has released a large amount of radionuclides. Those having 
short half-lives have disappeared but large territories remain contaminated particularly with 
137Cs. Impact was most important for Belarus with about 23% surface contaminated by 137Cs 
at a level of more than 37.109 Bq.km-2. 
Hundred of thousand persons are living in those territories, and this raises many questions, 
among which: 
- Does radioactive chronic exposure induce sanitary effects, particularly for children, and 
especially in a context of multiple pollution; effects which could not be predicted from actual 
epidemiological data on health consequences of ionising radiations, as knowledge is mainly 
based on study of populations after acute external exposure. 
- How to manage life in contaminated territories keeping internal exposure at a level as low 
as reasonably possible. Especially, because of low income, people live mainly in autarchy, 
eating home-produced food, but also wild products, such as berries, game, which are known 
to be among the most highly contaminated.  
 
Belarus state has implemented various counter-measures. The most directly related to our 
project are the following: 
- In order to minimize the impact of radioactive exposure, every child living in contaminated 
territories spends, once or twice a year depending on the level of surface contamination in 
the region, three weeks either in a sanatorium localised in a "non contaminated" area or in a 
foreign country; before departure they benefit from free medical and dosimetric check-ups. 
- A network of centres where radioactivity in food can be measured has been established. 
These actions do not seem to meet real needs and concerns for population, as people feel 
they are not adequately informed and often they feel abandoned. As a consequence, there is 
some distrust about the official measurements. All this leads many people to a feeling of 
fatalism and sometimes to risky behaviour. 



 
 

2 

Their main concern is child health as they have the feeling that it is getting worse. Indeed, 
the local health professionals acknowledge that problems are observed and report an 
increase of incidence for different diseases: some being known as possibly induced by 
radiation exposure, but usually at higher exposure level, some until now not related to 
ionising radiations. 
 
It appears impossible to deal with such a complex situation by only relying upon scientific 
institutional experts; there is a crucial need to involve the various members of civil society: 
health and education professionals, mothers, more largely the inhabitants of the district, as 
well as the local authorities. 
 
IRSN has initiated a programme in one of the most contaminated region in Belarus, the 
Chechersk district, with about 40 % of the surface contaminated with 137Cs above 37.109 Bq 
per km2. The most important objective is to try to bring answers to the inhabitants' main 
concerns by improved evaluation of child sanitary status, from medical and dosimetric points 
of view.  
This programme is developed in collaboration with two NGOs: ACRO which is in charge of 
improving radiological quality monitoring, and Medecins du Monde which is in charge of 
improving pregnancy follow-ups and actions with the population to identify their expectations. 
Programmes coordinated by the three partners are closely related, the general coordination 
of the project being assumed by Medecins du Monde. 
 

1   CHILD MEDICAL AND DOSIMETRIC CHECK-UP 
 
All 3 to 15 years old children living in the district, i.e. about 2800, will benefit from improved 
sanitary check-up. 
Medical examination and dosimetric evaluation will be based on existing procedures, which 
will be improved by providing new equipments and consumables, by introducing 
examinations which are currently missing because of lack of financial resources or local 
manpower. 
Local health professionals are competent and highly motivated; they will be assisted for 
diagnosis by co-expertise at national and international levels. Results of medical check-up 
will be discussed with MDs from both the Centre of radiation medicine and human ecology in 
Gomel (Belarus) and Saint Vincent de Paul Hospital in Paris (France). 
The most innovative aspect is the importance given to information for families, and more 
generally for the whole population, about results observed. Parents will be informed on a 
personal basis for their children and the whole population will be informed on incidence of 
various pathologies at the district level. Discussions will be organised in the four settlements 
where groups will be set-up by Medecins du Monde. 
 
Anthroporadiametry, in order to estimate the caesium body content, will be performed for 
every child at least once a year, at the time they have a medical check-up. 
The hospital has recently been equipped with a new measurement apparatus. 
For a pluralistic expertise, measurements will also be performed by the NGO Belrad. 
The procedures for measurements, calibration, data storage … will be standardised in order 
to warrant the quality and the comparability of the results. 
Spectra will be analysed in parallel by dosimetrists from Chechersk district and Belrad, as 
well as by independent expert from IRSN. 
Results will be analysed in terms of distribution and mean value, but also to identify risk 
group with high level of internal contamination. 
Results obtained by Belrad in 2001 showed that, for most villages in Chechersk district, child 
137Cs body content is mainly between 20 and 70 Bq per kg. However, in some villages, it can 
overcome 70 Bq per kg for a high percentage of children (from 30 to 100 %) and even reach 
200 Bq per kg for some children. 
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The first objective is that information of population on practical radiation protection and its 
implication in the programme will lead, at the end of the project, to the fact that caesium body 
content of the children who had the highest internal contamination has significantly 
decreased. Another objective is that the distribution of contamination levels has shifted 
toward lower values. A comparison between villages with or without device to measure 
radioactivity in food (see below) could allow evaluating the influence of providing such 
measurement tools.  
For those children with the highest level of contamination, investigations will be undertaken in 
collaboration with the families to identify the causes for the child himself, but also for the 
whole family as child level of contamination probably reflect its food consumption habits. 
In parallel with prospective dosimetry, a retrospective evaluation of contamination, based on 
previous anthroporadiametric measurements, will be performed in order to calculate 
cumulated exposure. Initially, a sub-group is studied to estimate the feasibility, depending on 
quality and number of data collected. 
As a second step, results from medical and dosimetric check-ups will be cross-analysed on 
an individual basis, since previous anthroporadiametric data confirm that it is not possible to 
do it in term of geographic area. The purpose is to look for possible relation(s) between 
incidence of some pathologies and caesium body content. This will not give clue on the 
causality relation between internal contamination and pathology, but could be in favour of a 
further epidemiological study with a real analytical approach. 
In complement, taking advantage of the waiting time in between two examinations during 
check-up, information will be given to the children about practical radiation protection, as well 
as nutrition quality. 
 

2   IMPROVEMENT OF RADIOLOGICAL QUALITY 
 
Concern about radiological quality is directly connected to the improvement of living 
conditions. Actually the population cannot really know the radiological situation, since present 
system of measurements is facing difficulties. Equipments are often out of order or even 
absent in many settlements. Most measurements facilities are now under government 
management, which is frequently a source of distrust; besides, many inhabitants rely on wild 
products, such as berries and game, when such practices are forbidden by law. Lastly, the 
fact that food is not given back after measurement is considered as a waste for people with 
low income. 
Therefore, one main clue of the project is to help people to manage their own environment, 
by providing them tools to monitor radiation exposure through measurements of food 
radioactivity and external dosimetry. For efficiency purpose, this action will be undertaken in 
three villages of the Chechersk district. 
The first requirement is to provide operating devices, which means either repairing or 
replacing them; these devices will not be installed in health centres, but rather in school or in 
library, to favour the accessibility for the whole population. 
The second requirement is to hire and train dosimetrists to perform measurements, but also 
to be peer educators for the dissemination of a practical radiological culture among the 
village inhabitants. 
Measurements will be free of charge for the duration of the project; they will be performed on 
a voluntary basis. Food measured will be given back to the producer whatever level is 
measured, but through discussions, solutions will be sought in case of repeatedly and/or 
highly contaminated product.  
 
Results will be analysed on the individual basis, but also in terms of time trend to be able to 
point sensible stuff needed regularly monitoring. At the village level, results summarized in 
an observatory, will be used as manage tools in order to find solution to reduce the 
contamination of products (redistribution of pasture lands, counter-measures in agriculture). 
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Often inhabitants do not really want to know, preferring to ignore the exact level of food 
contamination, which is actually a source of anxiety. Therefore, it appears important to 
provide information on practical radiation protection, through public meeting, notice board, 
links with the schools and favouring cooperation with the local authorities and the local 
professionals involved in health care and education of children. 

3   ACTIONS WITH THE POPULATION 
 
The objective is to promote the emergence of discussion groups to better understand the 
population expectancies and help trying to answer to them. They will also allow to 
disseminate information on radioactive contamination, to raise awareness on ways to keep it 
as low as possible and contribute to inform population about results of child sanitary check-
ups. 
These groups will be set up in Chechersk city and in each of the three villages where the 
project on radiological quality is implemented. A meeting will be held once every month in 
each of the four settlements. 
Among inhabitants, women are the most motivated, they usually represent all participants 
when meetings are organised. 
One animator will be hired at the district level, she will work in collaboration with a local 
correspondent in each of the four settlements for a better implementation of discussion 
groups. They will be trained to lead group discussion by Médecins du Monde. 
One further objective is to help inhabitants in creating a local NGO, which could help for 
sustainability of various actions initiated during this project.  
 
 
In conclusion, the objectives of the various actions are numerous: favouring the involvement 
of the population into the improvement of their own health, dissemination of a practical 
radiological protection culture within all segments of the population with a the direct access 
through measurements of the radiological quality of this environment, increase in number 
and quality of child internal exposure measurement, attempt to make links between the food 
consumption habits and the level of caesium body content, cross analysis of medical and 
dosimetric check-ups. This may orientate further epidemiological studies in view of a better 
understanding of the possible role of chronic exposure to caesium in the sanitary effects 
observed amongst children.  
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Abstract:  
The GRS burnup and reactivity calculation code system KENOREST 03T01 was employed for 
recalculations of recently published post irradiation examination (PIE) data from the Japanese 
pressurized water reactor Takahama-3. KENOREST allows burnup calculations for two- and three-
dimensional arrangements of fissile materials. The irradiated fuel samples from Takahama-3 had 
4.11 wt% U-235 initial enrichment and a burnup up to 47.25 GWd/tHM. Additional samples contained 
6.0 wt% of gadolinium oxide as burnable absorber and 2.63 wt% U-235 initial enrichment. The 
measured PIE data include the major and minor actinides, and also a set of fission product nuclides 
relevant to criticality, shielding or heating issues.  
Based on the detailed reactor operation history, KENOREST was employed to recalculate the nuclide 
inventory of selected samples out of the set of analyzed probes. The results are in good agreement 
with the experimental data as well as with published results of calculations using other code systems. 
Inconsistencies between KENOREST calculations and experimental determination of the burnup of 
the gadolinium containing samples were identified, and a solution was proposed.  
Beyond burnup and depletion calculations, generic inhalation dose calculations for three exemplary 
samples were performed to determine the impact of the nuclides under scope on radiation protection, 
as one possible application of KENOREST results. 

1 INTRODUCTION 
 
The nuclide inventory of irradiated fuel determines its characteristics concerning nuclear 
safety and implies its criticality, radiological and thermal characteristics for transport, interim 
storage and final disposal. The accurate prediction of the inventory for the course after 
unloading from the reactor is of importance for numerous aspects, such as: the neutron 
multiplication factor of the spent fuel, its decay heat calculation, the neutron and gamma 
dose for shielding and dose rate determination. All these issues require an exact validation of 
burnup calculation codes and their uncertainties, in order to facilitate their implementation in 
licensing procedures and for safety-relevant extensions. 
 
In 2002 the Japanese Atomic Energy Research Institute (JAERI) published extensive 
radiochemical analyses of spent fuel samples taken from two fuel assemblies of the 
pressurized water reactor Takahama-3 [1]. The fuel elements are of 17 × 17 design, with an 
initial enrichment of 4.11 wt% U-235 and 14 fuel rods containing initially 6.0 wt% gadolinium 
oxide Gd2O3 as burnable absorber. The burnable poison rods had a reduced initial 
enrichment of 2.63 wt% U-235. Furthermore the fuel assemblies include 25 water filled guide 
tubes. The samples under investigation received exposures up to 47 GWd/tHM, which were 
measured by applying the Nd-148 method. For every sample a detailed history of boron 



 

 

concentration and local power are given. The experimentally determined amounts of nuclides 
were calculated back to the date of reactor discharge, except the samarium nuclides which 
were given for 3.96 years after discharge. A detailed description of the assayed samples and 
the experimental setup can be found in Reference [1] and at the NEA nuclear database [13], 
respectively. 
 
Due to the topicality of these radiochemical analysis data in connection with the 
comparatively high initial enrichment and the high burnup of the samples, these data provide 
a valuable basis for code validation [1], [2]. As there are additional validation data from 
different code systems included in the published report, these analysis data are suitable for 
validating the improved depletion and reactivity calculation code system KENOREST [3] in its 
version 03T01 as well as for comparison with other burnup codes. 

2 CALCULATIONAL METHODS 

2.1 The burnup code system KENOREST 
 
KENOREST [3] represents a coupling of the one dimensional burnup and reactivity code 
system OREST [7] with the three dimensional Monte Carlo code KENO Va [6] to provide 
accurate geometric modeling and flux calculation of a fuel assembly in the reactor core 
environment for burnup and depletion calculations. For this analyses the newly updated 
version 03T01 of the KENOREST system has been used. The coupling between the 1-d and 
the 3-d calculation in KENOREST is realized using flux and reaction rate conservation with 
the flux equivalent cell (FEC) method [5] developed for this issue. The flux spectra and cross 
section calculations for the fuel rods are performed by an extended version of the pin cell 
code HAMMER [8] using the method of integral Boltzmann neutron transport calculation and 
Nordheim integral resonance treatment [9]. The effective cross sections are directly fed back 
to KENO. The used neutron data libraries are the JEF2.2 based library KORLIB-V4 for 
KENO-Va  and the GRS 2001-standard-library for OREST and HAMMER. The neutron data 
for the KORLIB-V4 library are processed by condensing the 292 group library JEF2.2 [10] for 
the infinite dilution case to 83 energy groups with 32 thermal groups up to 1,13 eV (KENO-
Va), and P3-order. 
 
KENOREST determines the number of neutron histories for flux calculations of KENO 
according to a convergence criterion specified by the user. For this study as a rule 2.56 
million neutron histories were pursued per calculation run. 
 
Although KENOREST offers three dimensional capabilities, this study focuses on two 
dimensional calculations of the inventories for the spent fuel samples from the central 
sections of the fuel rods. Based on the data given by JAERI, the power and boron 
concentration history of the samples during reactor operation were modeled as accurate as 
possible. The target value for the sample burnup was taken from specifications. 
 

2.2 Dose Calculations 
 
Inhalation doses were obtained via multiplication of the measured and calculated nuclide 
amounts with standardized dose coefficients for the effective dose. For these doses, only 
nuclides under PIE scope are regarded in their respective amount. An adult member of the 
public is assumed, who inhalated 1 g of the sample substance. For any nuclide, the most 
adverse lung retention class is assumed. The dose coefficients are according to German 



 

 

Federal Bulletin Nr 160 a/b, officially announced on July 23rd 2001 [14], based on an 
European Council Directive [15]. 

3 RESULTS 

3.1 Nuclide Inventory Calculations 
 
Figure 1 shows the ratios C/E of calculated and measured nuclide concentrations of the 
samples number SF95-2, SF95-3 and SF95-4. The samples were taken from a fuel 
assembly which was in the reactor core for two cycles of operation and reveal burnup values 
of 24.35, 35.52 and 36.69 GWd/tHM respectively. All three samples are free of gadolinium. 
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Figure 1. Ratio of calculated (C) and measured (E) nuclide concentrations for the SF95 
sample series. 
 
Figure 1 shows a distinct overestimation of the calculation of Sb-125 concentration in all 
three cases of SF95 samples, a smaller overestimation of U-234 and Am-241 inventory, as 
well as an underestimation of the curium isotope inventories. For the other nuclides a 
compliance within 10 % or less has been achieved, especially the fissile nuclides U-235, 
Pu-239 and Pu-241, and also Nd-148 by which the burnup was determined experimentally. 
 
The Samples SF96-2, SF96-3 and SF96-4 are taken from a gadolinium bearing rod 
originating from the same fuel element as the SF95 sample series. Figure 2 shows the ratios 
C/E of calculated and measured nuclide concentrations of these samples, having  specified 
burnup amounts of 16.44 GWd/tHM, 28.20 GWd/tHM, and 28.91 GWd/tHM, respectively. 
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Figure 2. Ratio of calculated (C) and measured (E) nuclide concentrations for the SF96 
sample series for the specified burnup. 
 
It can be seen that in any of the three cases, the fissile nuclide U-235 is overestimated, and 
all other actinides except Np-237 are underestimated. Furthermore the concentration of 
almost any fission product nuclide including Nd-148, which was used for experimental 
burnup determination of the samples was underestimated, compared to the measured data. 
Because of this result one may conclude, that our inventory calculation may be based on a 
lower target burnup than the measured value, but this is not the case. 
 
The reason for the discrepancy between calculated and experimental values can be 
explained as follows. The burnup of the samples was determinated by the Nd-148 method, 
which assumes the fraction of the isotope Nd-148 generated by fission to be proportional to 
the total number of fissions. The energy release can be estimated assuming an average 
energy per fission of about 205 MeV during the whole burnup history. This is a good 
approximation for uranium dioxide fuels, but in the presence of burnable poison gadolinium 
the situation is not so clear any more. When a thermalized neutron is captured by 
gadolinium, a series of (n,γ) reactions is implied which contributes to the energy release in 
the fuel material [12]. It depends on the definition of “burnup”, whether this subsequent 
energy release is taken into account for determination of the sample burnup. In the 
KENOREST calculations the energy release from neutron capture in gadolinium is 
considered for determining the target burnup of the samples. Due to this reason, as long as 
gadolinium is present in the fuel matrix, the calculated average energy per fission is much 
higher than 205 MeV. This matter is illustrated in Figure 3, where the average energy per 
fission for the three gadolinium samples is shown as it was calculated by KENOREST. 
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Figure 3. Calculated Average Energy Release per Fission [MeV] for the gadolinium 
bearing Samples of the SF96 series during burnup. 
 
It can be seen, that in the burnup range from 0 to about 6 GWd/tHM the energy release in 
the fuel material caused per fission exceeds 205 MeV for up to 160 MeV. Beyond 6 
GWd/tHM gadolinium is burned out and no longer contributes to this energy. Nevertheless, 
the total average energy is raised up to 224.7 MeV in case of SF96-2 sample, 217.9 MeV for 
SF96-3 sample, and 217.5 MeV for SF96-4 sample, which are 9,8 %, 6,5 % and 6,3 %, 
respectively. 
 
This circumstance was accounted for by repeating the calculations for the SF96 sample 
series with adjusted target burnup values, respective to the adjusted average energy release 
in the fuel per fission. It was performed by increasing the base power level of the power 
history given by [1] for the according factors. 
 
Figure 4 shows the ratios C/E of calculated and measured nuclide concentrations for the 
SF96 samples series, using the increased power levels and thus target burnup values, which 
result in 18.06 GWd/tHM, 30.03 GWd/tHM, and 30.73 GWd/tHM, respectively. 
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Figure 4. Ratio of calculated (C) and measured (E) nuclide fractions for the SF96 
sample series with adjusted burnup. 
 
It can be seen that the fraction of the nuclide Nd-148 is predicted very well. However, fissile 
nuclides U-235, Pu-239 and Pu-241 are now underestimated slightly, as well as the other 
Uranium and Plutonium isotopes. The concentration of Np-237 was overestimated for all 
three sample and Am-241 for two samples. Am-242m, Am-243 and especially the curium 
isotopes were distinctly underestimated; the latter was already observed at the SF95 sample 
series without gadolinium. Also similar to SF95 results, Sb-125 is clearly overestimated by 
the calculations both for uncorrected and corrected burnup values, but Ru-106 only for SF96 
sample series. However, most of the measured nuclide concentrations under scope are met 
by calculations within 10 % or less. It should be noted, that the burnup of the gadolinium 
containing rods was calculated in a one region model of KENOREST. A multiregion model is 
currently under development. 
 
As a third, for the samples SF97-3, SF97-4 and SF97-5 nuclide inventory calculations were 
performed. These samples originate from a second fuel assembly, which was irradiated in 
the reactor core for three operating cycles. The burnup values reached by the samples were 
determined to 42.16, 47.03 and 47.25 GWd/tHM respectively. Figure 5 shows the ratios C/E 
of calculated and measured nuclide concentrations for the SF97 samples series. 
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Figure 5. Ratio of calculated (C) and measured (E) nuclide concentrations for the SF97 
sample series. 
 
As can be seen from this figure, the major differences between calculation and measurement 
are the distinct overestimation of the measured concentrations of Ru-106 for SF97-5, Sb-125 
and Sm-152 for each sample, as well as Am-241 and Cm-242 in some cases. On the other 
side, Sm-148, Eu-154, U-236 Am-242m and again the curium isotopes beyond Cm-242 were 
underestimated. The main fissile nuclides as well as Nd-148 are met very well. As found 
above, most of the nuclide concentrations of this samples were met within an accuracy of 
±10 % or less. 
 
It may be mentioned that sample SF97-4 has been proposed by the OECD/NEA Working 
Party on Scientific Issues of Reactor Systems (WPRS) as Depletion Calculation Benchmark 
Devoted to Fuel Cycle Issues Phase I [13], assuming average conditions concerning power 
operation history and boron concentration history, which are essentially different to the 
explicit modeling used in this work. 
 

3.2 Comparison with calculation results of other codes 

 
From each of the three sample series under scope, one example was chosen for a 
comparison of KENOREST 03T01 calculated nuclide concentrations to those of other code 
systems; therefore the samples SF95-4, SF96-4 and SF97-4 have been selected. The 
KENOREST results are compared to results of SAS2H, HELIOS 1.6 [2] and ORIGEN2.1 with 
PWR41J32 neutron data library [1]. The SAS2H and ORIGEN2.1 results are based on pin 
cell calculations, while HELIOS is capable of two dimensional geometry representation. All 
three depletion calculation codes are internationally established and well evaluated. Figures 
6 to 8 show the ratios C/E of calculated and measured nuclide concentrations for the three 
samples series, comparing the different calculation models. Note that for SF96-4, the not 
burnup corrected values from KENOREST are used in the figure. 
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Figure 6. Ratio of calculated (C) and measured (E) nuclide masses for the SF95-4 
sample using different code systems. 
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Figure 7. Ratio of calculated (C) and measured (E) nuclide masses for the SF96-4 
sample using different code systems. 
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Figure 8. Ratio of calculated (C) and measured (E) nuclide masses for the SF97-4 
sample using different code systems. 
 
Beyond a pure comparison of number data, a few general conclusions can be drawn from 
the three figures 6 to 8 above. First, the overestimation of Sb-125 appears within every study 
in scope, as well as the overestimation of Am-241 for sample SF95-4 or Ru-106 and Np-237 
for sample SF96-4, and a few other nuclides. Second, the underestimation of curium also 
can be observed frequently, but appears to be more distinctive for the KENOREST 
calculations than for the other codes. On the other hand the KENOREST results do not show 
any extreme outlier. However, in an overall comparison can be found that the KENOREST 
results are qualitatively in the same good agreement to the experimental data as the other 
code systems under scope are. 
 

4 RADIATION DOSE CALCULATIONS 
 
As an application of KENOREST results, the inhalation doses of the samples SF95-4, 
SF96-4 and SF97-4 are calculated on the basis of PIE and calculated inventories, 
respectively. The figures 9 to 11 thus show the inhalation doses obtained; notice the 
logarithmic scale of the ordinate axes. 
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Figure 9. Inhalation dose for nuclides from SF95-4 sample. 
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Figure 10. Inhalation dose for nuclides from SF96-4 sample. 
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Figure 11. Inhalation dose for nuclides from SF97-4 sample. 
 
It can be seen from the figures above, that Pu-238, Pu-241, Cm-242 and Cm-244 are the 
main contributers to the inhalation dose, followed by Ru-106, Ce-144 and the other Pu 
isotopes besides Pu-242. With exception of most curium isotopes, the comparison of doses 
yielding from experimental and from calculated inventories reveals a good agreement. 
 
Table 1 shows the total inhalation doses of the three samples under scope.  
 
Table 1: Total inhalation doses of spent fuel samples. 

Sample 
GWd/tHM 

PIE 
Sv/gHM 

Calc 
Sv/gHM 

Calc 2 (adj. BU) 
Sv/gHM 

SF95-4 
36.7 GWd/tHM 5.42 ·104 4.76 ·104 --- 

SF96-4 
28.9 / 30.7 GWd/tHM 4.71 ·104 3.67 ·104 4.04 ·104 

SF97-4 
47.0 GWd/tHM 7.74 ·104 7.41 ·104 --- 

 
The inventory calculations underestimated the curium isotopes significantly in most cases, 
resulting in an underestimation of their contribution to relative and total amount of inhalation 
dose. The total inhalation doses are thus underestimated between 4 % and 16 %, 
disregarding the SF96-4 calculation using the unadjusted burnup. However, the 
underestimation of Cm concerning the dose is partialliy compensated by overestimation of 
Ru-106 and Ce-144.  
So an improvement of curium results is a major task in the further development of 
KENOREST, but is also an issue of other code systems as can be seen in Chapter 3.2. 
 



 

 

5 CONCLUSIONS 
 
The depletion and reactivity calculation code system KENOREST Version 03T01 developed 
in GRS shows good capabilities in the prediction of the nuclide inventory of the Takahama-3 
spent fuel samples under scope. A comparison to international results using different code 
systems reveals a similar good quality in results as is reached by those. 
Calculation of inhalation doses based on experimental and with KENOREST calculated 
nuclide inventories as an application example shows the good applicability of the code 
system. 
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Abstract:  
Due to their technical features electronic personal dose meters offer a variety of advantages to their 
users compared to the use of passive dose meters. Therefore in Germany an initiative was started by 
the Federal Ministry for Environment, Nature Conservation and Nuclear Safety to promote the use of 
electronic personal dose meters as official dose meters and as an alternative to the existing passive 
dose meters. In this presentation the concept of official electronic personal dose meters, which has 
been developed by Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH on behalf of the 
German Ministry for Environment, Nature Conservation and Nuclear Safety will be explained. Hereby 
focus will be given also to features of the concept which allow dose estimations in the European 
context for transient workers. 

1 INTRODUCTION AND BACKGROUND 
 
Up to now in Germany according to the German radiation protection ordinance (StrlSchV, 
see [1]) and according to the X-ray ordinance (RöV, see [2]) passive dose meters (e.g. TLD, 
film) only are accepted by the competent authorities to measure the official effective dose . 
The high quality and reliability of these dose meters and their analysis have been proven 
over several decades so that the determination of the effective dose of occupationally 
exposed persons is sound. 
 
Nevertheless the demand of task related dosimetry and automation enforced developments 
in the last few decades of reliable electronic personal dose meters (EPD) which are based on 
one or more detection probes which can be read out directly without any chemical or physical 
(like thermal) pre-processing. Typically these dose meters consist of the detection probes 
and additional electronics and signal processing to allow a direct reading of the dose results. 
With respect to the passive dose meters EPD offer some advantages which on one hand 
contribute to a better exposure control and on the other hand foster the development of a 
sound culture in radiation protection due to direct feedback of dose information. Some of 
these advantages are: 

• lower detection limits and improved resolution 
• immediate read out of the measured dose 
• no need for chemical or physical pre-processing to get the dose information 
• availability of dose and dose rate information as well as  threshold alerts for dose and dose 

rate 
• possibility to preset levels and thresholds by the dosimetry system 
• further features for internal tests and information storage 
 

  



 
 

Currently the use of EPD, especially of direct reading electronic personal dose meters, is 
limited to operational dosimetry in Germany. Typically EPD are applied in addition to the 
official passive dose meters in large nuclear installations and facilities like nuclear power 
plants, facilities of the nuclear fuel cycle, large research centres or in large hospitals. The 
reason of this parallel dosimetry may be to the obligation to use these additional dose meters 
due to license conditions or because the organisation is interested in an on-time knowledge 
of the current personnel exposures. Many improvements in the reduction of the exposure of 
personnel for example in German nuclear power plants have been achieved based on task 
related exposure information which became available due to the use of EPD (see for 
example [3], [4]). Moreover, for contracted workers in Germany a radiation passport has to 
be maintained which shall provide up to date information on the current individual dose of the 
owner of the passport when starting to work in a nuclear facility. This up to date information 
bases on the results of the official dosimetry with its official passive dose meters. But as due 
to the processing times the results of the official dosimetry may not be available when 
changing the work place from one plant to the next. So the passport also documents the 
results of the operational dosimetry from EPD for the time in between, as this information is 
available in time when leaving the plant to move to the next work place. Thus even yet EPD 
contribute to the official system of controlling the exposure of workers in controlled areas. 
 
Due to the advantages mentioned, but also due to additional reasons as e. g. to reduce the 
costs for the determination of the effective dose by avoiding the use of two or more personal 
dose meters at a time (but without compromising the requirements of the radiation 
protection) the German Federal Ministry for Environment, Nature Conservation and Nuclear 
Safety (Bundesministerium für Umwelt, Naturschutz und Reaktorsicherheit, BMU) initiated a 
project to introduce EPD as official dose meters forming an alternative to the official passive 
dose meters. The project is separated into two parts: part one focuses on the development of 
a general concept on how to design an official dosimetry system with EPD, which shall fulfil 
the legal requirements for the determination of the effective dose according to the relevant 
ordinances RöV and StrlSchV. In part two as a pilot project the implementation of the 
concept is addressed and first experiences shall be derived. The later implementation of 
electronic dosimetry systems as official dosimetry system depends on an approval by the 
BMU and the authorities of the States (“Länder”).  The results of both parts of the project will 
provide the basis for such an approval. 
 
The general concept was developed in 2004 by Gesellschaft für Anlagen- und 
Reaktorsicherheit (GRS) mbH under the supervision of the Federal Office for Radiation 
Protection (Bundesamt für Strahlenschutz, BfS). The concept is subject of this presentation 
and will be explained in more detail later. Part two of the project was launched middle of 
2005 and is expected to be finished by beginning of 2007. 

2 OBJECTIVES OF THE CONCEPT 
 
Emphasis in the concept of the dosimetric system is given to the overall composition of those 
components, which are necessary to measure the effective dose, to readout the measured 
date from the dose meter, to transfer the data to a competent evaluating organization and to 
deduce the effective dose from the measured data. Requirements due to the German 
regulatory system and the different conditions, under which such a electronical dosimetry 
system may be operated, have to be taken into account. A rough overview on the 
requirements will be given below. 
 
The concept does not consider aspects on the quality and on the physical properties of the 
dose meter probes used in the EPD. It is proposed that dose meters used in the system must 
have passed a type-test and a type-license of the Physikalisch-Technische Bundesanstalt 
(PTB), will be compliant with the international standard IEC 61526 (see [5]) and will be 

  



 
 

appropriate to the environmental situation in which they are intended to be operated. 
Nevertheless, as a result of the concept an adaptation of the relevant PTB standards seems 
necessary, but the related recommendations are not part of this presentation. 
 
 
Requirements due to the German regulatory system 
 
Requirements to be taken into account due to the German regulatory system are laid down in 
radiation protection relevant ordinances, i. e. StrlSchV and RöV, in the law and the 
corresponding ordinance on the type-test and type-license (and related PTB standards) and 
in radiation protection relevant BMU regulations, which are applied by the German state 
authorities when transferring general requirements of the ordinances into the practical case. 
Moreover, several national and international standards and recommendations of the German 
radiation protection commission (Strahlenschutz-Kommission, SSK) shall be taken into 
account. Due to the scope of this presentation the requirements can not be discussed in 
detail but instead the following list may give an overview on the issues treated: 

• physical properties of the dose meter probe and the dose meter (incl. avoiding and 
recognition of malfunctions and failure) 

• security against manipulation of the measurement by the wearer of the dose meter 
• documentation of the properties of the dose meter and the use of the dose meter 
• identification of the dose meter and allocation of the dose meter to its wearer 
• operational conditions for the use of the dose meter 
• duration of the surveillance period 
• quality assurance (for the dose meter as well as for the competent evaluation organization 

according to StrlSchV and RöV) 
• reliability and availability of dosimetry systems (incl. data transfer) 
 
It has to be mentioned, that some of these requirements are currently valid for passive dose 
meters and their corresponding evaluation systems (e.g. concerning data transfer) so during 
the elaboration of the concept either corresponding requirements had to be developed or it 
had to be proven that issues could be skipped. 
 
A basic set of requirement to be fulfilled by an electronic dosimetry system and reflecting the 
different technologies of EPD and passive dose meters was formulated end of 2003 during 
the common meeting of the working group on radiation protection of the BMU, the State 
authorities (Fachausschuss Strahlenschutz des Länderausschusses Atomkernenergie, FAS), 
the working group on Röntgen of BMU and the corresponding States authorities 
(Länderausschuss Röntgenverordnung, LARöV). The dosimetric system shall satisfy the 
demands on 

• correctness of the data over the full data chain (starting with the EPD and ending with the 
validated monthly effective dose, provided by the competent evaluating organization), 

• completeness of the data over the full data chain, 
• security against any data manipulation over the full chain and 
• safety of the data against any unauthorised access. 
 
It should be mentioned, that these basic requirements reflect the “lessons learnt” from 
international experiences as well as PTB requirements of 1995, which up to now are not 
implemented in the PTB standards, but are under discussion. 
 
 

  



 
 

Requirements due to the different conditions of operation 
 
A second group of requirements results from the different circumstances in which an 
electronic dosimetry system may be operated. Currently the use of such a system is under 
discussion for a large variety of installations and facilities to be covered. Especially for 
nuclear power plants, for large hospitals or for research centres the system shall be 
operational, i.e. the concept shall take into account the similarities but also the differences. 
 
In German nuclear power plants EPD are used by operational dosimetry. The dose meter is 
taken from a dose meter pool by the wearer just before entering the controlled area and is 
returned to the pool after leaving the controlled area (so called “pool concept”). When leaving 
the controlled area the measured dose information is read out from the dose meter and 
stored in the computer of the central operational dosimetry system. To allow for later 
processing and analysis of the measured effective dose an allocation of the supervised 
person, i.e. of the wearer, of the measured dose and of the work permit is performed during 
the entry; typically an identifier of the wearer is stored in the dose meter when entering the 
controlled area and is transferred together with the read out measured data, when leaving 
the controlled area. The “pool concept” benefits from the rigorous access control which is 
established at all entries to controlled areas of NPP - neither entering nor leaving of a 
controlled area is possible without passing an access control system.1 If information is not 
provided by the wearer (or any malfunction of the dose meter occurs) access or passage is 
denied and the radiation protection staff can become active. 
Typical to the situation in German nuclear power plants is that in general only one (large) 
controlled area does exist, which has to be supervised and for which a central access to 
enter and leave does exist. Nevertheless in addition some de-central controlled areas (e.g. 
for interim storages) may exist, which are not as frequently entered as the central controlled 
area, but which have to be taken into account, too, in the concept of an electronical 
dosimetry system. 
 
In research centres or in large hospitals the situation tends to be different compared to the 
situation in nuclear power plants. Typically no technical access control systems exist to 
control the entering and leaving of the controlled area. As a consequence it is difficult to 
ensure that a dose meter is worn by the personal to be supervised,2 as there are only limited 
means to ensure that dose meters (electronic or passive) are worn.  
In addition, in these facilities the number of (frequently entered) controlled areas sited at 
different locations may be much higher than in NPP. On the contrary the number of qualified 
personal in charge of radiation protection available is much lower than in nuclear power 
plants. This situation results in the high need of a reliable and centralised radiation protection 
surveillance system including the issue of official dosimetry. If an access control can not be 
established (e.g. in case of interventional medical treatment applications) a permanent 
allocation of an EPD may be the only reliable alternative (compared to the “pool concept” 
present in the nuclear industry sector). 
 

                                                 
1 For the rare cases in which no hardware based access control does exist (e.g. temporarily existing 

controlled area during preparation of radiactive transports) organizational and administrative 
procedure ensure the control of access. 

2 Certainly this problem also is present for the use of passive dose meters. The staff responsible for 
radiation protection invests a lot of effort to convince the personal to be supervised in wearing the 
dose meters. 

  



 
 

3 CONCEPTUAL APPROACH – THE CONCEPT 
 

3.1 Overview of the concept 
 
Summarizing the different conditions of operation in different institutions, i.e. the different 
options of access control, the concept shall allow “pool concepts” as well as concepts, in 
which the EPD permanently are allocated to a wearer. In the following presentation there will 
be a focus on the “pool concept” with technical access control, which will be the typical 
concept used in nuclear power plants. Nevertheless some recommendations are given for a 
concept with permanently allocated dose meter, considered as a good solution if a technical 
access control is missing. 
 
The data flow in the concept worked out by GRS for an official electronic dosimetry system 
with “pool concept” layout is sketched in Figure 1. It has to be stressed, that the figure 
represents the situation for utility personnel; for contracted personnel amendments are 
necessary to direct the evaluated dose data to those organizations which according to 
StrlSchV and RöV are responsible for the contracted personnel. For some more details 
please refer to chapter 3.2 . 
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Figure 1 Data flow in the GRS concept for an official electronic dosimetry system with use of pooled 

EPD. The data flow is sketched for facility personnel; for outside personnel some 
amendments are necessary (for further details please refer to chapter 3.2 ) 

 
 

  



 
 

Some remarks on the conventions in the figure will help to understand the figure more easily: 
those data transfer lines which correspond to the transfer of data of the official dosimetry 
system are marked in red colour. Those data transfer lines, which are part of the 
operational dosimetry system are coloured blue. These lines in principle are out of the 
focus of the official dosimetry system, except that they must not influence the official 
dosimetry system in any way. Further data transfer lines in green or blue correspond to the 
transfer of data from the competent evaluation organization to the responsible person of the 
controlled area or to the competent authorities. Finally clouds in the data links symbolise that 
these data links are needed from a functionality point of view but the concept does not define 
any technological aspects. I.e. the technical layout of the functionality indicated by a cloud is 
completely subject to the implementer’s decision. 
 
In case of the “pool concept” in a nuclear power plant EPDs shall be used, which in Germany 
have passed a type-test and a type license of the Physikalisch-Technische Bundesanstalt 
(PTB). These devices will be provided from a pool of dose meters at the entrance of the 
controlled area. Active EPD will be used, if due to operational needs features as e. g. direct 
readability of the dose, preset of alarm levels for dose respectively dose rate or additional 
data (dose rate sequences, maximum of dose rate) are necessary in addition to the pure 
determination of the individual exposure. The application of passive EPD seems possible, if 
only simple demand, e. g. supervision of routine activities, rests on the measuring task.  
 
If the dose meters are supplied from a pool, the dose meter will be assigned to the wearer in 
a reader station (EPD-reader, dose meter terminal) when the person enters the controlled 
area. A unique personal ID will be used to identify the wearer; this ID will be stored in the 
EPD. If an exchange of the EPD cannot be excluded due to the way how the wearers use the 
EPD, the personal ID can be used to identify the assignment to the wearer either by 
displaying the ID or by implementing special readers for identification in the controlled area. 
The EPD fulfils special demand regarding safety against loss or manipulation of data. In 
addition it will store the information on battery changes and can not be switched off by the 
wearer. These demands have to be proven as part of an extended type-test. 
 
 
During the set up of the dose meter in the dose meter terminal for the entrance of the 
controlled area a functional test will be carried out. To store the wearer’s ID to the EPD the 
personal-ID has to be delivered to the EPD reader by appropriate means.  
The data sets retrieved when entering and leaving the controlled area which both are needed 
to evaluate the contribution to the wearer’s official effective dose, both in addition to the dose 
information contain the identification number of the EPD, the personal ID, the time of access 
of the controlled area, and the positive result of the functional test of the dose meter 
performed. If passive EPD should be used in a pooled system, the dose actually stored in the 
dose meter (if not reset) needs to be transferred to a data base, too, to allow for the later 
calculation of the dose received.  
The design assures that the official branch of the data and the data stream cannot be 
interfered with by the operational dosimetry system. The de-coupling of the operational and 
the official dosimetry system takes place at the dose meter terminal.3 From there, the data – 
if necessary after a short interim storage – are transferred to a local intermediate storage 
system, which acquires the data, stores them for intermediate storage, archives the data for 
a certain time period and makes the data available for transfer to the competent evaluating 
organization. This local station will be called the “local databank of official raw data” and is 

                                                 
3 If a de-coupling is not possible at the dose meter terminal the data flow from the dose meter terminal 

shall be devoted to the official dosimetry system in which a split of the data flow for the operational 
dosimetry system shall be performed. The requirements related to the data flow of the official 
dosimetry system (see later) completely hold for that data flow emerging from the dose meter 
terminal. 

  



 
 

represented by a local IT-component in the responsibility of the competent evaluating 
organization. Including its interfaces with the dose meter terminal, it may have a type license 
but at least must be certified according to international technical rules. The interfaces to the 
dose meter terminal and to the competent evaluating organization including the data transfer 
via these interfaces will be surveyed and protected against data losses and data 
manipulation by adequate transfer lines and protocols. 
If in case of de-centralized controlled areas the dose data have to be retrieved from different 
places, data sampling may be performed by a sufficiently secured local area network (LAN) 
including a router, which supplies the data to the local data base. This solution certainly has 
to meet the high demand regarding data losses and data manipulation.  
The IT-system of the local data base addressed above shall be safe against loss of electrical 
power (e.g. by a battery driven emergency power) and shall consist of mirrored 
processor/disk-systems to increase the safety against data losses. The system stores each 
data set of entrance and leaving the controlled area to assure the possibility to combine the 
data sets but also to be able to identify missing data sets.  
During the stay in the controlled area the EPD stores the dose received and furthermore 
additional data as e. g. the results of permanently executed internal self-testing procedures 
of the EPD, dose rate data and data of additional probes installed inside the EPD. 
When leaving the controlled area with a pool-type dose meter (or with a dose meter which 
needs to be read out each time when leaving the controlled area4), all data are read out and 
transferred to the operational dosimetric system. In parallel and de-coupled from the 
operational dosimetric system all data necessary for the official dosimetric system (for data 
analysis same as for validation) will be supplied to the local data base of official raw data. 
The transfer will be secured against loss of data. The data supplied especially cover the 
personal ID, the ID of the dose meter, the flags representing the results of the internal self-
testing, the time of leaving the controlled area and certainly the measured dose data and 
relevant information that may be important to validate the data. The personal ID and the ID of 
the dose meter are important to be able to combine the data set of access and exit as well as 
to correlate the personal data of the dose meter’s wearer during analysis. The data 
addressed will be stored in the local data base and will be made available for later transfer to 
the competent evaluating organization. In addition these raw data are stored for some time 
locally. This storage aims at the possibility to have access to the raw data for some time. It 
does not cover the demand to archive the data by the evaluating organization according to 
the German regulations, which will be done at the premises of the competent evaluating 
organization.  
The official raw data will be encoded and sent to the competent evaluating organization in 
regular time intervals defined by this organization. The data transfer will be secured against 
data loss and manipulation by dedicated transfer protocols. The competent evaluating 
organization addressed within this concept is a certified organization which is approved by 
the competent authority for this task. This organization provides competent, qualified and 
experienced staff, which is responsible for the data retrieval and transfer, the check and 
evaluation of the partial (raw) data received. It accumulates the partial data (entrance and 
exit data set of each access of the controlled area) to the official dose for the surveillance 
interval prescribed. The organization is responsible for the full chain of data retrieval and 
transfer from the dose meter terminal (reader) via the system of the local data base to the 
final destination in the data evaluation system at the site of the competent evaluation 
organization. This organization will not necessarily be responsible for the EPD, as these may 
be a part of the operational dosimetric system of the organization operating the controlled 
area. In this case responsibility for the EPD devices will rest with this organization. It is, 
however, considered possible that the organization responsible may charge a qualified 
organization/company with the operation of this (operational) part of the system to provide for 
maintenance, tests and calibration according to the national regulation. In any way it has to 

                                                 
4 This may or may not be necessary for a passive electronic dose meter, especially if it is assigned 

permanently. 

  



 
 

be assured that all necessary information (tests, calibration, ..) will be available to the 
competent evaluating organization. 
The competent evaluating organization transfers the official doses derived to the competent 
radiation protection officer of the facility, to the competent authorities and to the radiation 
protection register of the Federal Office for Radiation Protection (BfS). If necessary, 
evaluations by the radiation protection officer of the controlled area will be initiated in case of 
erroneous or missing data.  
To fulfil its duties, the competent evaluating organization will need additional data from the 
organization operating the controlled area. This for example affects personal data for each 
supervised person. The data may be delivered by channels agreed upon between the 
evaluating organization and the organization operating the controlled area. 
 
It has to be kept in mind and remembered that plants and institutions may differ in layout and 
number of their controlled areas and especially in the access control conditions for that 
areas: For nuclear power plants the access to the controlled areas is quite formalized and 
technically secured – the previously explained “pool concept” strongly takes credit from this.  
In contrary to this in hospitals and research organizations a large number of access locations 
and controlled areas may needed to be operated, which only in rare cases are technically 
secured e. g. by turn stiles - thus usually no real access control is established. Considering 
data retrieval being performed by several reader terminals linked by a secured LAN, it has to 
be pointed out that in case of missing technical access control additional organizational and 
administrative measures and personnel responsibility have to be taken credit of to ensure a 
proper allocation of EPD and their regular readout. With respect to the degree of effort 
related to these administrative and organizational measures in case of a pool concept, it is 
more likely to permanently allocate an EPD to a wearer and to establish processes to ensure 
a readout of the dose meter at the end of a surveillance period. It has to be noted that the 
processing of the EPD data shall be the same as in case of the “pool concept”. 

3.2 Dosimetry of outside workers in the European context – an approach within the 
concept 
 
In Germany for contracted personnel the responsibility not to violate dose limits is with the 
radiation protection officer of the company sending contracted personnel (dispatching 
company) into the controlled area of the hiring company. As a consequence and, moreover, 
as clearly stated in the relevant ordinances the responsibility to determine the individual 
effective dose is with the dispatching company too. Therefore actually all contracted workers 
- in addition to the dose meters of the contracting company - wear dose meters supplied by 
the dispatching company to measure the official effective dose for the full evaluation period 
of e.g. one month (It has to be kept in mind that contracted workers may be active in several 
facilities during one month). 
 
In the previous chapter the concept focused on the application of EPD for utility personnel. 
With slight amendments in the field of the competent evaluation organization the concept can 
be adapted also to the application of official EPD to contracted personnel to the benefit of 
contracting companies.  This means that the concept is able to cover the full measuring tasks 
of official dosimetry. 
If contracted personnel will only be detached to plants using EPD as official dose meters, 
with the agreement of the competent authorities of the worker’s company it is possible to use 
the official EPD of the organization of the controlled area instead of passive official dose 
meters of the dispatching company. It has, however, to be assured that the summing of all 
exposure data from different controlled areas for the period of survey can be performed by 
the competent evaluating organization assigned to the dispatching company. This for 
example can be implemented by forwarding the partial data acquired in each controlled area 
also to the competent evaluating organization of the dispatching company, as is shown in the 

  



 
 

sketch of the related data flow in fig. 2. It has to be noted, that certainly all relevant personnel 
data (including information on the competent evaluating organization of the dispatching 
company) is available at the competent evaluating organization of the controlled area to be 
able to forward the data to the correct receiver. 
For staff of dispatching companies, which becomes active in companies with official EPD and 
also in companies with official passive dose meters, it will not be as easy to use EPDs as 
official dose meters. In this case special agreements will be necessary to be fixed. E. g. – as 
current standard in Germany - passive dose meters supplied by the dispatching company to 
its staff will have to be used and it will be necessary to flag the electronic data of the EPD 
which in this case only will be used for operational dosimetry reasons. 
 
Although up to now only discussed in the German context it is obvious, that evaluation of 
doses auf workers – and especially of contracted workers - is not only a German, but even 
more a European issue. From that point of view the discussion in Europe is an important task 
to assure harmonisation of dose retrieval and implementation of an effective data exchange 
of doses of transient workers. The concept presented hopefully will contribute in a supporting 
way to this discussion. 

Figure 2 Data flow in the concept for an official electronical dosimetry system with use of pooled 
EPD for dose measurements for outside workers. 
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4 SUMMARY AND OUTLOOK 
 
In the presentation the German concept on the use of electronic personal dose meters as 
official dose meter according to the German radiation protection ordinance and of the X-
ray ordinance was presented. The concept was developed to cope with the situation in 
nuclear power plants as well as in large hospitals or research centres. Up to now electronic 
personal dose meters were used as operational dose meters, but it could be shown that the 

  



 
 

use of EPD is possible as an alternative to official passive dose meters thus introducing the 
state of the art of technology into the official dosimetry in Germany, which will give benefits in 
dosimetry as well as regarding cost reduction and efficiency. 
 
The concept is flexible to cover application of official EPD by contracted workers. Thus the 
benefits are not limited to the operator of a facility but to the dispatching company. This will 
improve the radiation protection for contracted workers in Germany and may trigger 
implementation of such dosimetric systems in other European countries. With the concept of 
official EPD a first step has been made to introduce new IT technologies into the official 
dosimetry in Germany. 
 
Currently the implementation of the concept is under progress. In the frame of project 
consisting of several pilot projects the technical realisation of the concept will be performed. 
As a result the project under way shall provide a sound basis to approve the implementation 
of official EPD by BMU and the state authorities. In addition “lessons learnt” shall be drawn 
from the experiences made, including, if necessary, amendments or technical modifications 
of the concept presented here. 
 
 
A next major step to further improve radiation protection for outside workers on a European 
level, will be the development of a German and preferably of a European radiation protection 
passport. In Germany, same as in other European countries, this passport is a paperback 
which requires a lot of effort to maintain, esp. by manual none-automated transfer of 
measured dose data and by transfer of personal data to the dosimetry systems at the 
operating organizations. To reduce the risk of failures in data transfer and to reduce the 
associated effort and to improve the processing times to get up to date data via the radiation 
passport an electronic – and preferably a European - radiation protection passport should be 
discussed and focused on. Concepts may vary from  

• radiation passports, which contain all information including the dose information, which are 
loaded to the passport, when the owner is leaving the organization of the controlled area, 
to 

• radiation passports, which only contain an identifier unique in Europe, which allows to get 
all relevant information from a national or European central radiation data base, which 
contains all dose information including those of the last visit of a controlled area (it is 
obvious, that this concept requires the use of EPD for all outside workers) 

 
It’s the vision and hope of the authors that further effort will be made to develop electronic 
dosimetry and radiation protection passports on a European level and thus to set the 
individual dosimetry onto a modern and effective system. 
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ABSTRACT : This paper is intended to describe how the citizens who are living near power 

plants or more generally nuclear facilities can be involved in the radiological control of their 

environment. Through the experience of the last twenty years, the article describes the 

conditions of the progressive setting up of a non-governmental system of control to build its 

principles of action and put them into practice. Three kinds of actions are described, the first 

two dealing with the problems in France and the last one related to a post-accidental situation 

in the contaminated areas of Belarus. The conclusion underlines how important it is to 

encourage this kind of involvement in order to increase public awareness of nuclear activities 

and their consequences. 

 

 

1. INTRODUCTION  

 

The involvement of the citizens as regards the control of the radioactivity in their environment 

started in France hardly twenty years ago 1, just after the Chernobyl disaster. It seems 

important, before going straight to the point itself, to specify the context of emergence of such 

a step in a field hitherto reserved for the scientific sphere.  

The first part of this document presents, by describing an experiment located in Western 

France, a short historical background which shows how, starting from the initial questions of 

the citizens especially related to information and the risks concerning them, it was necessary 

to develop a Non Governmental Organisation2 which was going to give itself the means of 

                                                 
1 S. Topçu (2004) « Emergence de nouvelles formes d’expertises dans l’histoire du débat nucléaire en France 
(1974-1988) », mémoire de DEA sous la direction de J-P. Gaudillère EHESS. P100 et suivantes 
2 G. Grandazzi, F Lemarchand (2004). « Les silences de Tchernobyl, l’avenir contaminé », Editions Autrement 
Paris  : p 202, article de J-C Autret, « Quand l’accident engendre une prise de conscience citoyenne » 



 - 2 - 

informing the public but also a laboratory to lead its own investigations.   

The second part presents the trajectory and the orientations which were taken by the 

organisation during these twenty years to accompany the evolution of its members’ requests, 

especially as regards the development of the activity of control itself. Besides, the NGO has 

agreed to take part in institutional working groups and has diversified its modes and sectors of 

intervention in the fields of control and information of the public.   

The third part shows concretely how the NGO implements the principles of action adopted by 

its members. The examples which will be used as support of the presentation of work will be 

selected from the work carried out in the west of France and the south-east of Belarus.  

The conclusion of the article pleads for the development of such an activity in a society where 

citizens should have their say in a field so far considered as purely techno-scientific and 

which may expose them to major risks. 

 

2. SHORT HISTORICAL BACKGROUND  

To understand the raison d'être of such a citizen NGO which controls the radioactivity in the 

environment, a short historical background is essential back to the period which followed the 

Chernobyl disaster. At that time the awkward communications, the dissimulations and the 

deficit of information, the quasi absence of means of measurement accessible to all and the 

obvious bias of some protagonists had for consequence to give a national extend to the feeling 

of suspicion among citizens, already existing among the neighbours of nuclear sites. Thus, 

from the beginning doubt prevailed. On one side, the vision of a childish population unable to 

understand radioactivity and who might panic because of irrational fears prevailed. On the 

other side, some legitimate questions, but a scarce information that, when it existed, did not 

answer the real questions of the citizens and was (and still is) the subject of many 

controversies between scientists who still find it difficult to stay away from the polemical 

field when dealing with the conflicts which oppose them in a field lacking real knowledge.  

 

What followed was an original answer by the civil society. The engaged process then resulted 

in the creation of spaces of expression where the exchanges had, not only to answer a need for 

information, but also to enable everybody to assess the risk incurred and to act consequently 

(an inalienable individual right). In spite of the good wills and the participation of scientists in 

the debates, it is necessary to admit the limits of this approach due to the lack of knowledge of 

the levels of radioactivity in the environment and the food. Unfortunately data are scarce and 

citizens grant little credit to official ones. The next step consisted in having an independent 
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laboratory. 

 

L’Association pour le Controle de la Radioactivité dans l’Ouest (ACRO) was born in this 

context. Fruit of a citizen step in a context of crisis of confidence towards the authorities of 

control, this new type of organization in the nuclear field, equipped with an independent 

laboratory, aims at offering the civil society a tool for investigation providing data accepted 

by everybody.   

Today, the organization still exists. It answers the request from a part of the population which 

continues to be wary of the official speeches, to control the monitoring of its environment 

near nuclear installations if the concept of proximity can have some relevance in the nuclear 

field. It benefits from a capital of confidence in the population3 and from a recognition4 on the 

technical level.  

 

3. TRAJECTORY AND ORIENTATIONS  

The NGO has mainly a mission of information and training with its partners and more 

generally the general public, in particular with the people worried by the problems of 

environment, health and control of waste and radioactive emissions. Thanks to its structure, it 

makes it possible for the citizens to be involved with scientists in order to have access to 

information hitherto reserved to specialists. It proves its independence, indispensable 

condition of its existence, with the plurality of its members and voluntary militants and the 

diversity of its financial resources.  

Besides the registered office located in the suburb of Caen, three antennas located in High-

Normandy, in the Touraine area and North-Cotentin make possible for ACRO to be present 

and have genuine relays in the vicinity of nuclear facilities. The running of the NGO is 

ensured by a team of more than thirty people, voluntary or paid.  

Thanks to the human and material competences that it federates, the ACRO has developed 

with the passing of years a capacity of expertise which makes it an actor in the public debate 

and leads it to take part in many institutional commissions and working groups.  

Its fields of investigation have spread. In the field of control, its capacities of measurement 

                                                 
3 One can quote for example the survey of 200 GPs working around Cherbourg made by the CSPI in 1990. 
among the sources of information considered as “interesting” and “very interesting”,  ACRO comes first with  
73,5%. to compare by using the same categories, the firms (Edf, Cogéma …) only get 34,3% and elected 
officials only 10%. 
4 4  As soon as 1991, ACRO proved its know-how in the field of gamma -measurement within the framework of 
a campaign of inter-comparison  organised by the CSPI. Since 1997, the laboratory has been technically certified 
(décret n°88-715) for the bêta-gamma transmitters. 
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have developed. On the geographical level, the ACRO intervenes with the populations of the 

contaminated territories of Bielorussia. In the field of the information of the public, the 

publications have diversified, an Internet site  http://www.acro.eu.org has been created on 

which the studies are wholly accessible. Let us note on this last point that the interventions in 

schools are developing. This sector seems promising and should help to build a real future 

citizen-awareness among the public. The children prove to be more interested than the parents 

who seem to have difficulties with such a scary and unfathomable subject.  

 

RADIOLOGICAL CONTROL AND INFORMATION (BY/OF THE) CITIZENS  

Various means of monitoring  

The monitoring of the environment is initially a legal control imposed to the firm. It aims, on 

the one hand, at checking the absence of significant medical consequences for the 

neighbouring populations and, on the other hand, at making sure of the expected dilution in 

the environment. Moreover, it must make it possible to check that there were no inopportune 

releases following an undetected or badly evaluated dysfunction on the site. Besides, the 

control of the State confirms and even supplements, that of the firm with an aim of checking 

its validity and relevance.  

 

The action led by the NGO cannot, as for it, be codified as official controls are. The citizen 

monitoring does not aim at replacing the institutional ones, whether from the firms and/or the 

state. It does not have the means and above all it is not its business. It is a step of investigation 

based on the vigilant watch of citizens who wish to be actors of the control of their 

environment. This established fact thus has two consequences. On the one hand, the 

monitoring is done "with" the population and not "for". In La Hague, there are more than 

thirty local volunteers, trained beforehand, who take turns to pick up the samples. For the 

other measurements carried out in France, either from the contractual or non governmental 

field, the approach based on the participative mode remains overall the same one. Similarly, 

in Belarus, the action consists in accompanying the projects which are born locally with the 

people involved directly and concretely in the control and the information of the populations 

exposed to the risk, mainly pregnant women and children, 

Moreover, the monitoring must make it possible to answer a sum of individual requests. To 

illustrate our idea, we will say ironically that the fundamental question is: "what is going on  

here at home (or in the neighbourhood) in the  water, the air, the vegetable garden, the  milk, 

the jam, etc? "; or: "is this dangerous for health? ". It frequently happens that additional 
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samples arrive to the laboratory on top of those which are regularly taken and codified in the 

legal process. When questioned, the applicants explain that they wish to have additional 

information which is truly in connection with their own practices or food habits. Very often, 

the step is justified by the suspicion towards the firms’ communication or even lies when they 

proclaim loudly having a “zero impact”5.  
 

Actions on the ground  

In France  

We have seen that the first questions asked by the promoters of control by the citizens of the 

radioactivity in the environment have led in a few years to the creation and the development 

of a nongovernmental structure including at the same time a laboratory and tools of 

information of the public. In the same way, the activity was structured gradually, taking into 

account the evolution of the requests and the factors related to the adaptation of the structure 

to the needs. Step by step, the all-out random interventions gave way, thanks to the wisdom 

gained from numerous experiments, to more elaborate methods and a better organization. Yet 

specific requests can still be dealt with, “freely” in the framework of usual processes. One can 

distinguish two intervention categories which are presented below by way of example.  

The first falls under the "ordinary" activity of NGOs. It associates the investigating volunteers 

(the initial question, the collecting and conditioning of the samples, the transfer to the 

laboratory, the returned results to the interested public), the laboratory which treats and 

analyzes the samples, the scientific commission which validates the results of the 

measurements and the information commission which checks their legibility.  

The second highlights the vigilance and alert function. It presents an action led in abnormal 

situation following an incident and shows an undervaluation of the radioactive emission by 

the owner. The presence of a local team which knows the place is here of first importance.  

 

The "ordinary" follow-up  

Today, the residents wonder about the consequences of the plants of La Hague on their own 

environment. Is the industrial component of radioactivity the main source of exposure? Do the 

beta-gamma radio-nuclides have always to be regarded as the scapegoat of radioactive 

pollution? Has the local problems changed?  

In order to fathom the question, while being unable to really work it out at the moment, the 

ACRO has led since the start, with its means, multiple evaluations in this sector. For the first 
                                                 
5 David Boilley (2001), Les cahiers de l’ACRO, n° 2, L’impact sanitaire des installations nucléaires de la Hague 
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10 years of existence they have been related only to the watery terrestrial ecosystems present 

in the surroundings of La Hague.  

The increase in the resources makes it possible today to better take the measurement of the 

zone of influence of the nuclear installations of La Hague. Thus was born the Reseau cItoyen 

de Veille, d’Information and d’Evaluation RadioEcologique (RIVIERE). This network, 

created by ACRO, makes it possible today to better target the levels of gamma radioactivity in 

the watery ecosystems in the Seine-Normandy area. The sector of intervention extends from 

the Nogent-sur-Seine to La Hague and from the Mount-Saint-Michel to Penly. Its 

characteristic is to closely associate all those who wish to know the levels of radioactivity 

"around their premises". With RIVIERE, the citizen becomes at the same time author and 

actor of the monitoring of his or her environment as well as his or her information.  

 
 
 
 
chart 1: localization of the samples carried out 

in the watery ecosystems in 2004 in the 

RIVIERE process. 

 

 

 

 

 

 

The action integrates, in addition to the repercussions of the dumping of the nuclear 

installations, the problems of the natural radioactivity and that of the use of unsealed sources.  

The widening of the sector of intervention, geographical or topical, answers a shared will to 

obtain all the information, all the contributions included within the limit of the sought radio-

nuclides, including the places which are not officially checked (or little) because of their 

"distance" from the nuclear sites.  

To account for the level of disturbance of the watery ecosystems, different biological and inert 

(sediments) samples are selected for the research of the transmitting gamma radio-elements 

whereas in the case of tritium (HTO) only water is analyzed because of the physicochemistry 

of this element.  

The sampling rate is fixed according to the expected variability of the levels which rises from 

the experiment. The monitoring is articulated around two sampling campaigns each year: one 

in spring/summer; the other in autumn/winter.  
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The first results from the work led within the framework of RIVIERE refer to the monitoring 

of the coastal waters of the Norman littoral during the period going from 2001 to 2003. Other 

results exist for the terrestrial watery ecosystems and will be the subject for a later 

communication.  

As always, it is advisable to reaffirm the limits of this process. All the artificial radio-nuclides 

released into the environment were not analysed, such as carbon-14 or isotopes of plutonium. 

Consequently, the conclusions formulated for the radioactivity gamma cannot be extended to 

the transmitting alpha and pure beta radio-nuclides.  

All in all, one does not note an evolution of the levels during the three years of monitoring, 

except for the 129 I and the 110m Ag. When one observes the spatial distribution of the 

systematically detected gamma radio-nuclides from industrial origins, chart 2, it shows 

unambiguously, that the pressure created by the activities of COGEMA in La Hague relates to 

all the Norman coasts at least.  

 
 

 
 

 
Chart 2: Space distribution of the average triennial levels of  60 Co and  129 I in the brown seaweeds 

taken along the Norman coasts between 2001 and 2003. 
 

 
From the health point of view, some indications have been given to the neighbours although 

this monitoring was not initially conceived to do it. They relate to the molluscs (patella) 

which seem to be slightly concerned with the presence of artificial gamma radioactivity. The 

concentrations, sometimes spotted, generally do not exceed one Becquerel per kilogramme of 

fresh substances. This result, connected to the transfer factors can be applied to fish, shellfish 
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and other molluscs, except of course in the immediate vicinity of the source of emissions. 

This weak contamination of molluscs and more generally of the environment by artificial 

gamma radio-nuclides should not however mask new environmental problems.  

The composition of the radioactive emissions has strongly evolved since the beginning of the 

nuclear activity. The studies carried out in the framework of the first mission of the Groupe 

Radioécologie Nord-Cotentin and the consecutive evaluations have shown that the 

"contemporary" radio-nuclides having an impact on the environment are not any more those 

of the past. For example, carbon-14 (14 C), a pure beta transmitter, has become the number one 

contaminant of the edible species and more largely of all the biological material. Replacing 

the stable carbon atoms, it enters the composition of the organic matter and thus of life. The 

network of evaluation created by the ACRO (RIVIERE) cannot currently provide data on 

these "contemporary" radio-nuclides due to the lack of ad' hoc equipment, our NGO is 

however conscious of this evolution in the nature of emissions and the pressing need to adapt 

consequently our strategy of monitoring.  

The citizen monitoring of the environment of the reprocessing plants in La Hague has 

changed the impact problematic from a purely scientific question into a political one and 

provoked a long process that lead to the decrease of the dumping. It is therefore very 

important to enlarge our measurement capacities to the worrying radioelements such as 

carbon-14. 

 

The intervention in "incidental" situations  

Sometimes a dysfunction of the nuclear installations may cause a leak of radioactive particles 

outside the site. It was the case twice in 2001 when two incidents took place, respectively on 

May 18 and October 31, which caused emissions out of the COGEMA La Hague factory6. 

The local team very quickly mobilized itself to take samples as soon as they were informed by 

the newspapers. Besides, they answered the questions of some inhabitants who could not 

understand how the car-park located outside the factory could have been contaminated 

without any environmental impact. These samples were analyzed at the laboratory and 

revealed a level of radioactivity much higher than what had been declared by the firm. A work 

was carried out to estimate the effects on the environment and to evaluate the “source term” 

that happenned to be up to 1000 times higher than what was announced. Tools were produced 

to inform the population of the situation which was exposed during a public meeting 

                                                 
6 All the files can be downloaded fro m out website 
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organized for this purpose. It goes without saying that the NGO’s first move was to alarm the 

authorities. Official investigations that followed revealed a generic failure in the measurement 

of the atmospheric dumping of Ruthenium-Rhodium. Such an event shows once again the 

importance of a citizen watchdog in addition to the official controls that did not noticed 

anything. 

The documents below were elaborated about the emission of October 31. They present in the 

form of a map the sector of intervention and the levels of contamination observed, the model 

of calculation and the graph of visualization which made it possible to present and put the 

event into perspective.   

 

 

 

 

 

 

In Belarus  

In the territories contaminated after the accident of the Chernobyl power plant, even if one 

should not neglect the external irradiation in certain places, or the inhalation of dust in the 

most touched zones, the impact on human beings is primarily done through food. Belarus, like 

its close neighbours (Russia and Ukraine), has set up a monitoring and standards concerning 

marketed products.  

However, the main part of the products consumed in the rural areas results from self-

production and thus escapes official control. To that, are added the products of gathering, 

fishing in the dead arms of the marshes or hunting, which strongly contribute to the ingestion 

of radioactivity. Indeed, the "wild" products are often strongly contaminated. Although these 

traditional practices are ill-advised, even, for some of them, prohibited in the country, the 
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instructions are often not respected because of: need (it is necessary to eat), weariness (how to 

remain vigilant after two decades?), ignorance (children born after the catastrophe, 

immigrants...), fatalism and finally quite simply by taste (mushroom soup is a traditional dish 

particularly appreciated, just like the bilberries, which grow in abundance in the forests).  

Our intervention takes place within the scope of the CORE program7. The project in which we 

take part with other partners aims at setting up a system of radiological monitoring at the 

service of the population and at supporting the daily access to the measurements and 

information on the situation of the contamination at the village level in a highly contaminated 

district.  

Concretely, it is a question of opening or reopening measurement stations8 in the main 

villages, of launching campaigns of measurements9 of the school-age children’s internal 

contamination (anthropogammametry), of setting up an observatory of the radiological 

situation at the level of the villages, of supporting the organization of spaces of exchanges 

(public meetings, debating societies), and of information (public posting of the results of 

measurements) and of developing pedagogical actions in the schools.  

The characteristic of this project is to entrust the inhabitants themselves with its coordination, 

via an NGO "Rastok Gesni" (Growth of Life), created recently in the district, which gathers a 

score of volunteers: mothers, health personnel, teachers...  

It is important for the centres to be easily accessible to all the population from the villages. 

People can bring their products (milk, potatoes, fish, berries, mushrooms, game, etc.) to the 

radiometrist who measures them at once. The result, expressed in Bq/Kg is always explained, 

particularly on the consequences of internal contamination if the product is intended to be 

ingested. The potential medical danger is evoked by making a comparison with the values 

usually observed at the village or district levels. The "sensitive" products requiring a regular 

control are the dairy products, the meat, whose contamination depends directly on the 

radiological state of fodder (in winter) and of the pastures (in summer), the products of the 

gathering, fishing or hunting.  

Our accompaniment, advice and technical assistance, consist, with the assistance of our 

partners, in carrying out a reflection with the local dosimetrists on the means of supporting the 

creation and the spreading of information in order to encourage people to measure their 
                                                 
7 COoperation program for REhabilitation of living conditions in the contaminated areas of Belarus : 
http://www.core -chernobyl.org  
8 Belrad Institute managed by V B Nesterenko had all ready set up such a nationwide system in the first years 
after the Chernobyl tragedy. Because of a lack of financing, many working local laboratories had to close. 
9 These measurement campains were attributed to the Belrad Institute of Minsk. Pupils get a written note 
describing clearly the test result. 



 - 11 - 

products. The work in schools is certainly, from this point of view, the best means of reaching 

a large part of the population. The children are indeed good information vectors and represent 

at the same time the target most sensitive to the problems of radiological exposure. That’s 

why it appeared essent ial to us to link the activities of measurement of the laboratories with 

the pedagogical actions led in the schools of the district. Two radiometrists already work in 

this way and open their centre of measurement to the pupils who bring and measure 

themselves the products collected in their neighbourhood.  

Since September 2004, four schools have launched, on top of the school syllabus which tackle 

the subject in an academic way, workshops open to the pupils which unable them to acquire 

the basic concepts and necessary knowledge on radioactivity, its consequences on health and 

the elementary principles of protection against radiation.  

 

The participation in the commissions   

Our goal is and has always been to obtain a better transparency, as regards information on the 

impact of nuclear activities, and more democracy on the technological choices. We decided 8 

years ago to adopt the principle of studying and possibly of accepting the overtures from the 

authorities in this direction. We thus take part in many pluralist groups, even if they appear 

often quite shy to us and even if the way the commissions work should be improved. It is a 

difficult and delicate voluntary work that we assume as well as we can, even if it includes the 

risk of making mistakes or having our position misinterpreted.  

Even if the members and the employees fully assume the "participative step" decided by the 

board of directors, it does not mean at all that they can engage the NGO in a process of co-

administration of the risks, especially concerning industrial facilities whose creation was not 

democratically decided and whose justification is not proved. If the debate is now possible 

and the confrontation necessary, the distinct and clearly defined roles and missions of the 

various stakeholders – owners, institutional and NGOs – must be respected.  

 

 

Conclusion  

The NGO ACRO was created in a strongly nuclearised French area. The local problems took 

a national importance after the Chernobyl disaster which showed that all Europeans are 

“neighbours” of a nuclear installation. The will to minimize the medical impact of the 

radioactive emissions around nuclear installations and the repercussions of Chernobyl seemed 

deliberate to many French citizens.  
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Thus, this emanation from the civil society, which decided to give every citizen a possibility 

of taking part in the monitoring of his or her environment thanks to a reliable and powerful 

analysis laboratory, made it possible for the citizens to be involved in a techno-scientific 

debate so far reserved to an elite. It quickly appeared indeed that a message based on an 

awakening, an intuition or even “common sense” was not strong enough to be heard by the 

decision makers, whether they are technocrats or elected officials. The NGO thus decided to 

use the same scientific tools as those of "official" techno-science to feed the debate. In spite of 

this will and the extension of competences as time went by, it is necessary to acknowledge the 

limits of our environment monitoring action. For lack of financing, it is indeed impossible at 

the moment for the NGO to control the presence of certain specific radio-nuclides as carbon-

14 (14 C) or to measure some radio-emissions like beta total (except tritium) in the solid 

substances. In order to be faithful to the principles of its action and thus its militant 

commitment, it is however essential for the non-governmental monitoring to take into account 

the main radionuclides released or contributing significantly to the human exposure such as 
14C.  

By guaranteeing the diversity of information sources and means of investigation, do we not 

avoid an increase of the suspicion of civil society towards its institutions? Citizens will no 

longer be told "we do not have anything to hide" since everybody has the means to check!  

Nearly twenty years after the beginning of the mobilization, the citizen move as regards 

radiological control always seems to frighten and it is still necessary to drag the questions 

concerning everyone out of some experts. We trudge on an unknown road. Through practice 

we organize an original project to learn how to live with risk while transforming techno 

scientific problems into political and public debates. The citizen’s commitment to the life of 

the society can take various forms: trade-unions, political parties, NGOs… They all have 

advantages and drawbacks. A democratic society implies plurality of opinions and actions.  
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Abstract:  
By document referenced GOV/2001/41 of the 15th of August 2001, the Board of Governors of the IAEA 
ratified twelve fundamental principles of physical protection of nuclear material and nuclear facilities. 
These principles will be integrated in the future revision of the International Convention on Physical 
Protection of Nuclear Material. The fundamental principle F proposes a definition of security culture 
and recommends that its implementation and its maintenance are a priority in the concerned 
organizations. It thus appears necessary to specify the concept of security culture.  

1 INTRODUCTION 
 
The Board of Governors of IAEA has acknowledged twelve fundamental principles of 
physical protection for nuclear materials and nuclear facilities. These principles will be 
integrated into the forthcoming revision of the International Convention on Physical 
Protection. Fundamental principle F proposes a definition of security culture and 
recommends that its implementation and its maintenance are made a priority in the 
organisations concerned. It thus appears necessary to specify the concept of security 
culture. 
Note that the other eleven fundamental principles mentioned above have more or less links 
with the security culture. They will thus appear in various terms in the remainder of the text. 
References will be made implicitly on various occasions in the text.  
This document is also complementary to INSAG-4 (1991 edition) which presents a concept 
of safety culture. One specific chapter also makes the necessary comparisons (common 
points and specificities) between safety culture and security culture. 

2 DEFINITION OF SECURITY CULTURE 
 
Security culture includes characteristics and attitudes in organizations and of 
individuals which establish that the issues relating to protection against the loss, theft 
and other unlawful taking of nuclear material on one hand and deliberate malicious 
acts in nuclear facilities or during transport of nuclear materials on the other hand, 
receive the attention warranted by their significance.  
The malicious acts in question refer to anything that may directly or indirectly have 
radiological consequences for man and the environment.  
This definition is more complete than given in IAEA document GOV/2001/41, which relates 
only to the physical protection of nuclear materials and nuclear facilities. In addition, INSAG-
4 only refers to nuclear power plants, whereas the current definition extends the field to all 
nuclear facilities and the transport of nuclear materials.  
The protection of radioactive substances is not, however, considered explicitly in this 
document. An extension could be proposed later on. 

Gelöscht:  concerned



3 UNIVERSAL FEATURES OF SECURITY CULTURE 
 
Security culture has three major components. The first concerns the policy that the State 
wishes to put into practice, in particular given the national and international contexts. The 
second is the organisation introduced within each organisation concerned, particularly to 
apply the policy fixed by the State: in this component, distinction must be made between 
what comes under the organisation in itself and what concerns its managers. The third 
domain is the attitude adopted by the various individuals at all levels to implement this policy 
within the framework of the structure in which it is operating and to incorporate it into their 
work.  
These aspects are examined separately under the headings of Role of the State (Paragraph 
3.1), Role of Organisations (Paragraph 3.2), Role of Managers in Organisations (Paragraph 
3.3) and Attitude of Individuals (Paragraph 3.4). Figure 1 illustrates the main components of 
security culture and links the chapters to the overall diagram.  
All these components must, nevertheless, be considered as part of a whole, to develop a 
security culture through overall coordination and dialogue between them. 
Security culture must not remain confined simply within the organisations concerned and 
their personnel; each one in its activity must make an effort to raise public and media 
awareness to security culture in the nuclear field.  
The general public should view security culture as a sign of professionalism, skill and 
responsibility by all actors (organisations and individuals) involved in the protection of nuclear 
materials, nuclear facilities and transport of nuclear materials. It must help strengthen the 
confidence of each one in security within the nuclear field. 

3.1 Role of the State 
 
In any major activity, the manner in which individuals act is conditioned by requirements set 
at a higher level. Legislation is the highest level with an influence on protection against loss, 
theft or unlawful taking of nuclear materials and malicious acts in nuclear facilities and during 
the transport of nuclear materials; here are laid the national foundations for security culture.  
In the very first instance, the State is responsible for compiling the legislative and regulatory 
framework used to define the general objectives for protection, division of responsibilities and 
protection of information. This framework is discussed fully with all stakeholders when being 
developed.  

3.1.1 Definition of general protection objectives 
 
The State fixes the security policy. It develops this policy around identified threats, the 
international context and specific aspects of the national context. The State uses these 
elements in particular to define the design basis threat.  
The design basis threat must be revised periodically to take account of the constant evolution 
in risks and technologies. Thus, the protection implemented to face up to the design basis 
threat must be constantly adapted to maintain a permanent, acceptable level.  

3.1.2 Division of responsibilities 
 
State commitment is given concrete expression in national legislation and regulations, by 
setting up a competent authority, possibly supported by a technical support body. This 
authority has the personnel, financial resources and supervisory powers in terms of security. 
In particular, provision is made for declaring any event affecting or likely to affect the 



protection of nuclear materials, nuclear facilities and the transport of nuclear materials to the 
competent authority without delay. 
So that all organisations and individuals feel involved at their respective levels, the State lays 
out its own responsibilities in terms of the protection of nuclear materials, nuclear facilities 
and the transport of nuclear materials clearly as well as those entrusted to other bodies. 
The operator has full responsibility for protecting his nuclear materials, protection equipment, 
transport means and installations and for the information he holds. The State, however, with 
responsibility for the law enforcement agencies, may be called on to intervene on or off site. 
It is also justified in intervening when an event occurs during the transport of nuclear 
materials, particularly on the public highway. Lastly, the potential risk from dysfunctions in the 
protection of nuclear materials, nuclear facilities or the transport of nuclear materials may 
involve the entire national territory or even spread to other countries. 
It is essential for this division of responsibilities to be clearly defined and well understood by 
all individuals within the organisations.  
Given the need for coordination between the public authorities and other organisms - as 
required by such a division of responsibilities -, the State introduces mechanisms for the 
exchange of knowledge and data, particularly, in terms of intelligence and intervention. It 
organises exercises regularly on the protection of nuclear materials, nuclear facilities and the 
transport of nuclear materials involving operators and State departments. 

3.1.3 Protection of information 
 
Security culture is different from the culture of secrecy. It must make it possible for all 
individuals to be aware of the sensitive nature of a piece of information. To ensure sufficient 
protection against estimated risks, some information may not circulate freely in the public 
domain since it could be used for malicious purposes. Thus, given the division of 
responsibility discussed earlier and the resultant necessary exchanges, the State lays down 
general principles for authorising access to facilities and information that could compromise 
the protection of nuclear materials, nuclear facilities and the transport of nuclear materials, 
and checks that they are applied.  

3.2 Role of Organisations  
 
The policies defined at high level of each organisation concerned are based on the principles 
laid down by the State. They condition the work environm ent and influence the behaviour of 
individuals. These policies differ depending on the nature of the organisation and the 
activities pursued by its staff, but also show significant common characteristics, as described 
in the following paragraphs. 

3.2.1 Commitment 
 
Any organisation with activities relating to the protection of nuclear materials, nuclear 
facilities and the transport of nuclear materials makes its responsibilities known and 
understood publicly in a statement of security policy issued by its Managing Director. The 
aim of this statement is to demonstrate the commitment of its management and to provide 
guidelines to the staff as well as to set out the organisation's security objectives. 
It varies according to the function of the organisation. For public authorities, the commitment 
focuses more particularly on the promotion of the security culture. Operators undertake to 
apply the regulations and seek on-going improvement in the protection of nuclear materials, 
nuclear facilities or the transport of nuclear materials. Lastly, the support bodies (design, 



manufacture, maintenance, research, response force, etc.) basically show their commitment 
in the quality of their services and compliance with information access rules.  
In addition, this commitment covers all the various levels of the defence in depth concept. It 
must firstly cover prevention systems before addressing the provisions for detection, early 
warning, reaction and limitation of consequences required to protect nuclear materials, 
nuclear facilities and the transport of nuclear materials.  

3.2.2 Management structures  
 
Implementing pre-defined policies requires the clear definition in all organisations of their 
responsibilities in terms of protection of nuclear materials, nuclear facilities and the transport 
of nuclear materials and methods of controlling its effectiveness. Regardless of the role of 
the organisations, strong hierarchical links are forged that are used for direct exchanges on 
matters of security. 
Operators appoint dedicated internal units to monitor security-related activities. These units 
report to a high level in the hierarchy. 
In addition, within each organisation, responsibility for the protection of nuclear materials, 
nuclear facilities and the transport of nuclear materials may be entrusted to individuals not 
directly involved in the safety field. The internal organisation must, therefore, foster 
exchanges and establish structures for dialogue, to analyse and resolve any difficulties 
caused by a potential conflict of interest between the safety and security provisions. 

3.2.3 Resources 
 
The organisation allocates adequate resources to protecting nuclear materials, nuclear 
facilities and the transport of nuclear materials and to making sure it is effective. The 
personnel thus has the necessary equipment, facilities and support to fulfil its assignments. 
Adequate resources are also made available for staff training. 
The resources made available match the expected response with respect to a particular risk 
presented by the facility or the transport. In particular, operators set up sufficient protection to 
face up to design basis threats defined by the State.  
In addition, operator resources complement those provided by the State departments, 
particularly the law enforcement agencies, by taking into account the division of 
responsibilities mentioned in the previous chapter. 
Lastly, all organisations adapt the resources to be allocated to changes in short- and long-
term threats. They are especially in a position to react rapidly and put in place the necessary 
resources to respond to specific situations.  

3.2.4 Vigilance 
 
All organisations make arrangements for a regular review of their practices that form part of 
the protection system against the loss, theft or unlawful taking of nuclear materials and 
against malicious acts in nuclear facilities or during the transport of nuclear materials. 
This covers especially the nominations, the access authorisations, the staff training and, in 
addition to, the practices linked to the quality of tasks and the protection of information. This 
regular review of necessity takes into account lessons learned from feedback and changes in 
the design basis threats. The organisations make sure in particular that all detected 
discrepancies relating to the protection systems are comprehensively analysed and 
corrected.  



3.3 Role of managers in organisations 
 
The work environment has a strong influence on the attitudes of individuals. Developing and 
maintaining a true security culture in individuals lies in the practices conditioning this 
environment and encourages the attitudes that contribute to the protection of nuclear 
materials, nuclear facilities and the transport of nuclear materials. The general management 
is responsible for fixing policies and protection objectives; managers are then in charge of 
initiating practices that comply with them.  

3.3.1 Definition of responsibilities 
 
The exercising of individual responsibilities is made easy by clearly-defined chains of 
command. The responsibilities allocated to each individual are establis hed and documented 
in sufficient detail to avoid all ambiguity; their scope is specified. Thus, are clearly indicated 
in particular restrictions on the exchange and circulation of information. The definitions of 
responsibility are approved by the highest possible level in the chain of command. Provision 
is made for a process to monitor authorisations issued and to put allocated responsibilities 
into practice.  

3.3.2 Definition and supervision of practices 
 
The managers make sure that activities relating to the protection of nuclear materials, 
nuclear facilities and the transport of nuclear materials are strictly carried out. 
All the updated documents listed in order of importance from general directives to detailed 
work procedures, form the foundation for good working practices. These reference 
documents comply with the organisation's quality policy and include, in particular, a quality 
assurance plan for the activity concerned.  
The managers ensure that activities are executed as defined and set up a verification 
system. 
The managers make sure regular contact between their organisations be maintained, 
complying with the rules governing information confidentiality. Relationships of this type are 
necessary when coordinating intervention resources between State departments and 
operators. In this context, exercises are organised to test the organisations and the planned 
liaisons, train teams and generally to draw on the lessons learned to improve the intervention 
system.  

3.3.3 Qualifications and training 
 
Managers ensure that temporary and permanent staff and any self-employed service 
provider are made aware of the importance of protecting nuclear materials, nuclear facilities, 
the transport of nuclear materials and sensitive information. These individuals are 
systematically informed of rules to be respected on the subject. 
Managers make sure that their staff has all the skills and authorisations required to perform 
their tasks linked to the protection of nuclear materials, nuclear facilities and the transport of 
nuclear materials.  
Recruitment, training and authorisation procedures are established for this purpose. 
Exercises and retraining courses are carried out periodically. The suitability appraisal of 
individuals relies on both physical and psychological considerations.  
Training is not restricted to acquiring technical qualifications or becoming familiar with the 
detail of procedures to be followed strictly. It encompasses a far broader spectrum and, 
whilst meeting previously mentioned requirements, it is sufficiently instructive for individuals 



to understand the importance of their tasks in terms of security and the possible 
consequences of an error. 

3.3.4 Rewards and sanctions 
 
Apart from organisational provisions and resources, the behaviour of individuals, influenced 
by both independent and group motivations and attitudes, dictates whether a practice is 
satisfactory or not. Managers encourage and congratulate and attempt to provide tangible 
rewards for particularly commendable attitudes towards the protection of nuclear materials, 
nuclear facilities and the transport of nuclear materials. 
Managers encourage the personnel especially to report any event affecting or likely to affect 
the protection of nuclear materials, nuclear facilities and the transport of nuclear materials. 
This involves inciting the personnel to provide the security staff with any information that 
could improve protection that they might otherwise be inclined to keep to themselves through 
fear of sanction or ignorance of the issue at stake. 
Nevertheless, managers assume their responsibilities and impose sanctions in the event of 
repeated deficiencies or serious negligence, in particular by withdrawing the authorisations 
given. 

3.3.5 Audit, review and comparison 
 
Managers are responsible for implementing a certain  number of monitoring practices, 
including regular review of training programmes, staff nomination and authorisation 
procedures, working methods, document control, the quality assurance system and access 
to facilities and information. 
Managers ensure that events inside or outside the organisation liable to have an impact on 
security are analysed and enlarged upon. Events outside the organisation will be examined 
and taken into account if appropriate. It may be relevant to call on specialists from outside 
the organisation under this approach.  

3.3.6 Exemplarity 
 
Managers are expected to ensure that their staff comply with established security practices 
and take advantage of them and to incite them continuously through attitude and example to 
achieve higher levels of individual performance in performing tasks relating to the protection 
of nuclear materials, nuclear facilities and the transport of nuclear materials. 

3.4 Attitudes of individuals 
 
The previous chapters have indicated how the necessary elements on which to build a true 
security culture are set in place and emphasises the responsibilities of the State, 
organisations and their managers. As indicated in the introduction, it is up to individuals at all 
levels to take these elements into account and make the most of them. Nevertheless, 
distinction must be made between the expected reaction of individuals working in the 
protection of nuclear materials, nuclear facilities and the transport of nuclear materials and 
those not directly involved. 

3.4.1 Individuals directly involved in security 
  



The behaviour of individuals involved in security is characterised by:  
• a rigorous, prudent approach; 
• a constant vigilance and a questioning attitude; 
• a speed of reaction when faced with an unexpected situation. 

Amongst other things, this category of individuals can be expected to apply procedures and 
official rules strictly. They should be aware that security systems must be compatible with the 
performance of other activities in the organisation. In addition, they must operate a prudent, 
considered approach towards research and divulgation of confidential information.  
They must also have a steady motivation, with no slackening as regards the protection of 
nuclear materials, nuclear facilities and the transport of nuclear materials. They must also be 
ready to be receptive and critical of any event or action regarded as suspect. In such 
circumstances, the information is sent immediately to the hierarchy, even if it appears to be 
of minor importance.  
Lastly, in the event of a breach of security rules, whether deliberate or through negligence, 
reaction is immediate using the resources matching the estimated risk. When faced with 
immediate danger, the operator's staff must act rapidly to counteract or delay the malicious 
act in progress and request assistance from the public authorities without delay. 

3.4.2 Individuals not directly involved in security 
 
Security culture concerns us all. Any individual involved directly or indirectly in the protection 
of nuclear materials, nuclear facilities and the transport of nuclear materials must be totally 
immersed in it. A duty of vigilance is essential for all. 
The expected attitude of these individuals is characterised by:  

• a knowledge of the principles of protection and taking them into consideration; 
• a compliance with rules and procedures; 
• a questioning attitude to abnormal acts or events with regard to the protection of 

nuclear materials, nuclear facilities and the transport of nuclear materials. In this 
case, people in charge of protection are warned systematically.  

4 SAFETY CULTURE AND SECURITY CULTURE 
 
It seems relevant to identify the links between security culture and safety culture. It is clear 
that these two cultures interact and complement each other in the nuclear field, even if they 
present their own specific attributes in certain areas. 
This paragraph addresses the similarities and differences in terms of culture only, ignoring 
the application of the safety and security approaches. 

4.1 Similarities 
 
Security and safety cultures are normally based on the same principles in the main. In safety 
or in security, the same types of organisations are concerned; for the operators, each 
organisation must also ensure that these two cultures live side by side. It seems logical that 
the two cultures can only develop and be maintained if they are promoted at State level and 
by managers of the organisations concerned, as individuals clearly play a role in their 
application. Lastly, the same type of requirements are found in the introduction of one or 
other of these cultures. 

4.2 Differences 
 



In terms of human behaviour, safety culture normally revolves around the risk of human 
errors whilst security culture takes also deliberate acts with the intention of causing harm into 
consideration. It is therefore important to integrate notions of deterrence and confidentiality in 
the security culture of all organisations concerned. 
Differences in involvement can be highlighted for organisations and individuals. For reasons 
of division of responsibilities and confidentiality of information, a security culture can only be 
developed with extensive State intervention. Taking into account the external or internal 
threat to any one country plus the definition of scope of responsibility and access to 
information is the exclusive remit of each individual State. 
In addition, the competent authorities in the fields of safety and security may differ, have 
different structures and a different type of supervisory power. 
Worthy of note also is, that large numbers of State departments are concerned by security 
culture. In particular, various intervention bodies are involved in protecting nuclear materials, 
nuclear facilities and the transport of nuclear materials. This miscellany of actors, all with a 
special role to play, creates an obligation for structures and communication, information and 
exchange systems. Organisations must understand and complement each other.  
Individuals concerned by both these cultures have potentially specific attitudes, even if 
appropriation of both cultures is demanded of them. For safety culture, all individuals are 
requested principally to demonstrate a prudent, questioning attitude and to seek to share 
information with others in an overriding concern for transparency and dialogue. Security 
culture requires individua ls to show on occasion a speedy reaction to confirmed or assumed 
threats and that they only communicate information to other authorised people. However, 
whereas security clearly involves all individuals, some are more especially responsible for 
applying it and some information must be protected. 

4.3 Interactions 
 
The two cultures must not be pitted against each other and one should not have ascendancy 
over the other. 
It is impossible to envisage merging these two cultures into a single entity; they must 
however coexist and reinforce each other mutually. 
Each of these cultures must be developed to suit the field of activity of each organisation. 
Lastly, these two cultures must be mutually enriching. All possible synergy between them 
must be sought and developed; mechanisms must be in place to allow permanent exchange. 
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Abstract:  
 
In the aftermath of 11 th September attacks, the French government required by an order than large 
scale exercises, in the field of security in sensitive sectors, must be performed at the national level. 
The main aim of such exercises is to test national contingency plans. 
The Authority in charge of security for nuclear materials and nuclear facilities commissioned IRSN to 
build scenarios related to the French DBT and representative of realistic situation. All the entities 
involved in such crisis – Operators, state agencies at local and national levels – will be implied. 
The main characteristic of these exercises is the duality between “Safety crisis” for which the 
management of emergency plans is tested from years and the classic “security crisis” well known by 
security people in areas like bank, jail, madman, hostage crisis, etc. Merge these two aspects in an 
exercise and combine theft of nuclear materials and hostage crisis in the same scenario leads to 
interesting results and ways of improvements. 
The objective of this paper is to present briefly the different type of exercises performed in the field of 
security and develop some aspects of large scale exercises.  

1 INTRODUCTION 
 
In the aftermath of 11 th September attacks, the French government required large scale 
exercises in the field of security in sensitive sectors. The main aim of such exercises is to 
test national contingency plans and to imply all the entities involved in such crisis. 
In the field of security of nuclear materials and nuclear facilities the French Competent 
authority commissioned IRSN for leading this kind of exercises (namely EPEES : Security, 
Protection and Evaluation Exercises) and proposing scenarios. 
The scenarios must be in compliance with the french Design Basis Threat (DBT). It must be 
realistic in term of delay and the scenario must allow - by the engagement of a mock 
commando type adversary force - the response of the security forces as  required in the 
contengency plans. All the entities involved in this type of crisis must play their role. In an 
other hand, Authority requires EPEES exercise as closed as possible actual situations. 
Obviously, numerous aspects of exercises in the field of securiry are confidential and the 
purpose of this paper is not to describe in details scenarios, exercice performances and the 
completed feed-back but to emphasize some aspects. 
 

2 FRENCH CONTEXT IN THE FIELD OF CONTENGENCY PLANS 
 
The responsibilities of French authorities in terms of control and emergency planning are 
clearly distributed: 

- An inter-ministerial Secretary (the Secretary-General of National Defence (SGDN - 
inter-ministerial secretary) for coordinating and planning exercises, 



 
- The Safety Authority (the Directorate for Nuclear Safety and Radiation Protection 
(DGSNR – Ministry of Industry)) for nuclear safety supervision, 
 
- The Security Authority (the High civil Servant for Defence (HFD) from the Ministry of 
Industry) for nuclear materials and facilities security supervision, 
 
- The HFD’s Technical Support Body (IRSN) acts to define the scenario, to coordinate 
the exercise and to assess the results. 

 
One particular aspect of the French context in the field of security is the change of 
responsibility in the lead of the response plans which depends on the level of the crisis. For 
current events concerning protection, like alarm assessment or response at a low level of 
force by guards, the Operator representative is responsible. For more serious events 
requiring action of law enforcement force (Police or Gendarmerie) the responsible becomes 
the Administration representative (Prefect). Also there is a sharing of responsibilities between 
authorities and operator in term of action to be taken in case of an attack on a nuclear site. 
 
Graded action plans are applied corresponding to the analysis of the situation. On a local 
level the first response is given by the local security guards, if necessary the local 
administration, under the responsibility of the Prefect: local Police and Gendarmerie forces 
and other entities involved in emergency plans operate. If the crisis is severe (terrorism, 
hostage crisis …) special law enforcement forces respond: RAID (Police) or GIGN 
(Gendarmerie). The emergency plans implemented during such exercise cover on-site 
emergency plan (namely PUI), off site emergengy plan (possible protection of the population 
around the site – namely PPI) and an emergency plan against malevolance the PIRATOME 
emergengy plan which is the governemental plan intented to deal with threat involving 
nuclear and radiological materials. 
 

3  TYPE OF EXERCISES  
 
To test these plans or procedures three levels (or types) of exercise are performed in the 
field of security: 
 
First type is limited at the operator level and involved on site response force (guards) and 
personnel implied in security matters. In such drills actions by guards related with the 
physical protection system of the site are tested like alarm assessment, response on nuclear 
material related alarm, delay for response, capability to alert Authorities. Other topics could 
be examined like simulation of an internal threat or the detection and the management of an 
explosive device. These exercises are organised in each site several times per year (typically 
4 to 6 times). 
 
Second type implied on site and off site response forces. Mains objectives are to test 
intervention procedures, management of interfaces between on site and off site response 
forces and typically response to counter outsider (external threat). These exercises are 
performed one time per year and per site.  
 
Third type, the EPEES exercises are organised at the State level with the co-ordination of a 
national body. One per year is performed successively between the three main French 
operators. Numerous entities are involved: operator, local and special law enforcement 
agencies and local and national authorities.   
The objectives is to test the overall organisation of the plan of action implemented, in 
particular the interfaces between operator and authorities, the organisation of command 



posts (location and equipment) and communication with the general public and media are 
examined. An other aim is to evaluate the different plans available in the field of security. The 
co-ordination of interventions are also tested and points like alert of the units involved, 
assessment of this alert and response times, means used by response teams in particular 
transmission are evaluated. 

4 LARGE SCALE EXERCISE 

4.1 Objectives 
The actual goal of these exercises is more to examine how the parties involved manage the 
crisis than to test the physical protection system and the response capabilities of the law 
enforcement agencies. 
The main points assessed during exercises are : 

- the global operability of the decision-making chaine integrated to the crisis 
management, 

- the co-ordination of the differents entities involved and the global system, 
- delays and means of response, 
- means of transmission, 
- reactivity of the decision-making and corresponding action to take, 
- the posts of command (location and means), 
- specificity of the dual crisis (terrorist commando in nuclear environment). 

4.2 Exercise preparation 
These exercises need a lot of preparation, one year is necessary for each. The HFD 
commissions IRSN to assist him in the preparation. 
The first step consists in the choice of the operator then the facility where the exercise will be 
performed. The exercise programm is built to involve the main french operators. 
A kiff-off meeting is organized to define : period of exercise, the participants, the specific 
objectives and the organisation of the work. 
During the phase of preparation two main activities are carried-out : the definition of the 
scenario and the organisation for logistic  
 
The definition of the scenario is carried out by a working group of experts from operator, law 
enforcement agencies and HFD/IRSN. This task covers the type of attack and the choice of 
the facility (or facilities) which allow to have a dual problematic : severe attack and sensitive 
material involved in the same time and location. The general outline of a realistic scenario is 
writen in particularly the method of action used by the attacking party constituted by a mook 
attacker team. Then a precise chonology of the events and the characteristics of the 
commando are detailled. 
 
The following working conditions are applied for the preparation: 

- The scenario’s writer who will be the exercise co-ordinators, cannot be “players”, 
- The applicable alert procedures and response delays must be respected to guarantee 

realism, 
- The security of people, property and safety of the installation must be guaranteed 

particularly concerning the use of armament, 
- The site must retain a constant level of safety/security and provisions for additional 

measures must be defined, 
- The exercise and related documents must remain confidential. 

An exercise protocol is drow-up, where all the points listed below and the role and 
responsabilities of all the participants in the exercise are defined. 



 
The figure 1 shows the role of participants, in blue boxes are the direction of the exercise and 
the animation team, these entities do not play, just pilot the exercise’s performance. In the 
red box are all the actors, these entities don’t know the scenario and manage the crisis. In 
the black boxe are the “evaluators”, the assessment team, where each entity has 
representatives, each of them examines more particularly entity he belongs.  
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Figure 1 

4.3 Exercise performance  
The exercice is launched after authorisation by the minister of industry representative after 
the operator’s representative has check than such exercise could be performed. 
 
Elected representative and operator personnel are informed just before the exercise is to 
take place. Concerning actual communication, press releases and statements are prepared 
in case of the media appears during or after the exercise. 
Simulated communication is injected by a specific team playing media, elected 
representatives and hostage’s familly. 
A film is recorded especially on the response action for timely analyse. 
 
The emergency plans implemented during such exercise s cover on-site emergency plan  
(namely PUI), off-site emergengy plan (possible protection of the population around the site – 
namely PPI) and emergency plan against malevolance, the PIRATOME emergengy plan 
which is the governemental plan intented to deal with threat involving nuclear and 
radiological materials. 
 
In particular due to the complexity of the management of this kind of crisis where Safety and 
Security have to be considered, several posts of command operate in parallel with a great 
number of actors (figure 2). 
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In the performance of exercises some current limits must be considered. A great number of 
stakeholders are concerned by a large security emergency and currently only few are 
requested. A certain number of skews are introduced in the aim to not compromise security, 
safety or proper operation of the nuclear facility, so certain parts are played and others 
simulated and the total time of the exercise limited to approximately 10 hours. 
 

4.4 Debreifing, analysis and assessment 
 
Immediately after exercice debreifing is organised on the site for all the entities involved. 
Each of these entities have two months to perform analyses of the exercise and to transmit 
conclusions to the Authority. 
 

5 SOME POINTS OF INTEREST 

5.1 Realistic aspect 
The nature of the attack by a violent mock team which takes delays for overcome obstacles 
and progress on the site and inside the facilities give a dynamic approach of the “foot race” 
between attackers and response. The use of actual alert’s means and procedure, real 
response forces action give a good picture of the delays necessary to respond properly to 
the level of threat considered. 
Also, the scenario must be prepared very carefully. 
In particular, this aspect implies to analyse in depth problems of security caused by 
armament and nuclear safety. Also, the animation team must foreseen all the situations and 
have always “an advance time” in regard of the action in progress. 



5.2 Applicability of plans 
One interest on these exercises is that when an exercise is decided somewhere the 
applicability of plans is checked and if necessary the plans are updated. Exercise plans is a 
good means to obtain them maintained and relevant. 

5.3 A critical period 
It’s obvious that the beginning of such crisis, at least the first quarter, is a critical period. Due 
to the surprise impact and because for an exercise no advanced warning is taken into 
account. During this period of time, the crisis management responsibility is on the operator, 
and possibly, at a non decisionnal level. For that reasons, necessity of relevant reflex 
procedures, periodically tested, is clearly identified. 

5.4 Organisation of the crisis team 
If, for safety crisis one dedicated command post with relevant procedures is available any 
time on each site, for security crisis the situation could be less favorable. Today, implement a 
command post for security crisis is not a mandatory for the operator. 
In the matter, several options could be examined, the same command post for safety and 
security purposes, one post dedicated to safety and other one for security. Due to the great 
number of people involved in this type of crisis, the command posts were separated and the 
transfer of information, sometime of responsablities, between these posts a point to examine 
and assess. 
The first representative of law enforcement force who arrives on site has to organize the 
“command post” dedicated to the Authorities. 

5.5 Response time 
Assessment of these exercises stress that response forces delays must be seriously 
examined and precised. What is the meaning of the “response time” taking into account in 
the security studies, the time to join the site, to assess the situation or to interrupt the 
malevolent action in progress ? This question must be considered in regard with 
contengency plans. 

6 CONCLUSION 
 
Following first exercise performances, all the entities involved (or invited as observer) have 
emphazised the interest and the value of such exercises. In these tests, the necessity to be 
able to manage interfaces and to share responsabilities in the aim to cope with severe 
malevolance threat was pointed. Axes of progress and improvements defined at the 
participant level. 
EPEES exercises are an appropriated tool (and eprouved now) to test severe security crisis 
in sensitive area like nuclear industry related with french design basis threat. 
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Convention on the Physical Protection
of Nuclear Material and Facilities

Fundamental Principle I: Defense in Depth

The State‘s requirements for physical protection should reflect a 
concept of several layers and methods of protection (structural or
other technical, personnel and organizational) that have to be
overcome or circumvented by an adversary in order to achieve his 
objectives. 

How to accomplish this fundamental principle? 

How is the adversary defined and what are his objectives? 



Defense in Depth and the Design Basis Threat (DBT)

As well defined DBT is the starting point for a defense in depth
physical protection of a NPP 

– Demonstrators

– Malvolent demonstrators

– Insider 

– Terrorist attack (outsider) 

– Co-operation outsider - insider

Objectives
– Theft of nuclear material 

– Sabotage (major release of radioactive material from the NPP) 



Defense in depth and a physical protection concept

General is realised: 
– Outer protected area
– Inner protected area
– Vital areas inside inner protected areas
– Technical and personell protection measures to accomplish the

requirements

In particular: 
We protect a facility against single objectives of an adversary

Examples: 
– Malvolent demonstrators -> special anti demonstrator fence
– Terrorist -> structural barriers
– Insider -> separation of safety related redundances
– Attack with a truck -> vehicle barrier



Protection against violent demonstrators



Protection against Terrorists (Outsider)



Protection against an Insider



Protection Against an Attack with a Truck

Crash test of a vehicle barrier



Many of these single protection measures has been tested. 

All single protection measures has been assessed for each facility

The result of a test or an assessment of a single protection
measure is always yes or no, independent of the importance of 
the single protection measure in a physical protection concept

Examples



Concrete wall test The wall after use of 
explosives and rework with
flame cutter



Barrier door test Barrier door after use of 
explosives 



Performance Test

intrusion tool
ladder



The physical protection of a NPP is based on many different single
protection measures, structural and other technical, personnel and 
organizational measures, installed and organized in different areas
of the facility
Is this the common understanding of defense in depth as qualita-
tively defined in the fundamental principle „I“ in the convention? 

Different protection measures have a different importance in a 
physical protection concept. It depends on the consequences for
the safety of the facility
and 
Different attacks by adversaries require different physical protection
measures with regard to the safety of the facility

Categorization of protection measures and attacks by adversaries? 



Logic Flow diagram of defence in depth



or security functions

Objective: Prevention of abnormal operation and failure
e.g. breakdown of a TV-camera
Success: - Normal Operation 
e.g. change of TV-camera

Objective: Control of abnormal operation and detection of failures
e.g. breakdown outside detection system
Success: - Prompt return to Normal Operation 
e.g. personnel contingency measures

Objective: Control of Accidents within the Design Basis 
e.g. terrorist attack within the DBT 
Success: - Observance of the Acceptance Criteria established for Design Basis Accidents
The Design Basis Threat

Objective: Control of severe plant conditions including prevention of accident progression
and mitigation of consequences of severe accidents

Terrorist attack beyond DBT, e.g. terrorists are inside protected area
Success: - limited core damage and confinement preserved, no need of promt off-site

protective measures
Limited core damage could be possible

e.g. successful terrorist attack
Objective: limit dose levels to people to acceptable values through implementation of off-site

protective measures
Success: compliance with established dose limits 

Security

Logic Flow diagram of defence in depth



Conclusions

1. A broader defense in depth approach allows a categorisation of 
different events by adversaries

2. A broader defense in depth approach facilitates a better
possibility in the assessment of the importance and the relevanc
of single protection measures in physical protection concept

3. The overlapping area between safety and security is more clear

4. The normal „DBT-method“ with the defined adversaries and the
corresponding protection measures is much more easier then the
broader defense in depth approach
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Abstract:  
The paper provides information about the current state of regulation development for deep geological 
disposal in Germany.  It describes GRS proposals for revised Safety Criteria and supporting 
guidelines with an emphasis on long-term (post-closure) safety aspects.  In addition, experiences from 
regulatory processes in connection with four German projects are given. 

1 DEVELOPMENT OF REGULATORY REQUIREMENTS IN GERMANY 

1.1 Revision process of German Safety Criteria and Guidelines 
 
The “Act on the Peaceful Utilization of Atomic Energy and the Protection against its Hazards 
(Atomic Energy Act)” in its most recent version (April 22, 2002) [1] requires “To phase out the 
use of nuclear energy for the commercial generation of electricity in a structured manner …”.  
Shipments of spent nuclear fuel elements (SNF) from power reactors to reprocessing plants 
have been banned since July 1, 2005 [1].  Disposal of SNF which will arise after that date 
shall only take place in the form of direct final disposal. 
Consequently, the volume of heat-generating radioactive waste and operational waste from 
nuclear power plants as well as the amount of waste from reprocessing to be disposed of is 
limited, and the total volume of these waste flows arising in Germany can be estimated with 
relative accuracy.  Thus, reliable data relating to the required capacities are available for the 
planning of waste disposal facilities. 
Presently, a new plan for the management of radioactive waste in Germany is under 
development. 
It is the policy of Germany that radioactive material should be concentrated and contained 
rather than released and dispersed in the environment.  According to the international 
consensus that long-lived radioactive waste has to be disposed of in deep geological 
formations in order to guarantee that man and the environment are protected in the long run 
from the effects of ionizing radiation by isolation of the radioactive waste, in Germany this 
waste has to be disposed of in a deep repository.  In addition, all other radioactive waste in 
Germany will also be disposed of in a mine situated in a deep geological formation. 
Amongst the important cornerstones of the new waste management plan are the 
development and implementation of a new siting procedure, developed and proposed by the 
so-called AkEnd (“Arbeitskreis Auswahlverfahren Endlagerstandorte” = Committee on a 
Selection Procedure for Repository Sites, 1999-2002) [2, 3], and a revision of the Safety 
Criteria for the disposal of radioactive waste in a mine which were issued in 1983 [4].  The 
revision is being carried out in order to account for the important developments in Germany 
and abroad in the fields of final radioactive waste disposal and repository performance 
assessment which have taken place over the last decades to comply with the international 
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state of the art in science and technology and to be consistent with the international 
development. 
On the basis of the Atomic Energy Act, the fundamental principles of radiological protection, 
namely justification, optimisation, and limitation are incorporated into the Radiation Protection 
Ordinance [5], as are the Euratom Basic Safety Standards [6].  Safety Criteria for radioactive 
waste disposal need to account for these regulations.   
It should also be noted that the Plan Approval Procedure (i.e. licensing procedure, 
“Planfeststellung”) required by the Atomic Energy Act [1] for federal installations for the 
safekeeping and final disposal of radioactive waste, generally lasts for the whole duration of 
a project.  A stepwise approach is not explicitly implemented.  Nevertheless, such an 
approach where, at well-defined decision points, an assessment of safety based on the 
knowledge achieved so far will be carried out, communicated to regulators and other 
stakeholders and be utilised to support decisions about how to proceed (“Safety Case”, [7]) 
could be applied within a Plan Approval Procedure.  The Plan Approval Procedure has a so-
called “concentrating effect” for several fields of law. 
The presently valid (sub-statutory) Safety Criteria for underground disposal require proof that 
the site under consideration has favourable mechanical, technical and hydrogeological 
properties.  In order to provide adequate protection of man and the environment, the criteria 
define the individual dose as the main safety indicator for the post-closure phase.  A safety 
analysis based on models for scenarios postulating a radionuclide release, which cannot 
completely be excluded, has to be carried out.  The analysis has to show that an individual 
dose limit of 0.3 mSv/a will not be exceeded.  In 1988, the Reactor Safety Commission 
(RSK) and the Commission on Radiological Protection (SSK), which advise the government 
in technical questions concerning, amongst others, waste management safety, 
recommended to use the dose criterion for time frames up to 10,000 years but to utilise 
qualitative arguments for considerations going beyond this time [8].  Nevertheless, this 
recommendation did not become part of a licensing procedure for repositories. 
On behalf of the Federal Ministry for the Environment, Nature Conservation and Nuclear 
Safety (BMU), GRS Köln drafted a proposal for the revision for the Safety Criteria.  The 
drafting process was supported by a body composed of experts from several German 
organisations and from abroad.  The proposal was reviewed by the BMU’s advisory 
committees RSK and SSK.  An updated draft which takes into account the committees’ 
comments was submitted to the BMU and is currently considered in order to establish and 
issue updated Safety Criteria [9].  In parallel, supporting guidelines are being developed by 
GRS Köln, again with the support of experts from several German organisations and from 
abroad.  These developments have had and will have further implications for the revision of 
the Safety Criteria.  Amongst other things, the guidelines will provide requirements and 
recommendations for the post-closure Safety Case. 
The revision process is accompanied by discussions within the scientific community [10, 11] 
and bilateral exchanges with regulatory organisations abroad (e.g. IRSN/France, 
SSI/Sweden, CNSC.CCSN/Canada). 

1.2 Content of the revised Safety Criteria as proposed by GRS 
 
The proposals for revised Criteria and for the guidelines are based on national laws and 
regulations, especially the Atomic Energy Act [1] and the Radiation Protection Ordinance [5] 
as well as on recent international regulations and recommendations such as: 

• IAEA Regulations e.g. the Fundamental principles for the safe handling of radioactive 
wastes [12], 

• The act on the Joint Convention on the Safety of Spent Fuel Management and on the 
Safety of Radioactive Waste Management [13] 

• Norms of the European Communities (e.g. [6] 
• ICRP regulations (e.g. [14]) 
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• OECD recommendations 
Amongst the latter, the most recent NEA developments within the Integration Group for the 
Safety Case (IGSC) concerning the post-closure Safety Case for radioactive waste 
repositories, namely the drafting of the “Safety Case Brochure” [7], were of utmost 
importance. 
Since siting criteria are addressed by the AkEnd proposal [2, 3], site requirements are not 
considered in the GRS proposal for revised Criteria.  The underlying assumption is, however, 
that the repository site will comply with criteria similar to those proposed by the AKEnd.  The 
AKEnd statement about the ability to find sites for which geoscientific prognoses can be 
made for at least one million years is reflected in the corresponding requirement of the 
proposal concerning the assessment timeframe. 
The criteria are exclusively related to radiation protection objectives and requirements 
specifying the damage precaution required by the Atomic Energy Act [1].  They deal with the 
disposal of radioactive waste in a mine to be newly erected at a location to be chosen in 
accordance with a siting procedure.  Retrievability of the disposed waste is not considered.  
The draft criteria require multi-barrier Safety Functions but place, in accordance with the 
AkEnd requirements, emphasis on the geologic barrier. They contain: 

• a glossary, 
• safety principles, 
• radiation protection objectives for the operational and the post-operational phases, 
• site requirements, 
• planning principles for the Safety Concept, 
• design and erection requirements, 
• criteria for the operational phase, and 
• criteria for the post-operational phase (Long-Term Safety Demonstration). 
 
The GRS draft contains the following Safety Principles: 

• The potential radiation exposure from the installation shall be low compared to natural 
radiation. 

• The protection level in the future must comply with today’s acceptance levels. 
• The protection level beyond national borders must comply with levels accepted in 

Germany. 
• The demonstration of safety for the operational, decommissioning and post-operational 

phases has to be performed according to the state of the art.  It shall include site-specific 
safety analyses. 

• The site selection and the design of the repository have to ensure long-term safety. 
• The validity of the radiation protection objectives is unlimited in time, but the safety 

assessment has to cover the time span of geological prognosis. The site has to be chosen 
in a way that this would cover at least ca.106 years. 

• The safety in the post-operational phase must not rely on any active measures after 
sealing. 

 
The radiation protection objectives for the post-operational phase are given as follows: 
The major radiological protection objective is to limit the risk of an individual to sustain 
serious health effects from exposure to radiation.  The assessment of this risk has to be 
based on the individual dose, which has to be determined based on present-day habits.  
There is no limitation in time for the validity of this objective.  Protection of the environment is 
ensured by adherence to protection objectives for man.  For releases of radionuclides 
occurring in nature it has to be ensured that present-day on-site conditions are not 
significantly changed.  The evaluation of other radionuclide releases has to be based on 
dose assessment.  Standards for other industrial practises apply for the releases of 
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chemotoxic substances.  The goal of optimizing radiation protection is reached after 
demonstration of: 

• long-term safety (demonstration by Safety Case), 
• compliance with the safety principles and radiation protection objectives, 
• realisation of the state of the art in technical and managerial principles, 
• implementation of sensible measures against inadvertent human intrusion. 
 
The elements required for the Long-Term Safety Demonstration are: 

• site and system characterisation, 
• geological and geotechnical long-term prognosis, 
• realisation of the safety concept, 
• fulfilment of the planning principles, 
• proof of criticality safety, 
• integrated safety assessment based on multiple lines of arguments using various 

performance and safety indicators, and 
• demonstration of compliance with the safety goals. 
 
The assessment calculations are seen as one of multiple lines of evidence.  Their function is 
twofold:  they allow achieving, improving and demonstrating the understanding how the 
repository system behaves.  In addition, they serve for the demonstration of compliance with 
the safety goals.  Although the protection objective’s validity is unlimited in time, the 
assessment should only cover the timeframe for which reasonable geoscientific prognoses 
can be made.  The site should be chosen in a way that this is possible for at least 106 years.  
Likelihoods of occurrence for scenarios should be characterised qualitatively while parameter 
uncertainties should be, as far a possible, addressed by probabilistic methods.  The 
proposed dose targets are for likely scenarios 0.1 mSv/a and for less likely scenarios 
1 mSv/a.  No numerical target has been proposed for inadvertent human intrusion scenarios 
which have to be assessed based on reference scenarios to be formulated in technical 
guidelines.  Intentional human intrusion is not to be considered.  Assessment calculations are 
to be seen as one of multiple lines of evidence.  The use of additional lines of evidence 
including several performance and safety indicators is encouraged. 

1.3  Outlook 
 
Presently, technical guidelines supporting the Safety Criteria are being developed.  These 
guidelines will, amongst other issues, address long-term safety, operational safety, a 
reference biosphere, and reference scenarios for human intrusion.  Most probably, these 
developments will have further implications for the revision of the Safety Criteria.   
In the opinion of GRS Köln, the proposed Safety Criteria are widely consistent with 
international developments with regard to the Safety Case [7].  However, there might still be 
room for improvement of terminology and structure in order to make this more evident.  
Recent developments on regulatory issues in general (IAEA Draft safety standards DS154 
[15]) and on technical issues such as Safety Functions [16, 17] as well as on Performance or 
Function Indicators [18] could be taken into account.   
After a discussion with the wider scientific community and with stakeholders the revised 
Safety criteria can then be submitted to BMU. 
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2 REGULATORY PRACTISE: GRS EXPERIENCE WITH VARIOUS PROJECTS 
 
In the following, an overview of GRS’ regulatory activities and experiences with regard to 
various German projects will be given. 

2.1 Morsleben (ERAM) 
 
The „Endlager für Radioaktive Abfälle Morsleben“ (ERAM) is situated in the Federal State 
(Bundesland) of Saxony-Anhalt (Sachsen-Anhalt).  LLW/ILW disposal in the former salt mine 
started in 1976.  The disposal, which originally had taken place under the legislation of the 
German Democratic Republic (Eastern Germany), continued after the German unification 
until 1998.  Since then, the Plan Approval procedure (“Planfeststellung”) for closure / 
decommissioning of the mine has been in progress. 
The licenses for constructing and operating the Morsleben facility were granted under a legal 
system different from the current one.  Decommissioning of the facility is not addressed in 
the existing license.  The technical conditions of ERAM are also different from those one 
would expect for a new repository.  The mine consists of a complicated system of mining 
vaults with considerable volume.  Planning and construction principles which would apply in 
a new repository built in a salt formation (e.g. safety distances to potentially water-bearing 
features) were not necessarily accounted for in this case.  
The ongoing Plan Approval Procedure (“Planfeststellung”) addresses exclusively the 
decommissioning / closure of the mine.  In this procedure, GRS Köln fulfils supervision duties 
on behalf of the Federal Government.  The licensing authority is the Federal State of Saxony-
Anhalt. 
Although the BMI Safety Criteria [4] referred to in the previous section are formally still in 
force, recent discussions and development work play a central role in the procedure.  This is 
in accordance with the requirement of the Atomic Energy Act [1] for compliance with the state 
of the art.  Nevertheless, the revised Safety Criteria proposed by GRS are not fully applicable 
since they refer to a new repository.  They are accounted for as far as sensible.  While, of 
course, the Radiation Protection Objectives fully apply, other components (e.g. principles for 
design and implementation) are not applicable.  The Plan Approval Procedure is a highly 
iterative process where solutions are sought for in intensive discussions between the parties 
involved. 

2.2 Asse 
 
The former Asse salt mine is situated in the Federal State (Bundesland) of Lower Saxony 
(Niedersachsen).  Starting in 1967, an in-situ experiment programme for waste disposal in 
salt took place in the facility.  From 1972 to 1978, research disposal was carried out.  Since 
1995, the licensing for decommissioning / closure has been in progress.  Like for Morsleben, 
decommissioning of the facility is not addressed in the existing license.  Since Asse is legally 
not considered a repository, the licensing procedure is governed by Mining Law and not by 
the Atomic Energy Act. In the procedure, GRS Köln supports the licensing authority (the 
Mining Authority of the State of Lower Saxony). 
Again, the technical conditions are considerably different from a new repository.  Like 
Morsleben, the Asse facility consists of a complicated system of mining vaults with 
considerable volume.  Although the licensing procedure is being carried out under the Mining 
Law, requirements of the Atomic Energy Act are accounted for.  The involved parties strive 
for a decommissioning concept in accordance with recent discussions and development as 
reported in the previous section. 
Again, the revised Safety Criteria proposed by GRS are not fully applicable since they refer 
to a new repository.  The situation with regard to their applicability is comparable to the case 
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of the ERAM facility.  As for Morsleben, the procedure is a highly iterative process where 
solutions are sought for in intensive discussions between the parties involved. 

2.3  Konrad 
 
After the decision to close the Konrad iron ore mine (Lower Saxony), the management and 
operational staff of the mine began to explore options concerning its further utilisation.  Due 
to the extremely dry conditions in the mine, the idea of LILW (more precisely: waste with 
negligible heat generation) disposal emerged.  After eight years of investigation it was 
concluded that the mine is suitable for such disposal.  A Plan Approval Procedure was 
started in 1982.  As required by law, a hearing was held from September 1992 to March 
1993 in order to debate the objections made by members of the public.  In 2002, after a 
procedure duration of 20 years, a license was granted.  Lawsuits against the Konrad license 
are still pending. 
Obviously the siting of Konrad had not been carried out according to a formal site selection 
procedure.  Instead, the starting point was knowledge about the existing mine (dry 
conditions, clay cover, salinity gradient, low GW velocities, …).   
In the Plan Approval Procedure GRS Köln supported the licensing authority (the State of 
Lower Saxony).  The activities carried out by the authority within the procedure comprise: 

• review of the documents provided by the applicant 
• review of the scenario development 
• scrutiny of models and calculations used by applicant 
• development of an independent geological / hydrogeological etc. site characterisation 
• development of own data sets for groundwater modelling 
• recalculation of the applicant's transport calculations with additional diverse codes 
• uncertainty analyses to demonstrate the influence of different hydraulic parameters 
 
Although, from a formal point of view, the BMI 1983 criteria were applicable, the procedure 
was carried out according to the state of the art as required by the Atomic Energy Act [1].  
Consequently, the Konrad Plan contains the elements required for a Safety Case. 

2.4 Gorleben 
 
In the early 70s, a siting process for a “nuclear disposal centre” was initiated by the German 
federal authorities.  According to the so-called integrated waste management concept which 
was favoured at that time, it was intended that such a centre should house a conditioning 
plant as well as interim storage and final disposal facilities for all types of solid or solidified 
waste, especially for heat-generating HLW/SNF.  Based on U.S. experience, salt was seen 
as the favoured option for the repository host rock.  A screening process based on 
environmental, safety and economical criteria was performed.  As a result, the Gorleben salt 
dome in Lower Saxony appeared amongst the candidates, but 3 other sites in Northern 
Germany (Wahn, Weesen-Lutterloh, Lichtenhorst) were on top of two ranking lists which 
were derived using different weighting schemes for the criteria.  Within this procedure, 
proximity to the border with the GDR was used as a screen-out criterion which applied to 
Gorleben.  Site investigation work at Wahn was started but stopped soon due to local 
opposition. 
In parallel, in the mid 70s authorities of the Bundesland (Federal State) of Lower Saxony 
(Niedersachsen) initiated a siting process which again was based on the assumption of an 
integrated waste management concept and on a preference for salt as host rock for the final 
repository.  A screening process based on environmental, safety, infrastructural and 
economical criteria took place.  Wahn, Lichtenhorst (both were on top of both “Federal lists” 
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as well), Höfer, and Gorleben appeared at the top of the ranking list.  However, all of these 
sites except Gorleben did not comply with at least one screen-out criterion. 
In the ensuing negotiations between the federal and the state governments it was, amongst 
other questions, debated whether or not proximaty to the GDR border should be a reason to 
screen out a site.  Gorleben was nominated by the government of Lower Saxony and was 
finally accepted by the federal government.  Site investigation in connection with a still 
ongoing Plan Approval Procedure started and, according to the ”integrated concept”, a spent 
fuel interim storage facility was put into operation in 1984 and, in 1990, a first partial 
construction licence was granted for the nuclear installations of the pilot conditioning plant 
(PKA) [19, 20, 21].  
In the following years, Gorleben became a symbol of the national anti-nuclear movement.  
One major criticism was that during the site selection process the public was never informed 
nor involved.  In addition it was claimed that no formal site selection procedure had been 
carried out.  Doubts about the suitability of Gorleben were expressed.  Following the 2000 
phase-out agreement between the federal government and the NPPs, exploration at 
Gorleben was interrupted for at least three and at most ten years in order to clarify 
conceptual safety questions. 
The work on these questions was completed in autumn 2005.  Thus, a decision about how to 
proceed needs to be taken.  Obviously, there is a connection to the AkEnd proposal [2, 3] 
which deals with the selection and investigation of additional / alternative site(s).   
In the opinion of GRS Köln, the work on the conceptual safety questions did not lead to site-
specific conclusions on an acceptance or rejection of Gorleben.  If the exploration were 
restarted it would be necessary to implement a stepwise approach according to the Safety 
Case Philosophy [7] including the effective involvement and information of regulatory bodies 
and other stakeholders on exploration results and interpretations.  This would imply that, at 
well-defined decision points, an assessment of safety based on the site investigation results 
achieved so far will be carried out, communicated to regulators and other stakeholders and 
be utilised to support decisions about how to proceed. 
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Abstract:  
The prospects and advantages of the Chernobyl Exclusion zone (ChEZ) for geological repository 
allocation are considered. The initial data for analysis are: governmental policy, strategy and current 
practice of spent fuel, high-level and long-lived waste management as well as geological, 
hydrogeological, economical and social-demographic conditions of ChEZ. The conclusion about 
suitability of ChEZ geological and hydrogeological conditions for geological repository allocation has 
been made. High promise of borehole-type repository is shown. 

1 INTRODUCTION 
 

It is internationally accepted that geological disposal is an ethically and environmentally 
sound long-lived waste management solution [1], for which considerable practical experience 
has been developed. Variant of waste disposal in specially made mine workings is the most 
extensively studied. Possibility of waste disposal in super deep boreholes is under 
investigation as well [2]. 

Approximately 50% of electricity in Ukraine is generated by NPP [3]. Large volumes of 
spent fuel (SF) and long-lived intermediate level waste (LL-ILW) have been accumulated in 
the country. More than 90% of its volume is located within the ChEZ borders. The subject of 
waste isolation has received insufficient consideration in Ukraine. This causes threat for 
sustainable development of nuclear power system and national safety and lays burden to 
future generations. 
In presentation consideration is given to geological, economic, social-demographic and 
technological factors determining much promise of allocation of radioactive wastes geological 
repository in ChEZ.  

2 HLW AND LLW MANAGEMENT IN UKRAINE 
 

At present 15 water-cooled water-moderated power reactors (WWER-440 and WWER-1000) 
at total electric power of 13.8GW are in operation in Ukraine. 3 power reactors of RBMK-
1000 type (Chernobyl NPP) were stopped. 1 reactor of RBMK-1000 type was ruined in 1986 
(‘Shelter” Object –SO). 

National policy in the field of nuclear power application and radioactive waste (RAW) 
management was determined by legislative acts [4,5]. This policy can be characterized by 
the following features: 
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• RAW producers have no license for RAW disposal; 

• Expenses associated with RAW disposal are born by RAW producers; 

• All long-lived waste1 must be disposed in a deep geological repository (DGR); 

• Conclusion of LLW repository allocation, designing and construction pertains to terms of 
reference of the Supreme Soviet of Ukraine; 

• Local authorities take part in making a decision about nuclear object siting. 

As defined in [7], in Ukraine the category of the long-lived waste include: 

• Vitrified high-level waste; 

• High-level waste from nuclear power reactor operation and demounting; 

• Fuel-containing materials resulted from the Chernobyl NPP (ChNPP) accident 

The strategy of WWER-1000 spent fuel management known as “deferred decision” is 
realized in Ukraine [8]. Decision on further processing or disposal of spent fuel in deep 
geological repositories will be taken later (after 2010). The Ukrainian Government made a 
resolution to store spent nuclear fuel generated by WWER reactors of the Ukrainian NPP’s in 
dry interim storage facilities (ISF) within the territory of Ukraine over the next 50-100 years. 
At present Ukraine has no intention to reprocess SF from reactors of RBMK-1000 type. In 
future the reprocessing of SF from WWER-1000 may become economically inexpedient. 
Therefore, a great probability exists that indicated SF types will be ascribed to radioactive 
waste. 

Current national practice of spent fuel, high level and long-lived waste management consists 
in the following [9]:  

 WWER spent fuel is cooled in reactor ponds for no less than 5 years and then 
transported to Russia for reprocessing; 

 vitrified high level waste is stored in Russia; 

 RBMK-1000 spent fuel is stored in reactor decay pools and site pool storage facility for 
spent fuel at the ChNPP;  

 A dry ISF for WWER-1000 spent fuel is being commissioned at Zaporizhzhya NPP. 
The same type of storage facility for RBMK-1000 spent fuel is being under construction 
within the 30-km zone of ChNPP; 

 Long-lived RAW resulted from the accident at the ChNPP 4th Unit have been stored in 
the Shelter Object and points of radioactive waste disposal. Storage conditions don’t 
meet the requirements of Ukrainian legislation.  

It should be mentioned that a critical situation has arisen concerning high level and long-lived 
waste isolation: by quantity of HLW and LLW per 1GW of NPP capacity Ukraine passes 
ahead of many other countries due to significant amounts of RAW of Chernobyl’s origin. At 
the same time Ukraine does not have its home program of HLW and LLW disposal. Such a 
situation brings the threat to sustainable development of nuclear power system. Moreover, 
delay in solution of problem of HLW and LLW isolation implies shift of economical burdens 
on future generations. 

Principle lines of activities on creation of RAW geological repository in Ukraine are 
determined in [7}. Siting in Ukraine is performed with the use of IAEA guidance [10]. In 
Ukraine national methodical guidance was elaborated as well [11]. Besides, at present time 

                                                 
1 As defined in [6], in Ukraine category of long-lived waste covers radioactive waste whose level of 
exemption from regulatory control can be achieved in no less than 300 years after its disposal. 
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Draft Concept of Programme on geological disposal of high-level and long-lived waste is 
being approved by authorities [12]. 

 

Under above-mentioned guidance, the following factors should be considered in siting a 
RAW geological repository: 

- Geological factors determining repository long-term safety; 

- Economical and social-demographic factors exerting influence on political and 
administrative decision-making process as well as on HLW and LLW disposal costs; 

- Technical factors (repository safety conception, repository design type, repository siting 
and construction terms, etc.) serving as a basis for site requirements elaboration, exert 
influence on selecting policy and allow an optimization of costs for repository 
construction.  

3 THE CHEZ PROSPECTS FOR GEOLOGICAL REPOSITORY ALLOCATION  

3.1 Geological and hydrogeological conditions of ChEZ 
 

The works on siting the geological repository in Ukraine were started in 1993. During 1993-
1996 the availability of geological formations and regions over the whole Ukraine territory for 
RAW isolation was assessed [13]. In 1997-2000 regional study of granitoid formations in the 
borders of Korostenskiy pluton and ChEZ was performed [14]. The purpose of study – to 
assess availability of given territory for RAW isolation in geological repository of mine type. In 
2001-2002 in the framework of STCU Project [15] the scientific grounds were made 
concerning possibility of creation of borehole-type geological repository in this region. 

By results of studies two most promising sites for further studies were determined, namely 
Veresnia and Tovstyi Lis sites. Veresnia site is located outside the ChEZ, close to its south-
western border. Crystalline rocks are presented by rapakivi-like biotite-hornblend, fine-, 
medium- and coarse-ovoid granites. Tovstyi Lis site is located within ChEZ borders at the 
distance of 15-25km west of Chernobyl NPP. The territory is contaminated by radionuclides. 
Within the site the granite-porphyry intrusion is revealed, occupying an area of 130km2. Its 
bottom lies at the depth of 4.0-4.5km. Intrusion is characterised by low rate of tectonic 
dislocation. In general, geological structure of Veresnia site is less complicated as compared 
to Tovstyi Lis site. 

The two sites have some common features. They are as follows:  

• Occurrence of overlapping sedimentary cover composed by terrigenous and carbonate 
rocks. Thickness of sedimentary deposits within the Versenia site and Tovstyi Lis site 
varies in the range of 150-250m and 300-450m, respectively. 

• Decrease of crystalline rock fracturing with depth. The volume of open fractures achieves 
its maximum value at a depth greater than 700m below crystalline rocks surface. 

• Occurrence of several aquifers separated by confining beds in sedimentary cover and 
crystalline rocks weathering zone. 

• Location within watershed area. It determines predominantly downward groundwater flow 
in the zone of intensive and considerable water exchange down to the depth of 1000-
1500m. At the same time, the upward groundwater flow discharging into the rivers 
prevails in river valleys.  
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• Stagnant water exchange character at a depth greater than 1500-2000m as well as 
increase of total groundwater salinity with depth. 

• Absence of discharge area for deep groundwater. 

Therefore, good prospects of geological medium within ChEZ for allocation of geological 
repository is indicated by the following factors: 

• Low permeability of crystalline rocks; 

• Low intensity of water exchange between aquifers; 

• Small effect of lower hydrodynamic zones on the upper ones; 

• High sorptive capacity of sedimentary rocks in geological structure. 

By now, integrated field geophysical studies at the Veresnia site have been performed that 
made it possible to confirm good prospects of given territory for repository development and 
determine most promising area for further detailed investigation. 

 

3.2 Economical and social-demographic conditions of ChEZ 

 

ChEZ economical and social-demographic conditions are determined by its specific status as 
a radio-contaminated territory. They are characterised by the following features [9]: 

• Any industrial activity in ChEZ has been prohibited by Ukraine legislation; 

• Within ChEZ borders the works are conducted associated with construction and 
exploitation of objects designed for RAW management, environment radiation monitoring, 
water protection and forest conservancy measurements, maintaining shutdown of 1-3 
Power Units of Chernobyl NPP and transformation of “Shelter” Object into ecologically 
safe system. 

• The resident population was evacuated from ChEZ. A part of territory is kept unsettled 
because of high radio-contamination levels and will remain out of economical activity for 
a long time. 

• Well-developed road network as well as public, trade and medical services 
infrastructure is available in ChEZ. 

Thus, current economical and social-demographic conditions of ChEZ are favourable for 
allocation of RAW geological repository because of the following factors:  

• Availability of highly skilled and professionally trained labour force; 

• Availability of complete infrastructure for labour force supply; 

• Low land cost; 

• Absence of potential troubles associated with gaining the permission from local 
authorities to allocate radiation-dangerous objects; 

• Vicinity of basic suppliers of HLW and LLW (see, section 1).  

4 TECHNICAL FACTORS 
 

Selecting appropriate type of geological repository design may exert significant effect on the 
total costs and realisation terms of national Program of HLW and HLW disposal. It may also 
promote maximum use of favourable features of territory with allocated repository.  
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Results of comparison between mine and borehole types of geological repositories are given 
in Table 1. The results were compared using technical characteristics from Swedish projects 
of geological repositories KBS-3 [16, 17] and VDH [17]. 

Analysis of data presented in the Table indicates that borehole-type of repository has many 
points in its favour, namely: 

•  lesser cost; 

• lesser time spent on repository construction; 

• greater versatility in respect of spending capital costs and schedule of individual 
boreholes commissioning, that correspondingly provides optimisation of interim SF 
storage expenditures; 

• lesser vulnerability in case of inadvertent human intrusion; 

• higher values of volume use factor and, consequently – lesser effect on the environment;  

However, borehole-type method of HLW and LLW disposal has a number of shortcomings: 

• complexity in providing a means for damaged canisters retrieval; 

• complexity of large-sized RAW preparation for packing (e.g., RAW produced as a result 
of nuclear reactors shutdown) 

 
Table 1. Comparative characteristics of mine and borehole type of geological 
repository. 
 

Attribute Mine type  
KBS-3 

Borehole type 

VDH 

Technical description 

Type of the radioactive waste SF, LL-ILW SF 

Capacity, t U 9000 9000 

Number of canisters 4500 13500* 

Area of surface (underground) facilities, km2 0.3  

(2,8 – 3,5) 

1,0 – 1,5* 

(1,0 – 1,5)* 

Volume of excavated rocks, ×106 ? 3 1,3 0,084* 

Use factor of volume DGR  0,013* 0,14* 

Long-term safety 

Availability of example of safety assessment  Yes, for different 
types of rocks No 

Difficulty of long-term safety justification High Moderate  

Relative vulnerability caused by human intrusion 1 0,001 

Importance of engineering barriers for safety High Low 

Difficulty of retrievability  Moderate Very high 

Time  

Duration of site selection and confirmation, year 15 – 25 5 – 7 

Duration of capital investments, year 6 – 10 As required 



 

6 

Attribute Mine type  
KBS-3 

Borehole type 

VDH 

Required canister life-time, year  More then 
100000 

Several 
hundred 

Cost 

Repository construction, ×106 Euro 1850* 160* 

Operations needed for encapsulation and deposition 
of SF, ×106 Euro 1100* 1500 – 2000* 

Total, ×106 Euro Approx. 3000 Approx. 2000 

Share of packing and infrastructure costs, %  Approx. 30* More then 90* 
* - calculated by authors based on [16-18]  

5 DISCUSSION 
 

Despite all preferences (as to construction cost and terms) of borehole-type geological 
repository, its inherent shortcomings (limited canister dimensions) will not enable disposal of 
all types of long-lived radioactive wastes produced in Ukraine in such repository. This is 
pertinent both to long-lived wastes contained in Shelter Object and ChEZ repositories and to 
those wastes arising from nuclear reactors dismantling. However, it is quite possible that 
future investigations will justify safety of disposal of certain waste types in the near surface 
repositories. Perhaps, this is much easier to realize for repositories located in ChEZ. 

Based on generalisation of conclusions made in the previous sections, the strategy for 
handling problem of HLW and LL-ILW waste disposal in Ukraine may be proposed. The 
essence of strategy consists in separation of above stated waste groups by creating: 1) 
geological repository of borehole-type for disposal of vitrified HLW and SF; 2) mine 
geological repository for disposal of HLW and LLW produced by Ukrainian NPP and those 
stored in SO and ChEZ repositories. Given separation of RAW groups takes into account the 
fact that SF and HLW problem pendency more actively influences national safety in short-
term perspective. 

Borehole-type repository can be constructed in much shorter terms as compared to mine-
type, which provides conditions for sustainable development of nuclear power in Ukraine. 
This enables decreasing of total expenses of RAW disposal, whereas capital expenditures 
are extended in time because boreholes can be put into operation as required. 

In order to decrease costs of mine repository construction it is of great importance to study 
and ground possibility of diminishing volume of HLW and LLW subjected to deep geological 
disposal. Similar work should be performed with respect to RAW in the Shelter Object as well 
as to those accumulated in the RAW storage facilities within ChEZ. 
 
Strategy potential will be realised to the maximum for the case of repository allocation within 
ChEZ territory.  

6 CONCLUSIONS 
 

The main conclusions are as follows: 
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- Unsolved problem of HLW and LLW disposal in Ukraine is a threat to sustainable 
nuclear power development and national security; 

- geological repository development is the resolution of problem; 

- application of geological repository for HLW and LLW disposal makes possible time 
optimisation and cut down work costs; 

- in ChEZ there are optimal (geological, economical and social) conditions for geological 
repository development.  
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Abstract:  
 
The safety analysis computer codes of GRS can be used to model various developments of a 
repository for hazardous wastes in deep geological formations. The modular structure of the software 
package enables a simple adaptation to project- and site-specific requirements. The program modules 
enable the calculation of pollutant releases from the wastes and the transport in the immediate vicinity 
of the wastes, the transport in the geosphere and the radiation exposure under consideration of all 
exposure pathways. Their relevant features are summarised and current developments regarding the 
adaptation, development and use for concrete applications of models and tools are described. 

1. INTRODUCTION 
 
The final disposal of hazardous wastes in deep geological formations requires a well-founded 
system understanding to prevent potential risks from the outset by adequate technical 
concepts and design features or to counteract them as  far as possible. The hazardous 
wastes, for which disposal in the deep underground is mandatory or envisaged, embrace 
radioactive wastes, chemical-toxic wastes and carbon dioxide, respectively. With the aim to 
assess and predict the long-term confinement of such wastes with regard to the safety of 
man and the environment and over geological time scales, GRS develops methods and 
procedures for safety analyses that are already applied for site selection and repository 
planning. The main technical design features and safety-relevant components with their 
material properties are modelled numerically. On this basis, GRS simulates the evolution of a 
repository under normal conditions of the surrounding rock mass and the effectiveness of the 
different technical and geotechnical barriers.  
From the calculated behaviour of waste species safety indicator values are derived that are 
compared with regulatory limits. Possibilities for a system optimisation can be identified by 
additional performance indicators. In case of radioactive wastes adherence to regulatory 
limits is demonstrated on the basis of individual dose rates which are derived from calculated 
radionuclide concentrations in the biosphere. 
However, there are some uncertainties regarding the long-term development of a repository 
and the prediction as to system-specific processes. Therefore, additional scenarios are 
considered and load cases defined which may result from events that cannot be fully 
excluded. In this respect, it is relevant for safety analyses that the repository is a complex 
geological-technical system, especially under the impact of heat and humidity, where a 
number of coupled processes are time-varying and, to some extent, non-linear.  

2. SAFETY ANALYSIS PROGRAM SYSTEM  
 
The safety analysis computer codes of GRS can be adapted to model the evolution of a 
repository both under normal conditions and under accident conditions that cannot be fully 



 

 

excluded. They are continuously further developed and tested application specifically and 
they are used both for deterministic and probabilistic analyses of the integral repository 
system or of repository subsystems. 
The repository system is conceptually divided into three subsystems, i.e. the near field, the 
far field or geosphere, and biosphere, respectively. For each subsystem dedicated program 
modules for different rock formations and disposal configurations are available that can be 
combined via standardised interfaces (see Figure 1) within a shell program which contains 
also routines for data input and result output. Originally, all routines for the various repository 
subsystems were implemented within one code called EMOS, therefore, the software 
package is still referred to as EMOS. 
The modular structure of the safety analysis tools enables the adaptation of these modules to 
project- and site-specific requirements. The module CLAYPOS, currently being developed for 
a repository in argillaceous rock, describes the release from wastes and the one-dimensional 
diffusive transport in the undisturbed host rock. Thus, this model can be used for modelling 
the transport behaviour in argillaceous rock in the near and far field. The biosphere modules 
calculate the individual dose rates on the basis of radionuclide concentrations (EXCON) or 
on the basis of radionuclide fluxes (EXMAS). 
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Fig. 1: Available program modules for integrated long-term safety analyses 
 
 
The program modules enable the calculation of pollutant releases from the wastes and the 
transport in the immediate vicinity of the wastes, the transport in the geosphere and the 
radiation exposure under consideration of all exposure pathways. All modules consider the 
radioactive decay of the radionuclides. Relevant further characteristics of selected modules 
for modelling the release and transport of radionuclides or pollutants in the near and far field 
are summarised in Table 1.  
 



 

 

Tab. 1: Relevant characteristics of selected EMOS modules for modelling the release and 
transport of radionuclides or pollutants in the near and far field  
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Maximum dimension  3D* 1D 1D 1D 1D 2D 3D 

Mobilisation ü ü ü     

Container failure, container corrosion ü �  �      

Advection ü   ü ü ü ü 

Diffusion ü ü ü ü ü ü ü 

Dispersion ü   ü ü ü ü 

Solubility limits V  V  V     V  

Speciation �  �  �     �  

Complex formation       V  

Equilibrium sorption ü ü ü ü ü ü ü 

Surface complex formation       �  

Ion exchange       �  

Sorption kinetics      ü ü 

Diffusion in immobile pore waters     ü  ü 

Colloid-borne transport     V  V  V  

Gas formation, gas transport V        

 
ü = Process is modelled completely, V  = Process is modelled in a simplified manner, �  = Process is 
implemented within the framework of current projects, gryed fields = modelling of the process within 
the module is not useful. 
* = quasi 3D, realised by linkage of several 1D sections in different directions 
 
 

3. APPLICATIONS  
 
Integrated long-term safety analyses are performed by GRS with different objectives. These 
are the  

• assessment of processes and parameters with regard to necessary research and 
development activities,  



 

 

• support in site selection and steering of site exploration, 
• assessment and optimisation of technical repository concepts, and  
• safety assessment in the licensing procedure. 
 
The software package EMOS has already been used in numerous international and national 
studies, see Table 2. EMOS was and is used in all licensing procedures for sites for the final 
disposal of radioactive wastes in Germany. Most of the studies were performed for 
radioactive wastes in saliniferous rock. Sedimentary rock was analysed within the framework 
of activities for the Konrad mine, and hard rock within the framework of the EU SPA project. 
The EU projects PAGIS, PACOMA, EVEREST and SPA belong to the category of research 
and development activities, the projects PSE and SAM/SEK to the category of research and 
development activities and optimisation of technical repository concepts. 
 
 
Tab. 2: Use of the EMOS software package in international and national studies. 
 
Study Period of time 

PSE: Project safety studies final disposal 1980 – 1984 

KONRAD: Safety analysis for the application procedure for the 
Konrad mine 

1984 – 1986 

PAGIS: Performance assessment of geological isolation systems for 
radioactive waste  

1982 – 1987 

PACOMA: Performance assessment of confinements for medium-
level and alpha-contaminated waste 

1987 – 1991 

SAM/SEK: System analyses dual-purpose repositories/ concepts for 
final repositories 

1987 – 1992 

EVEREST: Evaluation of elements responsible for the effective 
engaged dose rates associated with the final storage of radioactive 
waste 

1992 – 1994 

Development of a near-field model for long-term safety analyses of 
salt caverns with chemical-toxic wastes  

1993 – 1996 

ERAM: Morsleben repository for radioactive wastes since 1993 

SPA: Spent fuel performance assessment 1996 – 1999 

LASI: Renewed long-term safety analysis 1996 – 1999 

ASSE: Safety analysis for decommissioning and closure of the Asse 
mine 

since 2000 

 

4. FURTHER DEVELOPMENTS 
 
In general, the safety analysis program modules model processes in a simplified way, mainly 
to make the complexity of processes manageable for a numerical simulation. In this respect, 
it has to be demonstrated that the simplified assumptions are admissible. Likewise, it has to 
be proven that the model results, as far as influenced by simplifications, are on the safe side, 
i. e. that the calculated potential radiation exposure is overestimated.  
These proofs have to be furnished on the basis of an in-depth system understanding 
together with newly developed or improved models at the process level. In this respect, 



 

 

newer findings on processes not considered in long-term analytical calculations before have 
continuously to be considered and assessed for their relevance. Thus, safety-analytical 
research and development activities concentrate particularly on such aspects.  
In the integrated long-term safety analyses to date, the pollutant transport through the 
geosphere has generally been calculated one-dimensionally to save calculation time, on the 
one hand, and, on the other hand, because there was no computer code available that 
considers all relevant interactions for large three-dimensional model areas at the same time. 
In future safety studies, one-dimensional transport programs will further be applied in 
probabilistic analyses to keep the calculation time within practicable limits. However, for the 
validation of a simplified geometrical model, detailed and realistic deterministic analyses 
have to be performed, in particular three-dimensional calculations for large areas under 
consideration of all relevant interaction effects. From such three-dimensional models, 
relevant input parameters for one-dimensional model calculations, e. g. dilution factors and 
transport cross-sections, can be derived. By means of three-dimensional transport 
calculations, an in-depth understanding of the consequences of the relevant retention effects 
for the pollutant transport can be achieved and the influence of the geological 
heterogeneities can be analysed. However, the procedures to date on the determination of 
the individual representative dispersion pathways by means of particle tracking only 
considered the advective transport.  
With the transport program r3t (radionuclides, reaction, retardation and transport), a suitable 
tool is now available at GRS which is able to consider the relevant retention effects for large, 
heterogeneous, three-dimensional model area. During its development – as was the case 
with the d3f computer code – adaptive procedures, by which the grid is locally refined or 
coarsened according to the respective physical processes, and effective solution algorithms 
were realised for linear and non-linear problems for parallel calculation architectures. The 
geometrical solution of heterogeneities is reached by the application of unstructured grids, 
using effective solution algorithms for large equation systems. 
Additional aspects, currently dealt with within the framework of research and development 
activities on the further development of safety analysis methods, concern, in particular,  

• the consideration of the speciation of radionuclides and other pollutants with regard to their 
mobilisation, transport and sorption behaviour,  

• the relevance of the colloid-borne transport,  
• gas formation and gas transport, and  
• the change of hydraulic parameters resulting from the waste heat input or chemical 

transformations. 
 
The mobilisation of the radionuclides and other pollutants from the wastes and their transport 
in the near and far field is decisively influenced by the chemical environment which, among 
other things, determines the solubility and sorption of the pollutants. Since the chemical 
environment may change locally due to inflow and outflow of aqueous solutions, a time-
dependent modelling of the process in long-term safety analysis calculations is necessary. 
Moreover, dissolution and reprecipitation processes and changes in the composition of the 
aqueous phase may lead to gas formation and volume effects which have a retroactive effect 
on the transport processes. Until now, however, such chemical processes have only been 
modelled in EMOS in a very simplified way. At present, approaches are explored in different 
projects to find out how program modules can be coupled with geochemical speciation 
projects, such as PHREEQC or ChemApp, in an appropriate manner. Since these codes for 
the geochemical modelling are also very calculation intensive, there is a great demand for 
optimisation of the algorithms for the coupling of the geochemical codes with the program 
modules.  
Moreover, there is additional demand for research and development in order to  

• enable the consideration of processes not considered before,  
• improve conceptual models based on simplified assumptions,  



 

 

• refine mathematical methods, and  
• implement approaches for new safety analysis models, such as the consideration of risk 

values or the use of suitable safety and performance indicators.  
 
Most of these topics are dealt with in current research projects. 

5. OUTLOOK 
 
The scientific and technological state-of-the-art regarding long-term safety analysis methods 
advances continuously at the national and international level. The understanding of the 
processes responsible for pollutant release from the wastes as well as transport and 
retention in the deep underground up to the biosphere becomes increasingly detailed and 
better. In this respect, laboratory and in-situ experiments of GRS make an indispensable 
contribution. The adaptation, development and use for concrete applications of models and 
tools required for integrated safety assessments on the basis of a comprehensive system 
understanding remains to be the most important task of the Long Term Safety Analyses 
Department also in the future. This includes the application of the methods and the available 
tools to issues in non-nuclear fields, such as the storage of carbon dioxide in the deep 
underground. 
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Abstract:  
In a previous publication [1], the involvement of AVN as a TSO in the safety analysis of radioactive 
waste disposal was described and the different kind of activities were presented. Since then, the pre-
project phase for the disposal of LLW in near-surface facility developed by ONDRAF/NIRAS is 
approaching an end as ONDRAF/NIRAS is now in a phase of introducing the pre-projects to the 
government for further decision making. 
AVN involvement in the safety analysis of radioactive waste disposal has continued with an increasing 
effort in the safety assessment of I/HLW in deep geological repositories. Indeed, since 2003, the 
discussions between FANC, AVN and ONDRAF/NIRAS were extended towards the disposal of 
Category B (low or medium-level and long-lived) and Category C (high-level short or long-lived) waste 
(further referenced as Cat. B&C waste). The main themes of discussions between ONDRAF/NIRAS, 
FANC and AVN are developed in this paper. 
Finally, AVN activities concerning the safety of radioactive waste disposal in the international context 
are also presented. 

1 INTRODUCTION 
 
In Belgium, the task of radioactive waste management has been entrusted to a separate 
agency created in 1980: the Belgian Agency for Management of Radioactive Waste and 
Enriched Fissile Materials, known by the French/Dutch acronym ONDRAF/NIRAS. More 
information can be found on the ONDRAF/NIRAS website [2]. 
 
A short historical perspective and the present context on the long-term management of short-
lived low-level radioactive waste disposal is shortly described hereafter [2, 3]. 
 
In 1998, the Belgian federal government opted for a final, or potentially final, solution for the 
long-term management of short-lived, low-level radioactive waste, a solution that also had to 
be progressive, flexible, and reversible. At the same time, the government entrusted new 
missions to ONDRAF/NIRAS - in particular that of developing methods to enable the integration 
of final repository project proposals at the local level - and restricted the number of potential 
sites for final disposal to the four nuclear sites already existing in Belgium and, possibly, to 
non-nuclear but interested local districts. 
 
ONDRAF/NIRAS is now carrying out the necessary studies to help policymakers reach a 
decision. Technical feasibility, budget and safety are all being thoroughly investigated. 
Attention is also devoted to local environmental and socio-economical factors, including 
public acceptance. 
As a result of the governmental decision mentioned above, ONDRAF/NIRAS has confined 
itself for its in situ research to the existing nuclear sites (Doel, Fleurus-Farciennes, Mol-
Dessel and Tihange) and to areas where the local authorities are showing an interest. Up to 
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now, this resulted in setting up Local Partnerships with the communities of Mol, Dessel and 
Fleurus-Farciennes (see § 2.3). 
 
This paper is mainly focused on the involvement of the Association Vinçotte Nuclear (AVN, 
see web site [4]) as a TSO in the safety assessment of radioactive waste disposal in 
Belgium. An overview of its involvement in the safety assessment of radioactive waste 
disposal for Cat. A and its increasing involvement in the safety assessment of radioactive 
waste disposal for Cat. B&C waste is given. Finally, some AVN activities on the international 
scene in the field of the safety of radioactive waste disposal are also provided. 

2 AVN ACTIVITIES IN THE FIELD OF THE FINAL DISPOSAL OF LLW IN NEAR-
SURFACE FACILITIES 
 
In its 1998 decision, the Belgian federal government also encouraged ONDRAF/NIRAS to 
involve the nuclear safety authorities in its activities of safety evaluation of site-specific waste 
disposal options (deep or surface disposal) for the short-lived low-level waste. A working 
group was created in which ONDRAF/NIRAS, FANC (the Federal Agency for Nuclear 
Control) and AVN discuss different aspects of the ONDRAF/NIRAS program concerning the 
long term management of short-lived low-level radioactive waste disposal. It was agreed to 
work around four main themes, being: development of the regulatory framework, 
implementation of the regulatory framework, the table of content of a safety analysis report, 
and the review of safety assessments [1]. 
 
The activities above were already addressed in a previous publication [1]. In the first sub-
section below, the previous achievements are recalled and their present state-of-progress 
are given. In the second sub-section, the technical issues raised recently in the framework of 
the FANC, AVN and ONDRAF/NIRAS working group are presented. Finally, the third sub-
section presents AVN experience from its interaction with local partnerships in the framework 
of the societal process committed in Belgium about the disposal of Cat. A waste. 

2.1 Previous achievements 
 
In relation to the regulatory framework discussions were started on the licensing procedure 
for a waste disposal facility. The starting point was the licensing procedure as presently 
stipulated in the R.D. of 20 July 2001. A critical analysis of the steps to be foreseen in the 
licensing of a waste disposal facility was conducted. Based on an AVN proposal for a 
licensing procedure, an agreement on the technical level has been reached amongst FANC, 
AVN and ONDRAF/NIRAS. The introduction of such a licensing procedure remains to be 
embedded in a legally binding framework. Consultations between FANC, AVN and 
ONDRAF/NIRAS on this framework are planned for the near future. 
 
Another main achievement was the elaboration of a table of content for a safety analysis 
report (SAR) for a near surface disposal facility of short-lived low-level radioactive waste. 
Starting from existing references (mainly NUREG-1199 [5]) and taking into account some 
specifities of the Belgian concepts, AVN developed a proposal for the table of content by 
amending and completing the table of content as proposed in NUREG-1199. This was then 
extensively discussed amongst FANC, AVN and ONDRAF/NIRAS. This has also lead to a 
technical agreement on a table of content that could be endorsed more officially in a later 
stage (e.g. if the development of a waste disposal facility enters the project phase). 
 
Finally, AVN committed an important effort in the review of safety assessment analyses 
performed by ONDRAF/NIRAS and its contractors: 
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• Some of the reviewed documents deal with methodological aspects of the safety 
assessment of a waste disposal facility, as for example the definition of parameters 
and the elaboration of parameter values needed in the long term safety assessment, 
the definition of scenarios for the safety assessment (based on the FEP (Features, 
Events and Processes) approach), the hydrogeological model and the near-field 
simulations. 

• Other documents deal with the generic concept of a disposal facility as developed by 
ONDRAF/NIRAS as well for a near surface facility as for a deep geological facility. 
Also some characteristics of specific designs for the potential sites under 
investigation were discussed. 

• Finally technical analyses on specific issues such as the impact on safety of the gas 
production in a deep geological disposal facility and the safety assessment 
methodology and acceptance criteria for aircraft crash were analysed and discussed. 

2.2 Present activities 
 
In the last two years (2004 – 2005), four main issues were addressed during the discussions 
between FANC, AVN and ONDRAF/NIRAS on near-surface radioactive waste disposal 
facilities: the issue of human intrusion, the Fleurus-Farciennes disposal concept, the 
determination of a reference seismic horizontal acceleration and other seismic aspects, and 
finally the biosphere modelling to be addressed in safety assessments. The AVN activities 
concerning these three issues are summarized below. 
 
In preparation of the development of a regulatory position on how to deal with the issue of 
human intrusion in the safety assessment of a waste disposal facility, AVN hosted in June 
2004 a workshop with representatives of regulatory organisations of other countries to 
discuss regulatory aspects related to human intrusion, the impact of the post-closure period 
on human intrusion considerations and the scenarios to be considered for human intrusion. 
The insights gained from this workshop were published [6]. 
 
As well for FANC and AVN as for ONDRAF/NIRAS, the treatment of human intrusion for 
near-surface disposal facilities is being recognized as an important issue for Cat. A waste 
that should be addressed preferably before the project phase. 
 
ONDRAF/NIRAS presented to the safety authorities the Fleurus-Farciennes disposal 
concept. AVN made a preliminary analysis on documents and/or ONDRAF/NIRAS 
presentations describing the specific Fleurus-Farciennes concept and the hydrogeological 
models. AVN decided to put the priority of its analysis mainly on the specificities of the 
design and the siting of the repository system before examining near-field calculations and 
impact assessments. AVN analysis of the Fleurus-Farciennes disposal concept focused on 
three main themes: the identification of the safety role of the different components of the 
design, the surrounding area of the disposal system and a functional safety analysis. The 
results of this analysis was discussed with FANC and presented to ONDRAF/NIRAS. 
 
Questions were asked by ONDRAF/NIRAS to FANC and AVN about the determination of a 
reference seismic horizontal acceleration for the design of a near-surface disposal facility on 
the potential sites in Belgium. As near-surface disposal facilities in the post-closure phase 
are essentially passive installations with a particularly long-term post-closure period to be 
considered in the safety assessments, AVN suggested to take into account the return period 
for a given earthquake and to adapt the design. 
 
Meetings between FANC, AVN and ONDRAF/NIRAS about the modelling of the biosphere 
for the safety assessment of near-surface disposal facilities were the opportunity to raise the 
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question of the role of the biosphere in the long-term safety assessments and to put in 
evidence the international developments (BIOMASS initiated by the IAEA and BioMoSa 
initiated by the EC) on this topic. The specific biosphere models developed for the Mol-
Dessel and the Fleurus-Farciennes regions were presented and discussed. A common 
“biosphere working group” including FANC, AVN and ONDRAF/NIRAS was created in order 
to define a reference biosphere in Belgium. 

2.3 AVN experience from its interaction with Local Partnerships 
 
In the framework of the societal process committed in Belgium about the disposal of Cat. A 
waste, three local partnerships have been formed, bringing together local representative 
interested parties (including individual citizens of the local community on a voluntary base) 
and members of ONDRAF/NIRAS. Chronologically, the first of these, is known as STOLA-
Dessel (Studie- en Overleggroep Laagactief Afval - study and consultation group on low-level 
waste), the second is known as MONA (Mols Overleg Nucleair Afval Categorie A - 
consultative group on type A radioactive waste) and the third is known as PaLoFF 
(Partenariat Local Fleurus-Farciennes - local partnership Fleurus-Farciennes). More 
information on these 3 partnerships can be found on their websites [7, 8, 9]. 
In the framework of their activities with ONDRAF/NIRAS, the Local Partnerships MONA and 
STOLA expressed the wish to have contacts with the Belgian safety authorities. These 
interactions have already been described in a previous publication [1]. 
 
More recently, the third Local Partnership PaLoFF also expressed its wish to have contacts 
with the Belgian safety authorities. As for the Local Partnerships MONA and STOLA, the 
Local Partnership PaLoFF wanted to be better informed about the independent assessment 
made by the regulatory organisations on the safety assessments of the disposal options. 
As for MONA and STOLA, AVN explained its role in the Belgian regulatory context. Special 
attention was drawn on the fact that at this stage of the NIRAS-project on radioactive waste 
disposal, AVN has not yet a legally binding regulatory assessment role. Indeed, the project is 
still in a pre-project phase and no formal licensing is on going. 
AVN also presented to the Local Partnership PaLoFF the main results of the review of the 
safety analyses developed by ONDRAF/NIRAS. 
 
In this way, communicating with local stakeholders is for AVN a rather recent experience. 
However, the interest and the motivation encountered at those local stakeholders are an 
incentive to pursue and develop further this strategy of being as open and transparent as 
possible. 

3 AVN ACTIVITIES IN THE FIELD OF THE FINAL DISPOSAL OF I/HLW IN DEEP 
GEOLOGICAL REPOSITORIES 
 
In 2001 ONDRAF/NIRAS published the Safety and Feasibility Interim Report 2 (SAFIR2) [10] 
focused on the final disposal of Cat. B&C in potential clay host rocks. This report was taken 
as a starting point to involve the Safety Authorities in discussions on the future development 
of the Cat. B&C programme. Discussions between ONDRAF/NIRAS, FANC and AVN 
focused on the following four general aspects: general context of licensing a disposal facility, 
strategy of the Belgian R&D programme, review of ONDRAF/NIRAS documents in view of 
the development of a Safety and Feasibility Case (SFC) and exchanges of information and 
views concerning implementation aspects and technical issues. 
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3.1 Context of licensing a geological repository (short, medium and long-term 
activities) 
 
Question has been raised by ONDRAF/NIRAS to the Belgian safety authorities concerning 
the general context of licensing a geological repository in Belgium. The question addresses 
as well the stakeholders to be involved in the process as the licensing process itself. 
 
The opportunity of having a Strategic Environmental Assessment (SEA) and the role it could 
play in the Belgian context were the subject of preliminary discussions between FANC, AVN 
and ONDRAF/NIRAS. Subject to the adaptation of the European Directive 2001/42/EEC in 
the Belgian legislation, it is therefore envisaged to develop in Belgium a process inspired by 
the SEA principles. ONDRAF/NIRAS foresees that the SEA report should be submitted to an 
official approval by 2008 – 2009. The extent, the content, the intervening actors, the 
implementation schedule and the possible periodicity of this SEA process in Belgium are still 
however to be defined. In the regulatory context, one of the tasks identified is the interaction 
of this SEA process with other European Directives, Belgian laws and regulation (regional 
and/or federal). Concerning the SEA content, one of the subjects identified is the level of 
details in which a SEA should describe the different options (long-term surface storage, P&T, 
final geological disposal, ...) for the long-term management of radioactive waste. 
 
Since a project for deep geological disposal could lead to a multi-phase process, the 
implications of long time intervals between these different phases for the safety and the 
licensing process have been identified by FANC, AVN and ONDRAF/NIRAS as an important 
issue for which further developments are necessary. It was suggested firstly to inform about 
the possible experience gained by regulators in other countries. It appeared that contacts 
about potential subjects of common interest with SKI/SSI, the Swedish safety authorities, 
could be very fruitful due to their experiences with the SFR repository. AVN had a first 
meeting with SKI, end of August 2005, about the topic “flexibility and multi-phases approach 
versus licensing process“. The insights gained will be useful for further discussions on this 
issue amongst FANC, AVN and ONDRAF/NIRAS. 

3.2 Strategy of the Belgian R&D programme 
 
In 2003 ONDRAF/NIRAS presented to the safety authorities FANC and AVN its view on the 
short, medium and long-term planning of activities for the geological disposal of Cat. B&C 
waste in Belgium. Discussions between FANC and AVN on the ONDRAF/NIRAS proposition 
of planning were the opportunity of first exchanges of views concerning, among others, the 
licensing process, the successions and definition of the different disposal phases, the 
regrouping of waste streams, the siting criteria, the role, schedule and content of PSAR and 
SAR. Responding to a FANC request, the impact of the NEA peer-review of SAFIR 2 on the 
Belgian R&D programme was also presented by ONDRAF/NIRAS and discussed. 

3.3 Development of a Safety and Feasibility Case (SFC) 
 
A guidance about the content of a first Safety and Feasibility Case (SFC) (foreseen by 
ONDRAF/NIRAS in 2013) was asked by ONDRAF/NIRAS to the safety authorities 
FANC/AVN. The basis of this guidance was the review by AVN of the “Safety Charter” [11] 
elaborated by ONDRAF/NIRAS and the review of the chapters of SAFIR2 not impacted by 
the modifications of the repository design decided by ONDRAF/NIRAS in 2003. 
 
The “Safety Charter” contains two parts, Part 1 dealing with “Safety Objectives and Safety 
Requirements”, and Part 2 dealing with “Safety Strategy and Safety Demonstration”. A 
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common position on a first version was achieved previously [1] after discussions amongst 
FANC, AVN and ONDRAF/NIRAS in the context of the final disposal of Cat. A waste. The 
option was taken that further development of Part 1 should be taken over by the Safety 
Authorities, given its close liaison with regulatory aspects. ONDRAF/NIRAS revised Part 2 
due to new insights (international discussions about the safety of geological disposal [12], 
implications of the discussions in the framework of the French-Belgian working group [13]). 
The review of the “Charter” by AVN was the opportunity of exchanging views on the different 
disposal phases and their coherence with the steps of the authorization process, the safety 
strategy, the safety functions and the role of the environment in the safety assessment. 
 
SAFIR2 being a state-of-the art report of the programme for the disposal of Cat. B&C waste 
in poorly-indurated clays in Belgium in the period 1990 - 2000, it has intentionally not been 
structured as a safety case by ONDRAF/NIRAS. The detailed analysis undertaken in the 
SAFIR2 report makes it however possible to give a preliminary indication of the level of 
confidence in the developed disposal solution. In its review of SAFIR2, AVN decomposed its 
analysis according to the following types of comments/suggestions: 

• Additional issues to be considered in a first SFC. Some issues only mentioned or 
partially treated in the SAFIR2 report, due to the stage of the disposal programme for 
this report, were identified by AVN as further issues to be developed in a SFC for the 
new stage of the Belgian programme. 

• Subjects of future investigations already identified in SAFIR2 and for which AVN 
supports further efforts. AVN identified several thematic areas already intensively 
investigated by ONDRAF/NIRAS which drew particularly its attention in the view of a 
first SFC. 

• Issues judged to be of fundamental importance for the present safety demonstration. 
Some issues were identified by AVN as being of main importance in the present 
stage of development of the Belgian programme for the safety demonstration. It was 
suggested to ONDRAF/NIRAS, for some of these issues, to discuss them with FANC 
and AVN and for others to increase the efforts of the demonstration. 

• Issues for which further precisions and/or developments are expected. 

3.4 Implementation aspects and technical issues 
 
In order to develop and maintain its expertise about the main technical issues in the safety 
assessments of geological disposal facilities, AVN actively participated, with the FANC, to 
meetings organised by ONDRAF/NIRAS about the implementation and the development of 
disposal concepts. Exchanges of views about these concepts allowed the safety authorities 
to draw the attention of ONDRAF/NIRAS on some aspects potentially affecting the licensing 
process and the safety of the repository system. 
 
Public information meetings open to the different nuclear actors, research centers and 
universities also allowed AVN to get more easily acquainted with specific technical topics 
encountered in the ONDRAF/NIRAS R&D programmes. Information about the return of 
experience following the dismantling of the OPHELIE Mock-up (a heat-emitter test above the 
surface), presentation about the state-of-the–art for the long term behaviour of bituminized 
waste and the outcomes of the European R&D projects SELFRAC concerning the excavation 
damaged/disturbed zone of a geological repository are examples of events organised by 
ONDRAF/NIRAS attended by AVN. 

4 AVN ACTIVITIES CONCERNING SAFETY OF RADIOACTIVE WASTE 
DISPOSAL IN THE INTERNATIONAL CONTEXT 
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4.1 European Regulators Seminar 
 
In 2000, a franco-belgian working group was established to discuss the methodology for 
safety evaluation of deep geological disposal of radioactive waste. In this working group, the 
Safety Authorities (DGSNR and FANC), their Technical Support Organisations (IRSN and 
AVN) and the waste management agencies (ANDRA and ONDRAF/NIRAS) are participating. 
The result of this work was integrated in one single common document on “Geological 
Disposal of Radioactive Waste: Elements of a Safety Approach”, see [13].  
 
Later, this document has been presented to regulators and operators of different European 
countries (and representatives from IAEA and NEA) being already in a pre-project phase for 
the disposal of I/HLW in geological repositories (or being in a R&D and methodological 
phase close to the pre-project phase), during a European Regulators Seminar, organised by 
DGSNR and FANC in November 2004. Consequently, it has been decided to create a “pilot 
project” in order to demonstrate the feasibility of a European regulators working group on 
regulatory issues for the disposal of radioactive waste. The pilot project has just been 
launched. 

4.2 NEA initiative for the handling of timescales 
 
Discussions related to timescales issues and their treatment in repository safety assessment 
and the safety case were launched at an OECD/NEA workshop held in April 2002 [14]. 
 
Since then, the Integration Group for the Safety Case (IGSC) of the OECD/NEA developed in 
2004 a questionnaire send to operators and to regulators. AVN answered the questions and 
discussed some of them with the FANC. The AVN participation in a meeting organized in 
May 2005 by the NEA was an opportunity to discuss with international experts the responses 
to this questionnaire. It is foreseen that the outcome of this questionnaire should be 
discussed in the Belgian framework between FANC, AVN and ONDRAF/NIRAS. 

4.3 EC projects 
 
Since more than one decade AVN is intensively involved in activities of transfer of Western 
European methodology and practices in the field of nuclear safety to Eastern European 
countries. In these countries, AVN assistance to the Regulatory Authorities and their TSOs is 
supported by the European Commission (EC) in the framework of TACIS and PHARE 
projects. 
 
In this context, more than five years ago, the safety issues concerning the final disposal of 
radioactive waste were an increasingly part of AVN activities. Support to the State Nuclear 
Regulatory Committee of Ukraine (SNRCU) for the review of safety assessments in the 
licensing process of a near-surface repository for LLW in the Chernobyl area at the “Vector” 
site – in the Industrial Complex for Solid Radioactive waste Management (ICSRM), Lot 3 - is 
a current project where AVN is involved with other Western European TSOs. 
 
Other support activities in the field of spent nuclear fuel (MOX fuel in particular) and 
radioactive waste management were carried out with the Nuclear Regulatory Authorities of 
the Russian Federation: AVN has reviewed regulatory documents of RF Gosatomnadzor 
concerning safety requirements for interim storage facilities and for the disposal of 
radioactive waste. 
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A project to support VATESI and Lithuania TSOs in licensing activities related to the 
decommissioning of the Ignalia NPP has been recently launched. In this project, AVN 
participates to safety issues concerning the interim storage facility for RBMK spent nuclear 
fuel assemblies and for a L/ILW repository (review of a safety assessment report). 
 
Finally, a new project to support the Bulgarian safety authorities has been accepted recently 
by the EC for the safety assessment of disposal facilities. AVN will be involved in training 
activities and in the review of the table of content of a safety assessment report. 

4.4 R&D 
 
Efforts of AVN in the field of R&D related to waste disposal are being undertaken in the 
framework of the IAEA Co-ordinated Research Programme ASAM, standing for “Application 
of Safety Assessment Methodologies for Near Surface Waste Disposal Facilities”. This 
programme started in November 2002, as the successor of the Co-ordinated Research 
Programme ISAM. Within the ASAM CRP, AVN has mainly been active in the “Disused 
Sealed Sources and Heterogeneous Waste Working Group” and in the “Regulatory Review 
Working Group”. In the latter a lot of attention is being devoted to the definition of a Safety 
Case for a waste disposal facility and to a procedure for the review of safety assessments 
and of the Safety Case. 
Very recently, AVN has been involved in two proposals submitted to the EC in the framework 
of the EURATOM 6th FP. The first proposal is an Integrated Project about “Performance 
Assessment Methodologies in Application to Guide the Development of the Safety Case” 
(PAMINA) whereas the second proposal is a Coordination Action Project about “Model 
uncertainty for the mechanism of dissolution of spent fuel in a nuclear waste repository” 
(MICADO). Both proposals gather research centers, universities, operators, TSOs and 
regulators (with respectively 25 and 19 participants for PAMINA and MICADO). 
Contacts are also maintained with academic institutions, in particular with the ULB 
(Université Libre de Bruxelles). Some students have been guided in elaborating a thesis.  

5 CONCLUSIONS 
 
Since 1999, AVN has undertaken important efforts to develop its competencies in radioactive 
waste disposal safety assessment. 
 
A major part of these efforts are taking place in the national framework via discussions 
between FANC, AVN and ONDRAF/NIRAS. In Belgium the pre-project phase of the disposal 
projects for Cat. A waste is reaching an end and ONDRAF/NIRAS is now in a phase of 
introducing the pre-projects to the government for further decision making. Several important 
topics (mainly related to regulatory aspects of the disposal of Cat. A waste) will be discussed 
between FANC, AVN and ONDRAF/NIRAS, in preparation of the project phase. The present 
AVN activities on the national scene focus also on the disposal of Cat. B&C waste where the 
general licensing context, the content of a Safety and Feasibility Case and an exchange of 
technical views about safety assessments are discussed with FANC, AVN and 
ONDRAF/NIRAS. 
 
Also the contacts with the Local Partnerships (in particular recently with PaLoFF) allowed to 
illustrate the involvement of AVN in the safety analysis review of future waste disposal 
facilities. 
 
To strengthen its capacities, AVN is taking part in international projects, working groups and 
R&D projects. 
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Abstract:  
This paper presents the document “Geological Disposal of Radioactive Waste : Elements of a Safety 
Approach” which is the result of a common undertaking in collaboration in the field of nuclear safety 
and radiological protection between France and Belgium. The document was elaborated by a working 
group involving experts from the regulatory authorities, their technical supporting organisations and 
the implementers. The elements of the safety approach comprise the radiological protection 
objectives, the safety principles, the safety functions that form the basis for the safety case of a 
geological repository, as well as reflexion on the appraisal of acceptability of the safety case. The 
document has no regulatory or normative status, nor was it the intention to cover all aspects that are 
relevant for a safety case. 

1 INTRODUCTION 
 

This paper refers to a document [1] that has been developed within the general framework of 
the French-Belgian collaboration in the field of nuclear safety and radiological protection. 
Specific collaboration in the field of the safety approach to disposal in deep geological 
formations began in June 2000 and led to the creation of a working group involving experts 
of the regulatory authorities ASN(a) and AFCN/FANC(f), their respective technical support 
organisations, IRSN(d) and AVN(b), and the implementers ANDRA(c) and 
ONDRAF/NIRAS(e). This document has no regulatory and/or normative status as well it was 
not the intention to cover all the aspects of the safety. 

Upon initiative of ASN and AFCN/FANC, and with due account for ongoing and published 
work from ICRP, IAEA and OECD/NEA, regular bilateral discussions have allowed the 
convergence of ideas and have resulted in the elaboration of the “Elements of a Safety 
Approach” document. This document establishes a link between the protection of man and 
the environment (basic objective of protection) and the disposal system through the 
application of safety principles and the identification of safety functions as well as the 
development of a framework for the judgement of the acceptability of safety cases by 
regulatory authorities and decision-makers. 
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2 ELEMENTS OF A SAFETY APPROACH 
 
The concepts of safety functions, safety principles and radiological protection principles are 
described as an integral part of an approach to be taken into account in the development, the 
implementation and the evaluation of the long-term safety of a radioactive waste repository in 
deep geological formations. Based on the concentration and containment strategy, the 
proposed approach provides a structure for and facilitates the judgement of acceptability. In 
this sense, this proposed safety approach establishes a link between the basic objective of 
protection and the implementation of the safety principles, the radiological protection 
principles and the safety functions.  
 
The safety approach is focussed on long-term safety which is purely “passive” in that sense 
that it cannot be based on maintenance or institutional control with regard to the very long 
time frames at stake. It must imply the implementation of passive means to ensure safety. 
This implementation of passive means during any given stage has specific repercussions on 
all subsequent stages. 
 
The safety principles establish the orientation and methods that provide a framework for the 
definition of a strategy for developing a repository. The safety functions and their 
implementation contribute to the establishment of this strategy for the development of a 
disposal system and the soundness of this strategy is examined in a safety case. Based on 
these concepts of safety principles and safety functions and taking external programme and 
design constraints into account, the implementer develops its disposal project, in particular, 
allocating the safety functions to the different components of the disposal system. This 
allocation must be supported with arguments and justified in the safety case. The elements 
of the safety approach presented in this document underline the importance of the qualitative 
argumentation of a safety case. This allocation means that a strategy where the 
implementation of the safety functions is consistent with the safety and protection principles 
must enable the basic objective of protection to be achieved. Figure 1 illustrates the 
relationship between the different elements of the safety approach. 

2.1 Example of elements of safety approach 
 
As an example of elements of the safety approach, a focus is given in the following 
paragraphs on the safety principles and the judgement of acceptability. 

2.1.1 Safety Principles 
 
The important concepts generally used in the development of a safe repository (robustness, 
passivity, technical feasability, simplicity) fall under the principle of defence-in-depth and the 
principle of demonstrability.  
When applied to a repository in a geological formation, the principle of defence-in-depth 
implies the implementation of "multiple safety functions". In this case, it is not the number and 
redundancy of the barriers as such that take on the greatest importance in terms of safety, 
but the fact of being able to depend on different mechanisms and/or components to provide 
safety functions (isolation, containment, limitation and retardation).  
The principle of “demonstrability” consists of adopting methods of system development that 
will make it possible to demonstrate that the functions and performances expected from the 
repository components will be fulfilled and maintained no matter what reasonably 
foreseeable disturbance may impact the system. 
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2.1.2 Judgement of acceptability 
 
The radiological impact is judged on the basis of compliance with the fundamental objective 
of protection.  
The bases for the long term radiological assessment have been subject to some 
developments on the potential weaknesses of the conventional indicators, on complementary 
elements of these conventional indicators and on scenario classification (normal evolution 
scenarios, altered evolution scenarios, human intrusion scenarios, “beyond design limit” 
scenarios and “what-if” scenarios) and associated criteria or reference values. "Conventional" 
indicators to quantify the radiological impact are effective dose rate and radiological risk. 
 

 

3 CONCLUSION 
 
The notions of safety principles, radiological principles, safety functions and the basis of the 
judgement of acceptability of the radiological impact assessment, which have been 
discussed in various international cooperative work, have been further integrated in a 
comprehensive framework for a safety approach. .  
The schematic presentation of a structured safety approach should presumably enable better 
explanation and communication of the global safety issues to different stakeholders. 
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The consequences of the Chernobyl accident : REDAC
the radioecological database of the French-German Initiative
 G. DEVILLE-CAVELIN (IRSN), H. BIESOLD (GRS)  & V. CHABANYUK (ICC)

> Goals  
To built a database for integrating the results of Project 
"Radioecology" of the French-German Initiative: Ecological 
portrait, initial contamination, wastes management, soil-
plants & animals transfers, transfers by runoff and in the 
aquatic environment, countermeasures in urban and natural 
and agricultural environments

Original "Project Solutions Framework" : 
Information system developped as a soft integrated  portal  
Geoinformation system : all spatial data geocoded

Five packages of elements :
Publications : all classical informations, original data 

 Products : storage of open publications of the Project
 Processes : management of the Project and Sub-projects
 Services : information and software objects, help, 
 Basics : information on system and organizationnal 
development

> Specific methodology 

> DB structure  

> Soft integration : portlets & DDB

> General conclusions
REDAC, powerful and useful  radioecological tool :
All elements easily accessible through the original tool, 
ProSF, developped by IS Geo
Relations constructed between the documents (files, 
databases, documentation, reports, …)
All elements structured  by a metainformation
Mechanisms of search
Global radioecological glossary
Spatial data geocoded
Processes, tools and methodology suitable for similar 
projects
Data usefull for scientific studies, modelling, operationnel 
purposes, communication with mass media

Addition of functionality, support and maintenance
Strong integration :

Thematic integration = merging of all DB in an unique 
one
Information integration = decision of "strong integration" 
and information support

> Oulook

> Soft integration : cartography system
Map from "Ecological portrait"  integrated  with thematic 
databases Loaded in a special category (by IS Geo Internet 
Map Server) Cartographical functions : navigation, scaling, 
extracting, layer management, Databases arrangement 
indepedent of map system architecture

Example of map extraction for SP1 "Initial  contamination”

Example of portlet interface

IRSN BP 3  13115 Saint-Paul-Lez-Durance Cedex FRANCE
33 4 42 25 61 31 - gerard.deville-cavelin@irsn.fr

0 : Ecological portrait administrative data in the three countries :
(20 oblasts, 432 raions)
Settlements 30909
Geocoded maps (vegetation, roads, railway, 12
hydrography, relief, ...)

1 : Contamination Average soil contamination (offical) 1011
Direct measurement of contamination (original) 32097
Meteorological data 5145

2 : Wastes Geographical location of wastes disposals and
related content (quality/contamination) 550

3a : Soil-plant transfers Contamination of soils, including forests 5970
Contamination of plants and transfer factors 6574

3b : Transfers to animals Contamination of fodder and forage, including 9770
for game
Contamination : meat (+ game) and milk 7154
and transfer factors

3c : Transfers by runoff Meteorological data 34635
Soil and experimental plots contamination 3826/
River contamination and runoff coefficients 7133
Test of transfer models

3d : Transfers in aquatic Contamination of the aquatic environment 2500
ecosystems Contamination in fishes 459

Test of tranfer models
4 : Urban transfers, Dose rate in streets ans houses 7027
countermeasures Efficiency of decontamination methods 30
5 : Countermeasures Countermeasures and efficiency : 5261

Plant productions 1916
Stock-breeding 681
Meadows ecosystems 1783
Forest ecosystems 98
Technological processing 783

SUB-PROJECT NATURE OF DATA NUMBER

REDAC content

Portlets = mini-applications for  business functions and 
processes, made of web parts
Digital Dashboards (DDB) = Portlets + web parts
DDB sites = collections of DDB, adjustable by users
Main portlets & DDB :

GlobalFunctions : interconnection between portlets
ContentTree : access to a content of REDAC
LibraryLocator : shows location in the library
Index : search of  documents by key words
Search : search of documents according to chosen 
properties
Favorites : generation of sets of the most often used files
Briefcase : for downloading documents to the user's 
computer
MetaView : shows metadata, characterizing the files
DocView : displays the file load from the web server
ProductRelations, ActiveRelations, AllRelations : shows 
relations between the selected document and other 
associated documents
Glossary : global project glossary based on thematic ones
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