
 

 

The EUROSAFE Forum 2004 will be held in Berlin on November 8 and 9. 

The Eurosafe Forum 2003 – the fifth of its kind 
– was held at the Palais Brongniart in Paris on 
November 25 and 26, 2003. This year's theme 
was: "Nuclear expertise and challenges of the 
enlargement of the European Union": 
Environmental scan before enlargement, speakers 
in the various European countries, development 
and structuring perspectives within the enlarged 
Europe".
The event brought together 445 experts and researchers from around the world (including 
124 from Germany, 184 from France, 88 from Eastern Europe, as well as representatives 
from Korea, Japan, the United States, Canada, Cuba, and Armenia. The proceedings of 
the symposium can now be consulted online. 

The latest updates on the site are as follows: 

 Speeches on the first day of the EUROSAFE Forum 2003

 Seminar contributions on the second day, together with posters

 The English version of the 4th issue of the Tribune on the theme of: 
"Decommissioning: the need for a holistic approach". 



Welcome
Jacques Repussard, IRSN Director General 
Lothar Hahn, GRS Director General  

Speech
Roselyne Bachelot-Narquin, the French Minister for Ecology
and Sustainable Development

• Nuclear Energy in the European Union – Before and After
Enlargement 
Antony Froggatt, Independent Consultant, United Kingdom

• Technical Nuclear Expertise in Europe – Institutional Experts
Lubos Tomik, Executive Director, Center for Nuclear Safety in
Central and Eastern European Countries (CENS), Slovakia

• Technical Nuclear Expertise in Europe – Non-Institutional
Experts
Lutz Mez, Executive Director of the Energy and Environment
Institute, Free University of Berlin, Germany

Nuclear Safety and the Harmonisation Dilemma
Christian Waeterloos, Nuclear Safety and Security Director,
European Commission
Tomihiro Taniguchi, Deputy Director, General Head of the
Nuclear Safety Department IAEA
Judith Melin, SKI Director, Chairperson of WENRA, Sweden

Break

• International Assistance Programmes in Accession
countries: Problems and Achievements
José Antonio Gòmez Gòmez, DG Enlargement, European
Commission  

• Trend-analysis of Technical Support: Objectives and
Activities 
Heinz Liemersdorf, GRS - Jean-Christophe Niel, IRSN

• Education, Expert Training and Maintenance of Knowledge
Joachim Knebel, Leader Nuclear Safety Programme
Research Center Karisruhe, Germany

Venture more Democracy in Decision Making - What Impact
of Stakeholder Involvement?
Martin Bursik, Former Environment Minister of the Czech
Republic 
Bruno Lescœur, Director of the Energies Department of EDF
Group, France 

Cocktail

Dinner

Address
André-Claude Lacoste, DGSNR Director General 
Wolfgang Renneberg, BMU Director General

Tuesday, November 25 L e c t u r e s - D e b a t e s
14:00

Debate

16:10

Presentations 

Presentations 

18:30

20:00

The debates with
the audience will be

chaired by journalist:
Maggie Gilbert.

Debate



Wednesday, November 26 S e m i n a r s

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 and their partners in the
European Union, Switzerland and Eastern Europe.

9:00 Safety assessment of the spent fuel storage in French
nuclear power plant pools
L. Gilloteau (IRSN)

9:30 Goals, progress and difficulties with regard to the deve-
lopment of German nuclear standards on the example
of KTA 2000
M. Mertins (GRS)

10:00 Break

10:30 International review of the safety analysis report
of Kursk nuclear power plant, unit 1 - major results and
conclusions
M. Chouha (IRSN), L. Bolshov (IBRAE, Russia)

11:00 Research reactor safety assessment - French and
German approach
D. Rive, L. Bertrand, J. Couturier, H. Abouyehia (IRSN),
S. Langenbuch, J. Rodriguez (GRS)

11:30 Instrumentation needs and capabilities for severe
accident management
B. De Boeck (AVN, Belgium), M. Vidard (EDF, France),
J. Royen (NEA/OECD)

12:00 Lessons learned from the INES-3 event at Paks NPP on
April 10, 2003
L. Vöröss (HAEA, Hungary)

12:30 Lunch break

13:30 Recent results and trends from the generic evaluation of
German nuclear power plant operating experience
K. Kotthoff, A. Voswinkel, V. Wild (GRS)

14:00 Improvement of the containment sump filters against
clogging for Rovno NPP
A. Gorbatchev, Y. Armand, J. M. Mattéi (IRSN), A. Mekhed
(SSTC, Ukraine), V. Redko (SNRCU, Ukraine)

Seminar 1

Nuclear
Installation

Safety 
Assessment and

Analysis

Chairmen:

H. Liemersdorf, GRS
J. C. Niel, IRSN
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Seminar 2

Nuclear
Installation

Safety 
Research

Chairmen:

M. De Franco, IRSN
V. Teschendorff, GRS

14:30 ICDE – an international collaboration on collecting and
analysing CCF events
J. Tirira (IRSN), A. Kreuser (GRS)

15:00 Break

15:30 An integrated PSA approach for an independent
regulatory evaluation of the Spanish nuclear power stations
safety assessments
J. M. Izquierdo Rocha, J. Hortal Reymundo, E. Meléndez
Asensio, M. Sánchez Perea (CSN, Spain)

16:00 Assessment of the third ten-yearly periodic safety
review for the French 900-MWe nuclear power plants
C. Mayoral, J. M. Mattéi (IRSN)

16:30 End of Seminar 1

9:00 European validation of ASTEC-V1 through the EVITAproject
H. J. Allelein (GRS), J. P. Van Dorsselaere (IRSN)

9:30 Development and validation of safety analysis codes for
Russian reactors 
S. L. Soloviev (OCRK, Russia), V. A. Vasilenko (NITI, Russia),
B. A. Gabaraev (RDIPE, Russia)

10:00 Break

10:30 Nuclear codes and data libraries used at GRS
for reactivity and nuclide inventory calculations
U. Hesse, S. Langenbuch, W. Zwermann (GRS)

11:00 Uncertainty analyses for large-break LOCA in a
VVER-440/213
M. Kristof (NRA, Slovakia), I. Vojtek (GRS)

11:30 Modelling of severe accident behaviour using the code
ATHLET-CD
K. Trambauer (GRS)

12:00 Lunch break

13:30 SARNET - a proposed European network for severe
accident research and management
M. Schwarz (IRSN), V. Teschendorff (GRS), G. Cognet
(CEA, France), R. Sehgal (KTH, Sweden), W. Scholtyssek
(FZK, Germany), R. Sairanen (VTT, Finland)

14:00 Synthesis of CABRI-RIA tests interpretation
J. Papin, B. Cazalis, J. M. Frizonnet, E. Fédérici, F. Lemoine,
J. C. Micaelli (IRSN)
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14:30 Lessons learned concerning iodine chemistry - ISP-41,
ISP-46
B. Clément, C. Marchand (IRSN), H. J. Allelein, G. Weber (GRS)

15:00 Break

15:30 Characterisation of the behaviour of containment equip-
ment under mechanical and thermal stresses in STARMANIA
facility
L. Bouilloux, S. Artous, O. Norvez, D. Boulaud (IRSN)

16:00 Experiments in the Halden Man-Machine Laboratory
(HAMMLAB) investigating human reliability issues
G. Andersen, P. O. Braarud, A. Bye, F. Owre (OECD Halden,
Norway)

16:30 End of Seminar 2

9:00 Investigation of uncertainties in the re-saturation model
of bentonite as near-field buffer in a spent fuel repository in
granite
K. P. Kröhn (GRS)

9:30 Lessons learnt from the 5th CEC PCRD BENIPA exercise
D. Pellegrini, C. Serres, C. Certes, F. Deleruyelle, F. Besnus (IRSN)

10:00 Break

10:30 Final results of the BAMBUS II project - experimental
and modelling results concerning salt backfill compaction and
EDZ evolution in a spent fuel repository in rock salt formations
T. Rothfuchs (GRS), B. Bazargan (Ecole Polytechnique, France),
S. Olivella (Technical University of Catalonia, Spain), K. Wieczorek
(GRS)

11:00 Evaluation of the importance of thermohydro-mechanical
coupling on the performance assessment of a deep underground
repository design: the DECOVALEX exercise
A. Rejeb (IRSN), A. Millard (CEA, France)

11:30 Ventilation experiments at Mont-Terri laboratory:
first results
J. M. Matray (IRSN), J. C. Mayor (ENRESA, Spain),
T. Rothfuchs (GRS), P. Marshall (NAGRA, Switzerland) 

12:00 Lunch break

Seminar 3

Waste
Management

Chairmen:

W. Brewitz, GRS
A. Cernes, IRSN
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13:30 Experimental studies on gas migration in underground
rock laboratories in granitic and argillaceous rocks
N. Jockwer (GRS)

14:00 Deep geological research in Romania
M. Pavalescu, A. Ionescu, A. Rizoiu (INR, Romania),
D. Buhmann, R. Storck (GRS)

14:30 National hydrological research programme (PNRH 99/35):
fluid transfer modelling for the Paris Basin
S. Violette, J. Goncalves, A. Jost (University Paris VI, France),
D. Bruel (ENSMP, France), J. C. Gros (IRSN)

15:00 Break

15:30 Model calculations and assessment of the importance
of the colloidal based radionuclide transport in a waste
repository in granite
A. Rübel (GRS)

16:00 Probabilistic seismic hazard analysis for a nuclear
power plant in France: uncertainty analysis using logic tree and
Monte-Carlo-type analyses
C. Clément, L. F. Bonilla, O. Scotti, S. Baize, C. Beauval (IRSN)

16:30 End of Seminar 3

9:00 Realistic dose assessment to members of the public with
consideration of site-specific crop growing and bulk buying
H. Biesold, A. Becker, A. Artmann (GRS)

9:30 Why assess doses around nuclear installations?
J. Brenot, C. Ringeard, A. Morin (IRSN)

10:00 Break

10:30 Advanced atmospheric dispersion modelling and
probabilistic consequence analysis for radiation protection
purposes
H. Thielen, R. Martens, W. Brücher (GRS)

11:00 EVANET TERRA - a network of EC-decision support
systems in the field of terrestrial radioecological research
G. Voigt (IAEA)

Seminar 4

Environment and
Radiation Protection

Chairmen:

A. Oudiz, IRSN
G. Pretzsch, GRS
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11:30 Advanced methods for re-use and disposal of
TENORM
D. Weiss (GRS)

12:00 Lunch break

13:30 Compilation and evaluation of the STRATEGY
countermeasures
A. Nisbet (NRPB, UK)

14:00 Assessment of the STRATEGY countermeasures by the
French FARMING working group
B. Cessac, F. Gallay et al. (IRSN)

14:30 Ecological risk assessment for radionuclides: current
status and critical knowledge gaps
J. Garnier-Laplace, C. Adam, O. Simon, R. Gilbin, J. M. Bonzom,
K. Baugelin, J. C. Gariel (IRSN)

15:00 Break

15:30 Remediation strategy and practice on agricultural land
contaminated with 137Cs and 90Sr in Belarus
I. Bogdevitch (BRISSA, Belarus)

16:00 Tasks involving radiation exposure in connection with
the decommissioning of German nuclear power plants
J. Kaulard, W. Pfeffer (GRS)

16:30 End of Seminar 4

9:00 Security culture for nuclear facilities in Germany
W. Gutschmidt (GRS)

9:30 Experience feedback on nuclear material control
in France
B. Massendari, J. Jalouneix (IRSN)

10:00 Break

10:30 Physical protection of nuclear facilities in Finland
R. Olander (STUK, Finland)

11:00 The physical protection of nuclear material and nuclear
facilities in the Czech Republic
L. Bartak, J. Sedlacek (SONS, Czech Republik)

Seminar 5

Nuclear
Material Security

Chairmen:

D. Flory, IRSN
W. Gutschmidt, GRS
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Posters and computer

demonstrations will be

available for

consultations

throughout the Forum.

11:30 German approach to estimate potential radiological
consequences following a sabotage attack against nuclear
interim storages
G. Pretzsch (GRS), R. Maier (BfS, Germany)

12:00 Lunch break

13:30 Security barriers in the physical protection concept of
nuclear facilities in Switzerland
B. Wieland (Bureau Fédéral de l'Energie, Switzerland)

14:00 Experiences from the performance of periodic tests of
technical physical protection installations
H. Meyer (GRS)

14:30 Joint studies of state systems of nuclear material control
and accountancy in Russia and France
H. Vidal (IRSN), B. Thaurel (IRSN), M. Franklin (JRC ISPRA),
N. Isaev (VNIIA, Russia)

15:00 Break

15:30 French activities in physical protection in support of
the IAEA
P. Cornu, C. Brousse, J. Jalouneix (IRSN)

16:00 DBT - basis for developing a European physical
protection concept
A. Hagemann (IAEA)

16:30 End of Seminar 5

On November 25, the lectures and debates will
be simultaneously translated into French,
German, English and Russian.

On November 26, seminars will be held only in
English.

!
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Nuclear Energy in the European Union –  

Before and After Enlargement  
 
 

Antony Froggatt 
 
 
 
 
 
2004 will be a key milestone for the European Union’s political and economic 
development, with the expansion of its membership from 15 to 25 countries.  In 
comparison the changes in the nuclear sector seem small - but they are nevertheless 
significant. 
 
The political changes in 1989 increased public and political concerns over the dangers of 
nuclear power in Eastern Europe.   These concerns led to the closure of all operating 
reactors in former Eastern Germany following unification, and increased international 
efforts to close similar reactors in the current accession countries.   These attempts only 
reached fruition as a result of the negotiations for accession to the EU, and the first VVER 
440-230 reactors were closed in Bulgaria in 2003.  A total of eight reactors in three 
countries are scheduled for closure by 2010.   However, the closure dates finally agreed 
will still enable RBMK design reactors to operate in the EU, in Lithuania.  In addition, for 
the first time reactors in existing Member States will/may be closed for safety reasons 
effectively at the request of the EU. 
 
The enlarged EU will have 161 nuclear reactors in operation and will be the world’s largest 
producer of nuclear electricity, generating around 32% of the Union’s electricity.   
Accession countries largely mirror the EU’s lack of new orders, as only Slovakia officially 
has any reactors under-construction, and so enlargement will not bring additional optimism 
for new construction.   This lack of new orders is resulting in the ageing of the EU 25’s 
reactor fleet, which has an average age of 22 years, up by 7 years in a decade.   The 
current lack of new orders is predicted to result in a significant decline in the percentage 
contribution that nuclear power generation plays in the EU during the period 2015-2025.    
 
In part as a result of EU enlargement and in part due to this ageing trend, the European 
Commission has prepared two new Directives, one on nuclear safety and the other on 
radioactive waste management.   When the former was launched the Commission claimed 
it was needed to maintain high standards after enlargement, as the current acquis 
communautaire does not include nuclear safety standards for reactors.   Consequently, the 
Directive would see the Union setting legislation on nuclear safety standards for the first 
time.   However, before the draft legislation reached the European Council or Parliament it 
was weakened and now proposes to set only general principles and obligations.  Even this 
is unacceptable to some Member States and it may be rejected.    Annexed to the safety 
Directive is proposed legislation requiring nuclear utilities establish separate legal entities 
for their waste management and decommissioning funds.   This is intended to both reduce 
market distortions within the utility sector and to increase the likelihood that funds would be 
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available when required.  This legislation is strongly opposed by the French and German 
Governments.   
 
The second Directive proposes to set EU-wide requirements for the sitting and operation 
of nuclear waste disposal facilities.    This approach fails to take into account the variations 
in the developments of waste management programmes in Member States or different 
strategies being adopted.    
 
Also in 2004 all Member States, including new Members, will have to transpose the 
revised electricity market Directive into national law.   This will accelerate market opening, 
requiring full competition for domestic consumers by July 2007.   Furthermore, it increases 
unbundling requirements and requires energy utilities to publish information on the 
generation mix and environmental impact of generation.   The intended increase in 
competition is supposed to result in lower prices for consumers and thus lead to lower 
revenues to operators.   These trends may further hinder the construction of new reactors 
within the Union. 
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Summary 
 
2004 will be a key milestone for the European Union’s political and economic development, with 
the expansion of its membership from 15 to 25 countries.  In comparison the changes in the nuclear 
sector seem small - but they are nevertheless significant. 
 
The political changes in 1989 increased public and political concerns over the dangers of nuclear 
power in Eastern Europe.   These concerns led to the closure of all operating reactors in former 
Eastern Germany following unification, and increased international efforts to close similar reactors 
in the current accession countries.   These attempts only reached fruition as a result of the 
negotiations for accession to the EU, and the first VVER 440-230 reactors were closed in Bulgaria 
in 2003.  A total of eight reactors in three countries are scheduled for closure by 2010.   However, 
the closure dates finally agreed will still enable RBMK design reactors to operate in the EU, in 
Lithuania.  In addition, for the first time reactors in existing Member States will/may be closed for 
safety reasons effectively at the request of the EU. 
 
The enlarged EU will have 156 nuclear reactors in operation and will be the world’s largest 
producer of nuclear electricity, generating around 32% of the Union’s electricity.   Accession 
countries largely mirror the EU’s lack of new orders, as only Slovakia officially has any reactors 
under-construction, and so enlargement will not bring additional optimism for new construction.   
This lack of new orders is resulting in the ageing of the EU 25’s reactor fleet, which has an average 
age of 22 years, up by 7 years in a decade.   The current lack of new orders is predicted to result in a 
significant decline in the percentage contribution that nuclear power generation plays in the EU 
during the period 2015-2025.    
 
In part as a result of EU enlargement and in part due to this ageing trend, the European Commission 
has prepared two new Directives, one on nuclear safety and the other on radioactive waste 
management.   When the former was launched the Commission claimed it was needed to maintain 
high standards after enlargement, as the current acquis communautaire does not include nuclear 
safety standards for reactors.   Consequently, the Directive would see the Union setting legislation 
on nuclear safety standards for the first time.   However, before the draft legislation reached the 
European Council or Parliament it was weakened and now proposes to set only general principles 
and obligations.  Even this is unacceptable to some Member States and it may be rejected.     
 
Annexed to the safety Directive is proposed legislation requiring nuclear utilities to establish 
separate legal entities for their waste management and decommissioning funds.   This is intended to 
both reduce market distortions within the utility sector and to increase the likelihood that funds 
would be available when required.  This legislation is strongly opposed by the French and German 
Governments.    The second Directive proposes to set EU-wide requirements for the siting and 
operation of nuclear waste disposal facilities.    This approach fails to take into account the 
variations in the developments of waste management programmes in Member States or different 
strategies being adopted.    
 
Also in 2004 all Member States, including new Members, will have to transpose the revised 
electricity market Directive into national law.   This will accelerate market opening, requiring full 
competition for domestic consumers by July 2007.   Furthermore, it increases unbundling 
requirements and requires energy utilities to publish information on the generation mix and 
environmental impact of generation.   The intended increase in competition is supposed to result in 
lower prices for consumers and thus lead to lower revenues to operators.   These trends may further 
hinder the construction of new reactors within the Union. 
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Nuclear Power and the European Union  
 
Nuclear power has been a fundamental part of the European Union institutions virtually since its 
founding.  The Euratom Treaty, set up to assist with the development of nuclear power, is one of the 
founding three Treaties, along with the European Coal and Steel Community and EC Treaty.   The 
Euratom Treaty was first signed by six countries, Belgium, France, Germany (Federal Republic), 
Italy, Luxembourg and the Netherlands.  Now there are fifteen Members with a further ten set to 
join in May 2004.    
 
Through the Euratom Treaty the European Union he lps in the development of nuclear power –via 
its loan facility and research and development programmes -, regulates the uranium market, and 
oversees the Union’s non-proliferation programme.  It is proposed to increase its regulatory 
function for the civil nuclear industry. 
 
Despite its diverse role and the introduction of the EU’s electricity market rules, the Euratom Treaty 
remains apart from other EU legislation and is largely unchanged since its conception in 1957.   
Consequently, there is no co-decision with the European Parliament on Euratom legislation and 
Euratom has its own research and development programme.   The separate status of the Euratom 
Treaty reinforces the view held by many that nuclear power is given special status within the 
European Union.  This position has been strengthened by the decision by the European Convention 
not to include a review of the functions of the Euratom Treaty within the new EU Constitution.  
Rather it is proposed to keep the Treaty functionally intact and as a separate legal personality 
included as a protocol to the new Constitution.  However, there is no consensus that this is the right 
approach to take and in September 2003 the European Parliament called for the revision of the 
Euratom Treaty in a separate Inter-Governmental Conference.   How and if the current Inter 
Governmental Conference addresses Euratom reform remains to be seen, but early indications are 
that the larger Member States are determined not to revisit this most complex and controversial of 
issues. 
 
The proposed Constitution for the EU also contains for the first time a suggestion that an energy 
chapter be included.   This proposed wording is: - 
 
In establishing an internal market and with regard for the need to preserve and improve the 
environment, Union policy on energy shall aim to: 
(a) ensure the functioning of the energy market, 
(b) ensure security of energy supply in the Union, and 
(c) promote energy efficiency and saving and the development of new and renewable forms of 
energy. 
 
The inclusion of the development of ‘new and renewable’ forms of energy raises the possibility of 
promoting new nuclear, fusion and fission or ‘clean coal’ in addition to renewable energy sources.  
How this will translate into specific policy or research programmes will have to be determined, as 
will the relationship between the Euratom Treaty and the EU’s energy chapter. 
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Role of Nuclear Power in the Electricity Sector 
 
The commercial use of nuclear power was pioneered in current Member States of the EU; in 1957 
reactors in the UK produced commercial electricity for the first time.   Since then the industry has 
expanded considerably and an enlarged EU will have 156 operating commercial reactors 
representing over one third of the world total.   The enlarged European Union will be the largest 
producer of nuclear power in the world, producing some 8% more nuclear power than North 
America, nearly three times more than Japan and seven times more than Russia.   There are only 
four countries in the world that produce more than 50% of their power from nuclear reactors and 
these will all be in the EU in 2004.   A summary of the statistics for Member States can be seen in 
the table that follows. 
 
 Table 1:  Summary of Current Reactor Status in Prospective and Current EU Countries 

– Status September 2003 
Country Operating 

Reactors 
Under 

Construction 
Closed 

Reactors 
First Grid 
Connection 

GWh 
2002 

%   
Electricity 

Belgium 7 0 1 1962  44 737 57.3 
Czech 
Republic 

6 0 0 1985  18 738 24.5 

Finland 4 0 0 1977  21 443 29.8 
France 59 0 11 1959 415 500 80.0 
Germany 19 0 17 1961 162 250 29.9 
Hungary 4 0 0 1982  12 787 36.1 
Italy 0 0 4 1963           0 0 
Lithuania 2 0 0 1983  12 900 80.1 
Netherlands  1 0 1 1968   3 687 4.0 
Slovakia 6 2 1 1972 17 953 54.6 
Slovenia 1 0 0 1981 5 308 40.7 
Spain 9 0 1 1968 60 284 25.8 
Sweden 11 0 2 1964 65 574 45.7 
UK 27 0 18 1957 81 976 22.4 
Source:  IAEA PRIS Database, September 2003 
 
As noted the UK was the first country to commercially develop nuclear power, this was shortly 
followed by the US, whose first reactor was connected to the grid in 1960, then France, Germany, 
Belgium, Italy, Russia and Sweden.   The graph below shows the development of an enlarged EU’s 
nuclear construction programme since the early days and shows some key points, including: - 

• The dominance of the UK in the early years, due to construction of the Magnox fleet. 
• The vast construction programme in France in the 1980s. 
• The less rapid but yet consistent construction programme in Germany. 
• The effective collapse of new connections since 1990. 
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Historical Development of New Reactors in an Enlarged EU
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The previous graph doesn’t reflect the contribution to electricity production of nuclear power in the 
EU as it doesn’t differentiate between reactor sizes.  Over the 50 years of commercial operation 
reactors have increased in size 20 fold.   This is demonstrated in the following graph.   The apparent 
‘downsizing’ of reactors completed in the 1990s is largely due to the completion figures being 
dominated by accession countries, who have built smaller reactors.  Should Europe’s reactor 
construction programme restart it may well follow this path with, the Generation IV reactors likely 
to be of smaller size than those most recently constructed in the EU.   However, the European 
Pressurized Water Reactor (EPR) currently under development in France is 1.6 GW, and if 
deployed would continue the trend of larger reactors. 
 

Average Installed Capacity of New Reactors in an Enlarged EU
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Source:  IAEA PRIS Database, September 2003 
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The graph below combines the number of new reactors with the increase in size and shows a 
slightly different view of the development of new build in Europe.   This shows the  
domination of a few nuclear programmes in Member States.  France accounts for one third of the 
reactors but has 45% of the installed nuclear capacity, while Germany has 18% and UK 10% of 
installed capacity. 

Historical Development of New Nuclear Capacity in an Enlarged EU
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Source:  IAEA PRIS Database, September 2003 
 
How this construction is transformed into electricity production is less easy to demonstrate for an 
enlarged EU, due to lack of historical data for some accession countries.  Therefore, the graph 
following only demonstrates the annual consumption of nuclear electricity in current Member 
States.  Clearly shown is the rapid development in the 1980s: dur ing this decade there was a 250% 
increase in nuclear electricity consumption – mainly due to the French programme, while during the 
1990s only a 16% increase was achieved. 
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Nuclear Energy Consumption in Current Member States
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Source: BP Statistic Review of Energy, June 2003 
 
The production of nuclear electricity within the EU Member States increased from 12% in 1980 to 
33% in 1988.  However, since then nuclear electricity has not significantly increased its share of 
total production.  In 2002 it was 35%, with the other major fuel, solid fuel coal around 25%, natural 
gas 20% and hydro 12%.   In Accession countries nuclear power gives a much smaller contribution 
of 15%, with solid fuel around 40%, hydro 32% and natural gas 10%.    In an EU 25 or 27, nuclear 
power will contribute around 32% to the total electricity production, with solid fuel contributing 
30%, natural gas 17%, hydro 11% and wind energy less than 1% (all based on 2000 data).   The 
graph following shows these contributions.    
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2002 Percentage Mix for Electricity Generation in Current and Prospective Member States of the EU
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Over Capacity of Generation 
 
Despite the introduction of market liberalisation and the subsequent uncertainties over price within 
the EU and accession countries there remains overcapacity.  As the table shows within EU Member 
States there is an excess of around 80 GW of installed capacity over and above a 15% reserve 
capacity.    The table 1 below shows the current overcapacity within each current Member State.   
 

Table 4: Capacity Margins in EU Countries in 2002 
Member State Capacity (GW) Peak demand (GW) Capacity Margin (%) 
Austria 17.5 9 94 
Belgium 15.5 13 19 
Denmark 12.1 6.3 92 
Finland 16.6 13.2 26 
France 115 77 49 
Germany 117 85 38 
Greece 12 8.8 36 
Ireland 5 4.2 19 
Italy 74 51 45 
Luxembourg 1.5 0.9 67 
Netherlands 20 17 18 
Portugal 9.9 7.5 32 
Spain 45 37 22 
Sweden 30.8 26 18 
UK 73 61 20 
EU-15 564.9 416.9 36 

                                                 
1British Government Submission to European Commission in evidence for restructuring plans for British Energy,  July 
2003. 
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Over and above the excess capacity in the EU, some countries are experiencing a growing 
separation between maximum and minimum load demand.  This is particularly evident in France.   
Research by energy analysts at WISE-Paris has shown that between 1978-2003 the margin between 
maximum and minimum load demand has increased by 20 GW2.    This failure to curb peak 
electricity demand has helped to hide the true extent of overcapacity. 
 
The enlargement of the EU will add to overcapacity, as the decline in energy consumption in 
Central and Eastern Europe (CEE) over the early part of the 1990s have meant that in most 
countries current demand is only reaching 1990 levels in 2000.   On average, overcapacity in CEE 
countries is around 60%.    Some countries, such as Lithuania have over 250% over –capacity, 
while even Poland has 43% with 10 GW of capacity above peak demand.   However, this will 
change in some countries with the closure of power stations for environmental or economic reasons.  
Despite these closure plans an increasing volume of electricity is being imported from countries in 
the former Central electricity region (Czech Republic, Hungary, Poland and Slovakia) into the EU. 
 
In addition to the current over capacity, approximately 90 GW of new capacity is under-
construction or in the planning stage across Europe, according to the energy newsletter Platts, the 
majority of which is for new combined gas cycle turbines plants (80%), with the only nuclear 
project included being for the fifth reactor in Finland.  
 
 
Closures of Reactors as a Requirement for Accession 
 
In July 1997 the European Commission published Agenda 2000, which laid out their proposal for 
the enlargement of the European Union.  This document made clear both the importance that the 
Commission placed upon nuclear safety and the timetable in which action should be taken. It stated 
that that nuclear safety must be ‘urgently and effectively addressed’.   
 
The issue was further emphasised following the unification of Germany: all VVER 440 reactors 
were abandoned, both those of the 230 and 213 designs, as were plans to complete the VVER 1000 
reactors at Stendal.     For a number of years the international community – largely the G7 and EU – 
deemed that some designs of Soviet reactors were non-upgradeable, as they had such significant 
design deficiencies that it would not be economic to attempt to bring these up to a ‘western 
standards’.  The reactors in question were the RBMKs and the VVER 440-230s designs.  Within 
accession countries, there were eight such reactors: Bohunice V-1 (Slovakia); Ignalina 1 and 2 
(Lithuania) and Kozloduy 1-4 (Bulgaria).   Agenda 2000 repeated the call for the closure of these 
reactors. 
 
Following negotiations with the countries concerned, the December 1999 Helsinki Summit, agreed 
a programme for the closure of all the reactors in question.  The table below shows both the 
proposed closure dates set out in Agenda 2000, and the revised dates agreed at Helsinki.   On 
average the Helsinki agreement grants reactors an additional operational life of 5 years.   The 
closure dates put forward will therefore still enable RBMK reactors to operate within the EU, in 
Lithuania.  In addition, for the first time reactors in existing Member States will/may be closed for 
safety reasons effectively at the request of the EU. 
 
 

                                                 
2 http://www.wise-paris.org/english/ourgraphs/ELE/FRA/ELE.FRA.11.G.PointePuiss.en.html 
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Table 2:  Reactors to be Closed with Enlargement of the EU 
Nuclear Power Plant Reactor Agreements Noted 

Agenda 2000 
Accession 
Partnership 
Agreements 

Kozloduy: 
Bulgaria. 

Unit 1 and 2 
Units 3 and 4 

Spring 1997 
End 1998 

2003 
2006 

Ignalina: 
Lithuania. 

Unit 1 
Unit 2 

1998 
2002 

2005 
2009 

Bohunce-V1: 
Slovakia 

Units 1 and 2 2000 2006-8 

 

 
The first date for the closure of Units 1 and 2 at Kozloduy has been met as both reactors were 
closed on the 31st December 2002.  However, there still remains some uncertainty that all others 
will be fully adhered too.    
 
New Build 
 
As table 1 shows there are currently no reactors under construction in EU Member States and 
according to the IAEA only Slovakia has reactors under construction in those accession countries 
due to join the EU in 2004.   The table below summarises the current situation in current and future 
Member States regarding new construction.   Within the current EU only Finland has any firm plans 
for the construction of new nuclear capacity, with France the only other country with the potential 
to order any more reactors in the next few years.  All other States have effectively ruled out new 
construction on the short to medium term.  In new Member States, Slovakia officially has two 
reactors under construction and Romania, set to join in 2008, has one reactor being built.   There are 
other less concrete plans - namely lack of financial details and technical information - for further 
construction also in Bulgaria, Lithuania and Romania. 
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Table 3:  Policy for Existing Reactors and New Build in an Enlarged EU  

Country Status on New Build 
Belgium The 1999 phase-out legislation, which finally became law in 2003, both requires the closure 

of reactors after 40 years of operation and a prohibition on the construction of new reactors.  
Following the elections in May 2003 and a change in Government it is possible that this 
legislation will be overturned, as could occur in any Government.  However, this is unlikely 
as the major parties, the Socialists and Liberals, remain the same and even if it were 
overturned it might well be insufficient to encourage utilities to construction more reactors 
as a new Government could reintroduce the legislation restricting their operation. 

Czech 
Republic 

Reports in the Czech press note that Industry and Trade Minister Jiri Rusnok has suggested 
that the Republic might need to build three 600 MW or further reactors at Temelin reactors 
to help compensate for a projected decline in coal resources over the next 10-20 years and to 
prevent the country needing to import electricity.  The State utility CEZ has said that they 
will decide on new power sources in 2004. 

Finland The utility TVO has applied to build a fifth reactor; this proposal was approved first by the 
Government and then by the Parliament in May 2002.   The utility is now considering bids 
from a number of companies and is expected to award a tender at the end of 2003, although 
it is thought likely it will be the EPR.  If it proceeds this will be the first reactor 
commissioned and built in the EU since 1986 and the first globally in a fully liberalised 
market. 

France By the end of 2003 the French Government is expected to have concluded their public and 
Parliamentary debate on the future direction for the country’s energy policy.  While many 
expected that they will propose the construction of a new prototype EPR – the industry 
minister Nicole Fontaine announced her desire to see the EPR build as soon as possible - 
others have called for a delay in the decision on the ordering of new reactors. 

Germany In 2000 the Government and nuclear utilities signed an agreement that restricts the operation 
of existing reactors to an operating life for the equivalent of approximately 32 years for each 
unit and prohibits the construction of new reactors. 

Hungary In 1999 the owners of Paks proposed to extend the facility and received a number of bids.  
However, at the time a gas-fired power station was chosen to meet the medium term 
increase in power needs.  No other plans have been put forward. 

Lithuania Numerous press reports have suggested that additional nuclear units would be considered as 
a replacement for the Ignalina RBMK units scheduled for closure by 2010.  In May 2003 the 
French company Areva signed a memorandum with the Government on the potential for 
new build, however, no further information is available.    

Netherlands  The decision to close the Borssele reactors in 2003 has been overturned and it may now 
continue until 2013, the end of its nominal 40 years operational life.  No Government plans 
exist for the construction of further reactors. 

Slovakia According to the IAEA units 3 and 4 of the Mochovce station are under construction.  
However, serious doubts remain on the likelihood of this proposal at the current time. 

Slovenia There are no plans for the further construction of nuclear reactors. 
Spain A report on the country’s energy infrastructure, by the Finance Ministry in 2002 

recommended that no new nuclear power reactors to be constructed until at least 2010. 
Sweden The current nuclear debate focuses on the closure of Barseback 2 and not on the 

construction of new reactors.  
UK The Government White Paper on Energy Policy published in February 2003 stated that there 

were no plans to build more nuclear power stations. 
Post 2004 new EU Members  
Bulgaria By the end of 2003 the Government is scheduled to produce a technical and economic 

proposal for the completion of the Belene nuclear power plant. 
Romania Unit 2 of the Cernavoda power plant is under construction and awaiting approval for a 

Euratom Loan for financial arrangements to be completed.   Plans are also being developed to 
enable to completion of the remaining three units by 2020. 
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Reactor Ageing  
 
The lack of construction means that Europe’s reactor fleet is getting older.   The graph below 
demonstrates this trend and shows that the average age of the reactors is 22 years.   Given 
particularly long lead times for new build this trend must cause concern to those looking to the 
long-term future of the industry. 

Average Age of Operating Reactors in an Enlarged EU
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Given, at least on the short to medium term, a lack of new orders within the EU, the only way that 
nuclear utilities will be able to retain their share of rising electricity demand is to both increase the 
output from the existing stations and to increase their operating lives.   These trends are global and 
are already clearly seen in North America and Western Europe.   However, both measures are 
restricted by technical constraints. 
 
Between 1997 and 2000 there was an increase in global output of nearly 300 TWh, equivalent to 
approximately 40 reactors, but in that period the net increase in reactor numbers was only three.   
Part of this is due to larger reactors being commissioned i.e. small reactors are being replaced by 
larger ones, but also by power upgrades and general increases in load factors.  According to the 
World Nuclear Association, currently two thirds of the world’s nuclear reactors now have load 
factors in excess of 80%, compared to only 25% in 1990.   Between 1998 and 2002 the global 
average for load factors increased from 75.5% to 78.7%. 
 
The International Energy Agency noted in 2001, “If there are no changes in policy towards nuclear 
power, plant lifetime is the single most important determinant of nuclear electricity production in 
the coming decades”3.  Most forecasting models are based on an operational life for reactors of 
around 30-40 years.  However, there are a number of proposals to extend these to fifty or even sixty 
years.    The exchanging of components, such as steam generators or vessel heads, is now routine 
and undertaken in relatively short time periods.  However, two components, the reactor vessel and 

                                                 
3 Nuclear Power in the OECD, International Energy Agency, 2001, page 300. 
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containment system, are unlikely ever to be considered for exchange and from a technical rather 
than economic perspective are the life limiting factors for the reactors. 
 
In the United States the life extension process is advanced: around 30% of the country’s reactors 
will have operated for a minimum of 40 years by 2015, with the first four power plants reaching 
their 40 year life by 2006. Consequently, a significant number of reactors have or are in the process 
of applying for a life extension licence.   To date, 16 units have been granted a licence, with a 
further 12 under consideration and another 30 expected in the next three years. 
 
In Europe the trend is also underway.   In the UK, which has the oldest reactors fleet some the 
Magnox stations have been given regulatory approval to potentially operate for 50 years.  In those 
EU countries without phase-out plans, such as France and Spain, calls to increase the operating life 
of the reactors are growing.   In 2003 Electricité de France (EdF) modified its accountancy 
methodology for its decommissioning funds to formally anticipate that the reactors would operate 
for an additional 10 years – up to a 40 year life. 
 
The economic advantages of Plant Life Extension (PLEX) are clear as they avoid large upfront 
construction costs and assume that adequate funds have been set-aside during the ‘expected’ 
operational life, decommissioning costs.   Some estimates put the cost of increasing the operating 
life of the reactors as low as between €10-50 per installed kW.  However, as with any power station, 
ageing of components can have a significant impact on the economics of a facility as increased 
unreliability and greater maintenance costs can lead to the closure of stations.   This is especially 
true in a market with less price certainty, where even limited investment risks might need to be 
avoided. 
 
What Future Nuclear Power? 
 
The US Department of Energy’s most recent forecasts for nuclear power in Europe suggest a wide 
range of possible outcomes for nuclear power in Western Europe.   Under the DOE high scenario 
nuclear power will significantly increase as countries once again start ordering new reactors as well 
as operating the existing ones for longer.   This would result in an installed capacity of around 160 
GW by 2025.   Assuming an operational life of 45 years, just to maintain the current 120 GW of 
installed capacity will require the additional of 2.6 GW per year.   Therefore around 80 new reactors 
will have to be built between 2010-2025 to reach the 160 GW target - nearly five GW per year.   
Given that between 1990-2010 it is likely that only around 10 GW in total (0.5 GW per year) will 
have been added, this scenario will require a mammoth shift in economic, political and public 
thinking. 
 
The reference scenario predicts only relatively small new build and some life extension.  This 
results in a decline in the EU nuclear capacity by around 20% over the next two decades.  The low 
nuclear scenario sees the rapid decline in installed capacity as reactors are closed on the basis of 
current life expectancies.   As a consequence by 2025 the total programme is only 40GW (see graph 
below). 
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US DOE Forecasts for Western Europe's Nuclear Program
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Source:  US Department of Energy, 2003 
 
 
The European Commission has also recently published forecasts for the future of the power sector4.   
The graph below shows how the Commission expects the installed capacity of the power sector to 
change in both the current Member States of the EU and in accession countries.   In both cases, the 
installed capacity of nuclear, in percentage terms, halves over the period 2000-30, while wind 
energy is significantly increasing.  Wind is expected to have a higher installed capacity, although 
not TWh production, than nuclear power by 2030.   Despite this increase the use of fossil fuels is 
predicted to continue to dominate and to increase both their share of  total production and 
percentage of installed capacity. 
 

                                                 
4 European Energy and Transport Trends to 2030,  European Commission January 2003, ISBN 92-8944444-4 



Nuclear Energy in an Enlarged European Union                                                                                              Antony Froggatt 
                     

 18

Power Generation Capacity in EU and Accession Countries 2000 and 2030
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Source:  European Commission, 2003 b 
 
The Commission analysis further shows that energy produced by renewable energy in 2030 will still 
not equal that of nuclear power, despite the change in fortunes of the respective technologies.  
Between 1990 and 2030 the renewable share in energy production will increase from 4.5% to 8.6%, 
while nuclear power declines from 12.6% to 9.4% over the same period.  Despite the rise of 
renewables, the report predict that Europe will fail to meet the targets of the EU’s renewable energy 
Directive, as it is only anticipated to contribute around 6% of energy needs by 2010, rather than the 
12% envisaged.    

Gross Energy Consumption by Source in an Enlarged EU
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Source:  European Commission, 2003 b 
Furthermore, it is predicted that the EU’s total Co2 emissions will by 2030 have increased by 
around 14% over 1990 emissions.    
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Liberalisation of the EU Electricity Market 
 
Member States will have to transpose the revised EU electricity market Directive into national 
legislation by July 2004.   
 
 The revised Directive was int roduced primarily for four reasons: 

• To increase the homogeneity of the market:  
o In order to be adopted the first Directive left a number of options to be decided on a 

Member States level, e.g. mechanism for access to the grid, these options have been 
reduced 

o The first Directive only required a relatively small (30%) percentage of the consumer 
market to be open to competition.   However, a significant minority of Member 
States (Austria, Finland, Germany, Sweden and UK) have already 100% market 
opening with others scheduled to follow.    

• The increased use of natural gas in the power sector led to calls for the harmonization of the 
gas and electricity market Directives. 

• The European Council declaration in Lisbon in March 2000 called for the speeding up of 
liberalisation in a number of areas including the gas and electricity sectors. 

• The desire to create a single EU electricity market, rather than fifteen independently 
liberalised markets. 

 
The revised Directive seeks to address these issues by: 

• Ensuring that all non-domestic consumers can choose their electricity supplier by mid 2004 
and all domestic by mid 2007.   

• Increasing unbundling between the different sector of the industry including requiring the 
legal separation of network activities from generation and supply. 

• Strengthening the powers of the national regulators. 
• Requiring the publication of network tariffs. 
• Introducing monitoring of security of supply and market concentration. 
• Mandating electricity labelling for the generation mix and some emissions and nuclear 

waste. 
• Reinforcing public service obligations. 

 
The impact that this will have will be seen over the coming years.    But what is clear is that 
liberalisation has already had a considerable impact on the market in two main areas: 
 
Prices: 
 
The introduction of liberalisation to the electricity market is supposed to increase competition, 
stimulate innovation and encourage transparency.  This is meant to lead to a decrease in electricity 
prices, which is beneficial to the competitiveness of the EU’s industrial sector as a whole. 
 
It is well documented that throughout the EU over the last decade there has been a fall in electricity 
prices for both industrial and domestic consumers.   Figures recently published by Eurostat confirm 
this.   The graph below shows that since 1994 prices for domestic consumers have fallen by around 
10%, while they fell 20% for industrial consumers. 
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Source:  Eurostat, 2003 
 
How much this is due to liberalisation and how much to a drop in the price of the dominant fuel 
source, natural gas, is difficult to say.   Although retail prices have fallen across the EU, the 
wholesale price for electricity has fallen much further in some countries.  In the UK, the 
introduction of a new electricity trading regime in 2001 resulted in the decrease in the wholesale 
price of electricity by around 18% in its first year of operation.   However, over the same time 
period the price of electricity to domestic consumers fell by only 2.5%, according to the UK body 
EnergyWatch.    
 
Although the Directive required some unbundling, in particular from the network suppliers, those 
generation companies that have retained a retail arm have been able to shield themselves from the 
excessive decline of wholesale electricity prices.   This is particularly noticeable in the UK, where 
the larger generators who do not have their own retail companies have been sold or are making 
losses.   The most obvious case in question is British Energy – the private nuclear generator – which 
does not have a retail division.  Over the last two years the company’s share price has collapsed and 
its profit margin disappeared.   It was only saved from bankruptcy by first a Government loan of €1 
billion and then a restructuring package which will see Government meeting part of the companies 
waste management costs, approximately €5 billion.   The restructuring package has yet to be 
approved by the European Commission and an outright rejection of the proposal or significant 
conditions for its approval may still result in the company being taken back into public ownership. 
 
Market Concentration: 
 
As with the introduction of liberalisation in other markets there has been a growth in mergers and 
acquitions and subsequent increase in market concentration in the electricity market.   This issue, 
and the problems that it may cause for market actors, is recognised in the latest version of the 
electricity market Directive, with measures proposed to monitor and counter its development. 
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European nuclear utilities are heavily involved in European and Global acquitions, with E.on, RWE 
and EdF the most active players in the EU market.   The technical problems associated with the 
storage of electricity and the need for its constant availability make price control particularly 
difficult in the electricity sector, which raises fears in some quarters of the impact of market 
dominance on the smooth functioning of the market.   
 

Combined European Acquisions of EdF, Eon, RWE, Enel, Vattenfall, Endesa and Electrabel, 
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Source:  EdF Annual report, 2003 
 
The continued expansion of the larger utilities is expected to continue, as many see Europe as a 
priority zone for development – in particular with recent problems in Latin America.   The market 
leader, EdF, wish to see 50% of their revenue coming from outside France by 2005, up from 12% in 
1998.  Consequently, some commentators predict that within a decade only a handful of companies 
will dominate the European energy market.   
 
Similar consolidation has been seen in the fuel cycle arena, in particular with the formation of 
Areva from Cogema (a reprocessing plant operator), Framatome (the nuclear vendor) and the 
French Atomic Energy Commission (CEA).   However, more international consolidation is 
expected as well as a greater convergence of reactors designs.   It is accepted that for vendors to 
break even they need to sell some five to ten reactors for each reactor design.  Given the scarcity of 
new orders, consolidation from the five to seven major reactor designs to two or three is likely to 
occur. 
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EU Nuclear Package  
 
In April 2002, the European Commissioner responsible for Energy, Vice-President Loyola de 
Palacio made an announcement in the European Parliament, in which she stated that the time had 
come to introduce ‘common nuclear safety standards’ into the EU.   Over the next months the 
Commission prepared two Directives that were eventually given provisional approval by the college 
of the Commission in November 2002.  These were Euratom Directives on: - 

• Setting out basic obligations and general principles on the safety of nuclear installation. 
• On the management of spent nuclear fuel and radioactive waste. 

 
The Directive on safety principles contains an annex on the management of decommissioning 
funds, which had originally been proposed as a separate Directive, but was included on the advice 
of the Commission’s legal services. 
 
The Commission took Chapter III of the Euratom Treaty, Health and Safety, as the legal 
justification for introducing the Directives.  This requires – under Article 31 – obtaining the opinion 
of an expert group, prior to the formal adoption by the Commission (this group is known as the 
Article 31 expert group).   Consequently, the November 2002 Directives were only a draft and were 
re-published in January 2003, following the opinion from the Article 31 group. 
 
Nuclear Safety Principles 
 
Accompanying the launch of the Directives was a Communication and a Memo setting out the basic 
rational for the Directives.     In its introductory paragraph on the safety principles Directive it 
states5: - 

This directive will introduce common safety standards and monitoring mechanisms, which 
will guarantee that common legally, enforceable methods and criteria will be applied 
throughout the enlarged Union. 

 
The text of the November 2002 draft Directive stated that that this was to be a Framework Directive 
and that the introduction of commons safety standards which occur at a later date: 
 

Recital 10: In order to attain the Community objectives regarding radioprotection 
mentioned above, it is essential as a first stage to define the basic obligations and general 
principles on the safety of nuclear installations in this framework Directive.  The 
establishment of common standards and control mechanisms will at a later stage to 
complement this in order to guarantee a high level of safety which takes account of 
technological changes. 

 
Following comments from the Article 31 Expert Group the Commission redrafted the Directives 
which were then released in January 2003.   On the fundamental point of the introduction of nuclear 
safety standards a key shift had taken place, with recital 10 being changed to remove any reference 
to the introduction of a framework Directive.   Thus there will be no additional Directives 
introducing common standards and control mechanism. There has been no explanation for this 
fundamental change in approach.  In September 2003, the Commission stated that6: - 
 

                                                 
5 Memo:  Towards a Community approach to nuclear safety,  European Commission Directorate-General for Energy 
and Transport,  November 2002. 
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The proposal for a Directive setting out basic obligations and general principles on the 
safety of nuclear installations, approved by the Commission on 30 January 2003, is not a 
framework directive entailing the drafting and implementation of sub-directives under it. 

 
Therefore the intention to introduce common nuclear safety standards was withdrawn in the January 
2003 draft and the legislation would have only required:  

• Each Member State must ensure it has a safety authority, which is independent from bodies 
that promote or utilise nuclear energy. 

• The safety authority shall regulate and supervise safety of nuclear installations and grant the 
necessary licences. 

• Each Member State shall require the operator to run the facility in accordance with 
‘common safety standards’ and give priority to nuclear safety. 

• Ensure that the regulator carries out nuclear safety inspections. 
• Each Member State shall take the appropriate steps to ensure adequate financial resources 

are available to support the safety of facilities. 
• Establish procedures for reducing accidents and incidents and that adequate notification is 

occurring. 
 
In order to verify that these activities take place the Commission will oversee verification missions.  
Experts from Member States, probably two per mission, will visit the safety authorities in Member 
States and on the basis of a pre-arranged schedule will verify their activities.   The results of these 
missions will apparently not be made public in full and there are no mechanism laid out for 
ensuring that any action is taken as a result, even in cases of non-compliance. 
 
On the Member State level, within the European Parliament, and in the nuclear industry there 
appears very little support for this legislation.    The main criticisms are: - 

• The Directive will require additional reporting e.g. bureaucracy. 
• International regimes, such as the IAEA’s Nuclear Safety Convention, already cover large 

parts of the requirements of the Directive and all Member States and accession countries 
with nuclear facilities are party to this convention. 

• The verification missions will require national inspectors to undertake additional work, thus 
adding to their workload. 

• There will be no inspections at the facilities themselves but rather at the safety authorities 
and these will all be pre-planned, therefore no surprise visits. 

• There are no compliance mechanisms or sanctions in the case of non-compliance and no 
timetables for the introduction of measures. 

• The results of the verification missions will not be made public. 
 
Decommissioning Funds  
 
Annexed to the safety principles Directive is legislation on the management of decommissioning 
funds.   This legislation was introduced as a compromise to the European Parliament who tried to 
require the segregation of decommissioning and waste management funds within the revision of the 
electricity market Directive in 2002.   The Parliament argued that as some nuclear utilities were not 
required to have segregated funds they had an economic advantage, especially in the current climate 
of market acquitions.  Between 2000-2, three quarters of all market acquisitions in the European 
energy market were made by utilities that did not have segregated decommissioning and waste 
management funds.  The European Commission and Council agreed that this was an important issue 
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that must be addressed, but proposed that it be dealt with under the Euratom Treaty rather than in 
the electricity market Directive. 
 
The draft legislation proposes that funds to pay for decommissioning must be created from 
contributions from nuclear operators.  These funds must be sufficient and available to cover the 
costs relating to decommissioning and spent fuel management.   The funds may not be used for any 
other purpose and that they must be established with ‘their own legal personalities’.   However, the 
draft Directive then added, ‘If exceptional or duly justified reasons make such legal separation 
impossible, the fund could continue to be managed by the operator’.   
 
Currently there are only two countries in the current EU – France and Germany - that allow their 
utilities to build up and retain control of their own provisions for decommissioning.  The 
importance that both place upon allowing non-segregated funds for their utilities was demonstrated 
at the 18th September 2003 French-German Initiative on Growth, at which the final communiqué 
signed by President Chirac and Chancellor Schroeder stated that decommissioning of nuclear 
facilities would be achieved without the creation of a separate fund.   In all other Member States the 
funds are managed by the national waste management organisation or in segregated funds with an 
independent review of investments.   Therefore it is clear that the potential exemption from the 
requirement for segregated funds was inserted to allow French and German utilities to continue 
their current financial practices.   
 
 
Nuclear Waste Management 
 
In April 2002 the Commission published a Eurobarometer poll on nuclear waste, to coincide with 
the announcement of the intention to the Directive 7.  This concluded that over two-thirds of citizens 
are worried about radioactive waste from their own country or other Member States.   The poll also 
concluded that around 80% of the population felt that the generation producing nuclear waste 
should be responsible for it. 
 
The Directive proposes to set EU wide schedules for the construction and operation of nuclear 
waste facilities.   Furthermore, it suggests that the preferred method of disposal is in deep geological 
repositories and it encourages and/or sanctions the construction of waste sites for multiple Member 
States to use either inside or outside the European Union.   Finally it suggests an accelerated 
research and development program, co-ordinated by the EU. 
 
The dates proposed for the construction of the nuclear facilities should be mentioned but there is 
general agreement –even now by the Commission – that they are unrealistic.   The dates proposed 
are: - 

• Authorisation for the development of appropriate disposal sites should be granted no later 
than 2008. 

• Authorisation for the operation of sites to dispose of low level radioactive waste should be 
completed by 2013. 

• Authorisation for the operation of sites to dispose of high- level radioactive waste should be 
completed by 2018. 

 
However, many question the need to the establishment of universal or country specific timetables 
for waste management and what additional benefits approval on a EU level will bring. The creation 

                                                 
7 Eurobarometer 56.2, European and Radioactive Waste, 19th April 2002 



Nuclear Energy in an Enlarged European Union                                                                                              Antony Froggatt 
                     

 25

of a universal EU date will aid communication to the public at large that radioactive waste is being 
actively addressed, but there are some fundamental problems with both universal and country 
specific binding dates: - 

• It decreases the likelihood that late in the site investigation phase that an unsuitable 
candidate or design will be abandoned, as occurred in the UK in 1997, as a fixed timetable 
would require an alternative proposal at a similar stage of investigation. 

• Communities close to the proposed site may consequently have increased concerns over the 
processes and the balanced nature of the consultation process. 

• Setting a single timetable across the EU, which takes no account of the history or size of a 
nuclear programme or the current status of research and development programmes lacks any 
purpose other than public communication. 

 
The Directive also suggests that deep geological disposal should be the only possible disposal route 
for high level radioactive waste, by declaring that there is ‘broad international consensus amongst 
technical experts that disposal by isolation deep in stable geological formations is the most suitable 
management option’ and that on or near to surface storage is not a suitable alternative to disposal.   
Legislation in a number of Member States requires that different disposal options are considered, to 
ensure the right technical approach is taken to increase public confidence.  The narrowing of 
options across the EU would appear illogical at the current stage of investigation of HLW disposal. 
 
Both the proposed introduction of timetables and the pre-selection of a disposal option suggest that 
the Commission is trying to address the unresolved issues of, in particular, high level waste disposal 
in a short timescale    This type of approach was confirmed by Commission official responsible for 
this issue stated to the European Parliament in September 2003, the Directive must primarily be a 
‘clear signal to public opinion’ that the time for studies is over.     In some Member States there 
appears to be a more measured approach, with longer-term timetables on consultation and 
investigation being proposed to review, or at least not rule out, different options for HLW disposal 
or storage. 
 
The Way Ahead 
 
At the time of publication the Commission has stated that both Directives needed to be put in place 
by May 2004 in time for the entry of accession countries into the EU.   This date would appear both 
ambitious and unnecessarily hasty, rather more reasoned debate is required.   Since January 2003 
discussions have taken place within the Council’s Atomic Questions Working Group and within the 
European Parliament.  Coming out of these discussions are a variety of proposals on how to 
proceed: 
 
Non-binding legislation:  In September a non-paper produced by the Swedish, Finnish and UK 
Governments was circulated within the Atomic Questions Working Group.  The Belgium and 
Germany Governments have since also supported the approach.  This non-paper proposed replacing 
both Directives with non-binding legislation such as Council recommendations.  Under Article 31 
of Euratom, new legislation must be adopted by qualified majority voting and the five countries that 
have proposed this non-binding legislation would be able to block the introduction of the 
Directives. 
 
Redrafted Directives:  Since January 2003 a number of revised versions of the Directive have been 
produced.  These seem to have removed many of the requirements of the initial Directives: 
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• Safety:  verification of the functioning of the regulators will now be replaced by reviews of 
activities.  Even the definition of Common safety standards, has been proposed to be 
replaced by Common safety principles.    

• Decommissioning:  The annex will be removed as will any requirement for funds to have 
their own legal status. 

• Radioactive Waste:  The proposal for a universal date for the operation of a high level waste 
repository has been removed and the dates for the siting and operation of other waste 
facilities extended until 2018. 

 
The European Parliament is consulted, but not given co-decision under Article 31 of the Euratom 
Treaty.   The Directives will be debated in the ITRE (Industry, Trade, Research and Energy) 
Committee at the end of November with a plenary vote scheduled for December.   Some within the 
Parliament would like to see the introduction of legally binding ‘state of the art’ standards, as would 
some EU Governments, while others are more supportive on the non-legislative approached 
proposed.
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Conclusion 
 
In the coming years it is possible that there will be new reactors ordered within the EU.   Amongst 
current Members this will most likely be in Finland and France, for new Members in Slovakia, and 
Romania in future Members.  However, even if all of these projects are achieved it will not reverse 
the trend of the ageing of Europe’s reactor fleet.   It is quite clear that from an industrial sector 
perspective the EU’s nuclear programme is stagnated and has been for a number of years - and is 
likely to remain so for at least a decade.   This will mean that a whole generation of politicians and 
industrialists will have presided over a sector without any significant growth.   This lack of new 
orders also has a great impact on reactor constructors: the engineering base created to manufacture 
reactors constantly needs new orders and is failing to achieve them. 
 
Over the past decade the average age of the reactor fleet has increased by nearly seven years in the 
EU.  This rate of increase raises serious concerns about the viability of the nuclear sector.  
Assuming that a 1 GW reactor operates for 45 years, then 2.6 GW of new nuclear capacity must be 
introduced each year within an enlarged EU just to retain current capacity.  On average, it is 
expected that between 1990 and 2010 0.5 GW will have been introduced.  As the European 
Commission points out, within two years 70% of the EU’s reactors will be older than 20 years old, 
roughly half their operational life.   Without significant life extensions a large wave of reactors 
closures will begin in around 10 years time.      
 
In most of the current accession countries the use of nuclear power is more widespread and the 
reactors are younger than in existing Member States.  Furthermore, there are currently more plans 
for new construction than in Western Europe.  However, how these plans will fare in a more 
liberalised electricity market is not clear, and some of the current completion plans are likely to be 
scaled back as private financing is asked to play the pivotal role in the construction of new power 
station. 
 
The enlargement of the EU has highlighted a key issue for the Union: the requirement for nuclear 
safety standards.   Since the political changes in 1989, increased attention has been placed upon the 
safety of reactors in accession countries.  This has resulted in the shutdown of all the reactors in 
former Eastern Germany and two reactors in Bulgaria, with the closure of another six agreed in 
principle by the end of the decade.   Although these closure dates have slipped and may well, 
without sufficient international assistance and political will, be delayed further, it is widely 
recognised as the first major action by the EU on nuclear safety standards.  Despite this, the EU will 
have RBMK and VVER 440-230 reactors operating in its Member States for the first time in 2004.  
The second step, the introduction of common nuclear safety standards is far less advanced and the 
outcome is far from certain. 
 
While the EU is expanding its membership, it is also increasing its harmonisation of energy laws 
within existing countries.   2004 will see not only the accession of ten new members but also the 
introduction of legislation on the national level for the revised electricity market Directive.   This is 
intended to increase competition between electricity generators and suppliers resulting in increased 
innovation and lower prices.   Some believe that the conditions in a liberalised market will stop the 
nuclear industry.  While this may over state the case, it is clear that long lead times, regulatory 
uncertainties and price fluctuations dampen enthusiasm for investment in nuclear technology.   
These are some of the reasons why so far no reactor has been ordered and subsequently built in a 
fully liberalised energy market. 
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The revised electricity market rules are unlikely to have a major impact on the EU’s nuclear utilities 
although increasing unbundling requirements, stricter monitoring of accounts and electricity 
labelling for consumers will undoubtedly affect the decisions of some consumers and regulators.   
However, for accession countries the impact will be greater as they strive to conform to the full 
requirements of the both 1996 and 2003 Directives.    
 
The European Commission is responding to both the public concern on waste and safety by 
proposing new Directives on these issues.   The safety principles draft Directive has not been well 
received by the industry or Member States, as they see the proposed legislation is seen as bringing 
increased bureaucracy with little or no benefits in nuclear safety.   Similarly, NGOs are sceptical 
about its usefulness, seeing it as a communication tool rather than a mechanism to increase safety. 
 
However, the increasing average age of the EU’s reactors, and the apparent intention to continue to 
extend the operating lives of Europe’s reactors, does require additional measures to allow the public 
to understand the techniques, risks and benefits involved.  Unless this occurs, public distrust will 
continue. 
 
Similarly, the waste Directive with its binding targets, proposed regardless of national situation and 
existing research and development, is too blunt an instrument for this delicate process.   The 
establishment of binding targets will automatically increase distrus t about the process of site 
selection and construction.   Binding targets may be used to justify curtailing public review and 
scientific rigour when both are essential for the viability of the proposals. 
 
Finally, on the EU level, the introduction of the EU Constitution has highlighted the problems 
caused by the Euratom Treaty and the lack of an EU energy policy.   The new Constitution was 
established to streamline the institutions for an EU of 25 Members.   Many complex and 
controversial issues have been addressed, but not, so far, the Euratom Treaty.   It is remarkable that 
the Treaty has remained unchanged and isolated for so long.   This may be because many see it as 
complex but irrelevant, or it may be that it remains fundamental to the well being of Europe’s 
nuclear industry.   Whatever the reason it remains a symbol of the old nuclear industry, one that was 
protected from public scrutiny.  The introduction of an energy chapter in the EU is likely to further 
highlight the unusual status of the Euratom Treaty. 
 
The enlargement of the EU to include many new countries with different systems and designs of 
nuclear power plants has created challenges.   Some of these have been dealt with, such as the 
closure of some reactors, but questions remain as to the progress of others, in particular the question 
of a common EU safety standard.     But what cannot be questioned is that without a rapid reversal 
in the public, political and industrial faith in nuclear power, it is being gradually phased out.  If or 
how this trend should be revised is a debate that is long overdue. 
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Belgium 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

7 0 1 1962  44 737 57.3 
Source:  IAEA PRIS Database, September 2003 
 
In January 2003, the Belgium Senate voted to phase out the current fleet of nuclear power stations 
after 40 years of operation; the first will stop generation in 2015, the last in 2025. 
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Source:  IEA 2003 
 
Fuel Cycle Facilities 
 

Facility Detailed Type Start 
Design 
Capacity Unit 

FBFC International Fuel fabrication (LWR) 1961 500t HM/a 
Source:  IAEA, September 2003 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy Interim storage, pending final disposal site Storage of vitrified waste, no further 

reprocessing contracts  
Interim CILVA facility at Dessel Belgoprocess site and NPPS 
Final  Research: Deep Geological disposal in clay at 

Hades in Mol 
Source:  European Commission, 2003 
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Czech Republic 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

6 0 0 1985  18 738 24.5 
Source:  IAEA PRIS Database, September 2003 
 
In 2002 the second unit of the Temelin nuclear power plant was connected to the grid 17 years after 
construction had started.    The reactors were in part financed by support from the US and Belgium 
Governments and was the first Western funded completion project involving part built    
Soviet designed reactors. 
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Source: IEA 2003 
 
Fuel Cycle Facilities 
 

Facility Detailed Type Start 
Design 
Capacity Unit 

Rozna- Geam Uranium Ore Processing 1957 370THM/a 
Source:  IAEA, September 2003 
 
This facility is the only operational fuel cycle facility in accession countries. 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy Treatment and disposal of all waste and 

disposal in one site. 
Spent fuel stored on and away from reactor 
sites, deep geological disposal by 2065 

Interim Dukovany NPP Dukovany 
Final Dukovany, Kostime, Richard and Bratrstvi  
Source:  European Commission, 2003 
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Finland 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

4 0 0 1977  21 443 29.8 
Source:  IAEA PRIS Database, September 2003 
 
Finland is the only current Member State of the EU with firm plans to build more nuclear capacity.  
In May 2002 the Parliament agreed to the construction of a fifth reactors.  By the end of 2003 the 
utility TVO is expected to have chosen a reactors design with the reactor due to be operational by 
2009.  Currently TVO is thought to be considering four bids, the European Pressurised Water 
Reactor (EPR), the SWR 1000, the VVER 91/99 and GE’s Advanced BWR, however, reports 
suggest that the EPR is the most likely chose.  If completed it will be the first reactor both ordered 
and built in the EU since 1986 and the first in a fully liberalised electricity market. 
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Fuel Cycle Facilities 
 
Finland has no operating fuel cycle facilities 
 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy Disposal in near surface repositories at 

reactors sites  
Parliament in 2001 agreed strategy for final 
disposal in deep geological site. 

Interim Loviisa and Olkiluoto nuclear power plants Away from reactor storage at NPPs. 
Final Loviisa and Olkiluoto nuclear power plants Olkiluoto chosen as potential site, target 

operational date around 2020 
Source:  European Commission, 2003 
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France 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

59 0 11 1959 415 500 80.0 
Source:  IAEA PRIS Database, September 2003  
 
France has by far Europe’s most extensive nuclear program with around 50% of the EU’s nuclear 
generating capacity.   The nuclear utility, Electricité de France, is also a major exporter of 
electricity and is an active player in many markets in Europe and the World.    Currently, France is 
undertaking a review of its energy policy which is due to be finalised in 2003 and is expected to 
conclude that further reactors must be ordered, in particular the EPR  
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Source:  IEA 2003 
 
Fuel Cycle Facilities 
 

Facility Detailed Type Start 
Design 
Capacity Unit 

Comurhex Malvesi (UF4) Conversion to UF4 1959 14000 t HM/a 
Comurhex Pierrelatte (Rep. U) Conversion to UF6 1976 350t HM/a 
Comurhex Pierrelatte (UF6) Conversion to UF6 1961 14000 t HM/a 
TU2 Cogema Conversion to UO2 1988 350t HM/a 
TU2 Cogema Reprocessing Line Conversion to U3O8 1988 1200t HM/a 
TU5 Cogema Reprocessing Line Conversion to U3O8 1995 2000t HM/a 
W Defluorinat (Depl. UF6) Conversion to U3O8 1984 20000 t HM/a 
Eurodif (Georges Besse) Uranium enrichment 1979 10800 MTSWU/a 
Cogema - CFCa Fuel fabrication (MOX) 1961 40t HM/a 
Melox Fuel fabrication (MOX) 1995 100t HM/a 
FBFC - Romans Fuel fabrication (LWR) 1979 800t HM/a 
SICN Fuel fabrication (FBR) 1960 150t HM/a 
Le Bernardan (Jouac) Uranium ore processing 1979 600t HM/a 
La Hague - UP2 Spent fuel reprocessing 1967 800t HM/a 
La Hague - UP3 Spent fuel reprocessing 1990 800t HM/a 
Source:  IAEA, September 2003 
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Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy Routine disposal at the Centre de l’Aube 

facility, with further adjacent facility being 
built of very low level radioactive waste 

Most, but not all fuel is reprocessed, 
remaining fuel stored at La Hague.  Research 
on three routes for disposal; deep geological; 
indefinite surface storage and transmutation.  
Work to be completed by 2006 

Interim La Hague; Cadarache La Hague; Marcoule 
Final Centre de l’Aube Meuse Department: Callovo-Oxfordian clay, 

500m depth, construction started - Research  
Sediment research, 250 m. 

Source:  European Commission, 2003 
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Germany 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

19 0 17 1961 162 250 29.9 
Source:  IAEA PRIS Database, September 2003  
 
In June 2000 a deal was reached between the Red-Green Government and the nuclear utilities that 
would restrict the operation of the countries reactors to an average of 32 years.   The closure dates 
for individual reactors would finally be determined by the utilities based on electricity output and 
on the potential exchange of operating years between reactors.    
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Source:  IEA 2003 
 
Fuel Cycle Facilities 
 

Facility Detailed Type Start 
Design 
Capacity Unit 

Urenco Deutschland Uranium enrichment 1985 1100MTSWU/a 
Lingen Fuel fabrication (LWR) 1979 650T HM/a 
Source:  IAEA, September 2003 
 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy Under review Under review 
Interim In past at Morsleben Vitrified waste stored at Gorleben, storage of 

spent fuel on site, but central store likely 
Final Konrad ? Extensive exploration of salt dome 
Source:  European Commission, 2003 
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Hungary 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

4 0 0 1982  12 787 36.1 
Source:  IAEA PRIS Database, September 2003  
 
The Paks station has until recently had a relatively good safety record, however, in April 2003 an 
incident occurred in unit 2 while fuel assemblies were being cleaned which resulted in the release of 
radiation.  The reactor has not operated since. 
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Fuel Cycle Facilities 
 
Hungary has no fuel cycle facilities 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy In the long term the Uveghuta site has been 

identified. 
Previously spent fuel was returned to Russia 

Interim Puspokszilagy, site is used At Paks 
Final Uveghuta   
Source:  European Commission, 2003 
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Lithuania 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

2 0 0 1983  12 900 80.1 
Source:  IAEA PRIS Database, September 2003 
 
As part of the Accession partnership agreement both of the RBMKs at Ignalina are required to be 
closed.  Unit 1 by end of 2004 and unit 2 by end of 2009.   However, some concern continues to be 
raised regarding the closure of unit 2, which some the Lithuanian authorities say is dependent on 
increased assistance from the EU. 
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Fuel Cycle Facilities 
 
Lithuania has no fuel cycle facilities. 
 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy Focus is on waste conditioning facilities, 

possible final repository 
Until the 1990s all spent fuel was returned to 
Russia 

Interim ? Dry cask at Ignalina 
Final ? Possible regional final repository 
Source:  European Commission, 2003 
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Netherlands  
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

1 0 1 1968   3 687 4.0 
Source:  IAEA PRIS Database, September 2003 
 
The Dodewaard reactor was closed in 1995.   The country’s other reactor, Borssele, was due to be 
closed in 2003, but in 2002 the decision was overturned due to a legal challenge by the operator and 
the start of a new Government. 
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Fuel Cycle Facilities 
 

Facility Detailed Type Start 
Design 
Capacity Unit 

Urenco Nederland Uranium enrichment 1973 1500MTSWU/a 
Source:  IAEA, September 2003 
 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy  Reprocessing of spent fuel at La Hague and 

Sellafield 
Interim Planned at the Borssele facility HABOG facility at Borssele 
Final  Long –term indefinite storage 
Source:  European Commission, 2003 
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Slovakia 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

6 2 1 1972 17 953 54.6 
Source:  IAEA PRIS Database, September 2003 
 
Slovakia will be the only EU country in May 2004 with reactors said to be under construction; 
however, the uninterrupted completion of even these appears unlikely.   The current restructuring 
and partial privatisation of the State utility SE will impact upon the completion of reactors 3 and 4. 
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Source:  European Commission 2003b 
 
 
Fuel Cycle Facilities 
 
Slovakia has no fuel cycle facilities 
 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy  National research programme for deep 

geological disposal 
Interim Mochovce Stored on site of NPPs either in or away from 

reactor storage 
Final   
Source:  European Commission, 2003 
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Slovenia 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

1 0 0 1981 5 308 40.7 
Source:  IAEA PRIS Database, September 2003 
 
The Krsko reactor remains under the joint ownership of the Croatian and Slovenia Governments.   
Since the political changes in the region the operation and ownership of the reactors has been 
disputed.  However, in July 2001 an agreement appeared to have been reached by which a 50:50 
split in ownership was confirmed with a similar division of costs and output, with the establishment 
of a new company Elesgen.  The decommissioning strategy, which the Croatian side dispute, was 
not included in this agreement 
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Fuel Cycle Facilities 
 
Slovenia has no fuel cycle facilities 
 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy Permanent storage under consideration National plan for deep geological disposal 
Interim Krsko on site storage On site storage at Krsko 
Final   
Source:  European Commission, 2003 
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Spain 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

9 0 1 1968 60 284 25.8 
Source:  IAEA PRIS Database, September 2003 
 
The countries first planned closure of a reactor has been scheduled for April 2006, the first unit at 
Vandellos was closed in 1990 following a fire.   On the short term there are no plans for new 
construction although consideration is being given to extending the lives of the existing reactors. 
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Source:  IEA 2003 
 
Fuel Cycle Facilities 
 

Facility Detailed Type Start 
Design 
Capacity Unit 

Fabrica de 
Combustibles  Fuel fabrication (LWR) 1985 300t HM/a 
Planta Quercus 
(PEMS) Uranium ore processing 1993 950t HM/a 
Source:  IAEA, September 2003 
 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy  Some spent fuel has been reprocessed, no 

decision on final d isposal before 2010 
Interim  Trillo NPP 
Final Disposal at the El Cabril facilty (short lived 

wastes) 
 

Source:  European Commission, 2003 
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Sweden 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

11 0 2 1964 65 574 45.7 
Source:  IAEA PRIS Database, September 2003 
 
Under the terms of the 1980 referendum all the country’s reactors were due to be closed by 2010.  
However, the initial phase-out dates have been delayed and to date only one reactor, Barseback 1, 
has been closed.  The second unit at the station was scheduled for closure in 2003, but this too has 
been delayed.   Currently, negotiations are taking place to propose a ‘German’ style phase out, 
whereby the industry would be given a cap on the total electricity to be generated, which could then 
be allocated to different reactors. 
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Fuel Cycle Facilities 
 

Facility Detailed Type Start 
Design 
Capacity Unit 

ABB Atom Fuel 
Fabrication Plant Fuel Fabrication (LWR) 1971 600t HM/a 
Source:  IAEA, September 2003 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy  Site investigations at two deep disposal sites 
Interim  All spent fuel stored centrally at CLAB at 

Oskarshamn  
Final Disposal on near to or surface storage at 

Forsmark, Oskarshamn, Ringhals  
Research at the Stripa mine a granite site and 
at Aspol HRL a 200-500m granite site. 

Source:  European Commission, 2003 
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UK 
 
Reactors 
 

Operating 
Reactors 

Under 
Construction 

Closed 
Reactors 

First Grid 
Connection 

GWh 
2002 

%   
Electricity 

27 0 18 1957 81 976 22.4 
Source:  IAEA PRIS Database, September 2003 
 
The privately owned British Energy has had to rely on a €1 billion loan from the Government to 
avoid bankruptcy as its share price fell by 80% in the year, to a low of around €0.05, from a high of 
€10 some years earlier.  In addition, under a restructuring plan, the Government is now offering 
around €5 billion in ongoing state aid to the company, mainly to help it deal with it radioactive 
waste liabilities. The restructuring plan is subject to a review by the European Commission.  In 
February 2003, the Government announced a White Paper on Energy policy, which emphasised an 
enlarged role for renewables and energy efficiency.   Decisions on the future expansion of nuclear 
power will be left for future administrations. 
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Fuel Cycle Facilities 
 

Facility Detailed Type Start 
Design 
Capacity Unit 

BNFL Springfields Enr. U Residue 
Recovery Plant Conversion to UO2 1985 65t HM/a 
BNFL Springfields Line 3 Hex Plant Conversion to UF6 2002 1200t HM/a 
BNFL Springfields Line 4 Hex Plant Conversion to UF6 1994 6000t HM/a 
BNFL Springfields Main Line Chemical 
Plant Conversion to UF4 1960 10000t HM/a 
BNFL Springfields OFC IDR UO2 Line Conversion to UO2 1995 550t HM/a 
BNFL Springfields U Metal Plant Conversion to U Metal 1960 2000t HM/a 
UKAEA Conversion Plant Conversion to U Metal 1989 4t HM/a 
Urenco Capenhurst Uranium enrichment 1976 1300MTSWU/a 
BNFL Springfields Magnox Canning 
Plant Fuel fabrication (GCR) 1960 1300t HM/a 
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BNFL Springfields OFC AGR Line Fuel fabrication (AGR) 1996 290t HM/a 
BNFL Springfields OFC LWR Line Fuel fabrication (LWR) 1996 330t HM/a 
UKAEA Fuel Fabrication Plant Fuel fabrication (MTR) 1958 500t HM/a 
BNFL B205 Magnox Reprocessing Spent fuel reprocessing 1964 1500t HM/a 
BNFL Thorp Spent fuel reprocessing 1994 1200t HM/a 
Sellafield MOX Plant (SMP) Fuel fabrication (MOX) 2002 120t HM/a 
 
Source:  IAEA, September 2003 
 
Waste Management 
 
 Low and Intermediate High Level/Spent Fuel 
Strategy  Reprocessing at Sellafield or storage at 

Sizewell.  Government strategy under review. 
Interim Sellafield Sellafield, Dounreay or Sizewell. 
Final Drigg and Dounreay  
Source:  European Commission, 2003 
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Main Data-Sources: 
 
BP:  Statistical World Review of Energy:  June 2003, http://www.bp.com/centres/energy/index.asp 
 
European Commission:  Fifth Situation Report, Radioactive Waste Management in the Enlarged 
European Union, February 2003, European Commission.  
http:// europa.eu.int/comm/energy/nuclear/synopses.htm 
 
European Commission (2003b): European Energy and Transport Trends to 2030, September 2003 
http://www.europa.eu.int/comm/dgs/energy_transport/figures/trends_2030/index_en.htm 
 
IAEA:    PRIS Database: http://www.iaea.org/programmes/a2/index.html 
    Fuel Cycle Facility data-base:  http://www-nfcis.iaea.org 
 
IEA:    Energy Policies of IEA Countries 2002, Review:  http://www.iea.org 
 
US Department of Energy:  International Energy Outlook, 2003, http://www.eia.doe.gov/oiaf/ieo/ 
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Technical Nuclear Expertise in Europe –
Institutional Experts



European Union -
Today and in Future

• EU 2003 - 15 Countries, 8 “Nuclear”
143 NPPs - 32% of all NPPs, 36% of electricity production

• EU 2004 – 25 Countries - 13 “Nuclear”  
161 NPPs - 36% of all NPPs, 40% of electricity production

• EU 2007 – 28 Countries - 15 “Nuclear”
168 NPPs - 38% of all NPPs, 38% of electricity production

• Europe – together with Non Member Countries  
211 NPPs - 48% of all NPPs, 34% of electricity production



European Union Nuclear Framework
as Proposed by EC 

• EU - EC Policy
• EU - EC Legislation 

To Set the Basic Obligations and Principles – to Guarantee a 
High Safety Level of Nuclear Facilities on the Basis of which 
Common Safety Standards will be Determine, Established 
by Directives 
To Create a Control Mechanism of National NRAs 
To Confirm the Necessity to Have Available Adequate 
Financial Resources

• EU - EC Technical Basis  
IAEA Safety Standards 
WENRA Activities on Harmonization



Objectives

• To Present the Current Situation of the Technical 
Nuclear Institutional Expertise in the EU Accession 
Countries Base on the Existing Framework 

• To Identify Some Common Patterns
• To Initiate a Discussion 



Approach 

• To Collect and to Analyse Officially Available 
Information 

National Reports Under the Convention on Nuclear Safety
NRA Annual Reports
IAEA IRRT Mission Reports

• Basis
IAEA Safety Standard – GS-G-1.1. “Organization and 
Staffing of the Regulatory Body for Nuclear Facilities” 



Scope 

• EU Accession Countries in 2004 with NPPs
Czech Republic 
Hungary 
Lithuania
Slovakia
Slovenia 

• EU Technical Nuclear Institutional Experts 
Nuclear Regulatory Authorities (NRAs)
Advisory Committee/Councils (ACs)  
Technical Support Organizations (TSOs)  



Areas 

• Organization  
Responsibilities
Organizational Structure

• Funds 
• Staffing

Recruitment
Qualification

• Staff Training 
Training Needs



Results

• Identified Common Areas with Good Practices
Well established organizational structure including the 
advisory committees 
Well developed training policy, taking into account the needs 
of the NRAs and the individuals

• Identified Common Areas for Improvement
Staffing 
Funding 
Training 



Conclusions

• General 
The technical nuclear institutional experts in the EU 2004  
accessing countries are comparable with the Western 
European practice
The technical competence is internationally recognised but 
the same TSOs assist both the Regulator and Operator 

• Staffing
The current NRA staff is still below the planned one 
The current NRA financial resources are still not sufficient 

• Staff Training
There is a need of staff training in the area of news 
responsibilities and inspection practices and QA
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ABSTRACT: Non institutional and NGO technical nuclear expertise can be found 
today all over Europe. The level reached varies not only in the member states of the 
European Union, but especially in comparison with accession countries. The paper 
sketches briefly the historical development of the capacities and role of non 
institutional nuclear expertise in Europe. The development pattern follows in general 
a trend of support of local protest, professionalism, integration and institutionalisation. 
Local opposition against nuclear facility sites, existing practically in each country with 
a nuclear program or the nuclear power option in energy planning, was backed by 
sceptical scientists and scholars in natural and social sciences, located in university 
and research or the educational system. Nuclear accidents and disasters like Three 
Mile Islands and Chernobyl gave additional push for the non institutional capacity 
building. In Central Eastern Europe a certain time lag in this development can be 
recognised. While the anti nuclear movement could gain foothold during the period 
before the turn around, fast growing economical problems of the transformation 
process withdraw very often the small material base for independent nuclear 
expertise. The present situation of non institutional and NGO nuclear expertise for 
selected countries is presented and perspectives for the enlarged European Union 
given. 
 



Lutz Mez

Capacities and Role 
of Non Institutional and NGO Nuclear 

Expertise



Outline

• Historical development
• NI & NGO Capacity in selected EU Member States
• Chernobyl aftermath
• Integration and institutionalisation
• Time lag in CEE & FSU countries
• Present situation
• Perspectives



Historical Development
• Protests of scientists against the military use of nuclear power

and proliferation (Pugwash, CND etc.)
• Citizen protests against nuclear facilities
• Key events:

1969 Foundation of Friends of the Earth
1972 Club of Rome “Limits to Growth”
1973 First oil price crisis
1977 Robert Jungk “The Nuclear State”
1978 Austria Zwentendorf referendum
1979 TMI accident; 2nd oil price crisis
1986 Chernobyl disaster
1988 Transnuklear Affair
1998 Contaminated Transport Scandal
1999 Tokai Mura Criticality Accident



NI & NGO Capacity in Selected EU 
Member States - 1

• Denmark 
1974 foundation of OOA
1976 first alternative energy plan by OOA and OVE
1981 second alternative energy plan
1985 Parliament prohibits the nuclear option in 
energy planning

• Sweden
1978 MALTE
1980 Referendum on nuclear power 



NI & NGO Capacity in Selected EU 
Member States - 2

• Germany
1975 occupation of the NPP Wyhl site
University Bremen “For a better understanding of nuclear 
power – 66 questions and 66 answers”
Foundation of Öko-Institute, IFEU etc.
1978 Traube „Müssen wir umschalten?“
1980 Enquete Commission „Future nuclear power policy“ 
1980 Krause, Bossel, Müller-Reißmann „Energie-
Wende“ – without oil and uranium
1985 Hennicke et al. „Die Energie-Wende ist möglich“
1998 First Red-Green Coalition Federal Government



NI & NGO Capacity in Selected EU 
Member States - 3

• France
1962 Foundation of „Association pour la Protection 
contre les Rayons Ionisants (APRI)“
1971 Fessenheim controversy
1975 CFDT-CEA “L’Electronucleaire en France”
1976 Foundation of “Groupement des Scientifiques
pour l’Information sur l’Energie Nucléaire (GSIEN)”
1982 Absorbtion of CFDT expertise in AFME and 
Castaing Commission
1983 Foundation of WISE-Paris
1986 Foundation of CRII-RAD and INESTENE
1997 First Red-Green Government  



NI & NGO Capacity in Selected EU 
Member States - 4

• United Kingdom
1958 Campaign for Nuclear Disarmament (CND)
1972 Amory Lovins testimony on fast breeder
1977 Windscale Inquiry
1983 Sizewell Inquiry
1989 First attempted privatisation  of electricity sector
1996 NIREX Inquiry



Chernobyl Aftermath

• Nuclear phase out becomes a political issue
• German Federal Ministry of Economy commissions 

two reports on nuclear phase out
• Italy shuts down three nuclear reactors and halts 

construction of a fourth after referendum in 1987. 
Dismantling starts in 1990

• Start of nuclear controversy in Soviet Union and CEE 
countries



Integration and Institutionalisation
• Starting point - the local nuclear site
• Affected population in general split on the nuclear issue
• Local opposition support by some scientists
• Independent knowledge organised in universities and private 

institutes
• Safety issues, whistle blowers and nuclear “dropouts”
• Mass media, public attention and changing public opinion
• Nuclear issue taken up by political establishment
• Professionalisation of independent expertise (by public and 

NGO commissioning)
• Integration and/or neutralisation of non-institutional and NGO 

expertise in the nuclear safety and radiation protection regimes



Time Lag in CEE & FSU Countries

• Chernobyl stimulated environmental and anti-nuclear 
activists and groups

• After 1990 - two opposing trends
• Former GDR – shut down of all NPPs after unification 

of Germany
• Transformation in CEE and FSU countries - withdrawl

of economic support for of non-institutional and NGOs 
• 1992 report on the safety of Soviet designed nuclear 

reactors – shut-down of high risk reactors 
• EU accession  and nuclear power 



Present Situation

• State of the environmental and anti-nuclear 
movement [status of NI and independent expertise]

• Change of issues and paradigms
• Green parties in PAS and Governments
• Integration of NI experts and expertise 
• Nuclear phase-out decisions (Germany, Belgium, 

Netherlands, Sweden)



Perspectives

• Material and financial basis for NI and NGO expertise
• Education and training
• European co-operation
• Nuclear power and climate abatement
• New alliances and support organisations 
• Quality and investigative journalism
• Technology optimism



Thank you for your attention!

PD Dr. Lutz Mez
Environmental Policy Research Centre

Freie Universität Berlin
umwelt1@zedat.fu-berlin.de
http://www.fu-berlin.de/ffu/
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1. INTRODUCTION 

The question of the safety of nuclear installations goes beyond national borders, as was 
dramatically highlighted by the Chernobyl accident in 1986.  The citizens of all EU Member States 
are concerned about the level of safety of nuclear installa tions in all the Member States and 
outside the Union also. 

In the early nineties the EU decided to take a prominent role in the international efforts to help the 
New Independent States and Central and Eastern European Countries to improve their levels of 
nuclear safety.  The EU Member States charged the EC with this responsibility.  The two major 
instruments put in place by the EC to deliver the required assistance to these countries have been 
the Tacis1 and Phare2 programmes.  In addition, the EU has Euratom loans and a number of small 
grant programmes at its disposal.  Other Community initiatives have also contributed to enhancing 
nuclear safety in these countries:  Euratom Framework Research Programme, Concertation on 
European Regulatory Tasks (CONCERT) Group, G-24 Nuclear Safety Assistance Co-ordination 
(NUSAC), etc. 

2. STRATEGY 

The EU has been the mainstay of the international strategy drawn up by the G7 in 1992, and the 
Commission has accepted to take a major responsibility in this area despite its severe, institutional, 
technical and budgetary constraints. 

From the outset, the EU has conducted its strategy as part of a concerted international effort with 
a twofold thrust: 

§ The immediate aim was to find practical solutions to the most urgent safety problems.  
Together with the IAEA, the Commission has been involved in gathering data on Soviet-
designed reactors to assess their safety rating; setting up competent independent nuclear 
safety authorities; and providing on-site assistance aimed at improving the safety of 
substandard reactors. 

§ The longer-term objective has been to facilitate the upgrading of power stations which are 
capable of being modernised and encourage the closure of those which are not.  In addition to 
on-site assistance with modernisation of reactors, the Commission has worked on the 
development of alternative energy sources and drawing up plans for the decommissioning of 
units which are to be shut down. 

The Phare and Tacis nuclear safety programmes have been developed to pursue the 
Community’s nuclear safety policy objectives, both of which are managed by the European 
Commission.  Euratom loans and a number of other small grant programmes are also available.  
As part of wider international co-operation in this field the EU has been instrumental in 
establishing the Nuclear Safety Account (NSA) administered by the European Bank for 
Reconstruction and Development (EBRD). 

                                                 

1  TACIS stands for technical assistance to the Commonwealth of Independent States 

2  PHARE stands for Poland Hungary Aid for Reconstruction of the Economy (now including all central and 
eastern European Countries) 
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The strategy followed by the Commission has been set out in more detail in a series of 
Commission Communications and other types of documents, including the Agenda 2000 – for a 
stronger and wider Union (July 1997), which placed the issue of nuclear safety in the candidate 
countries of Central and Eastern Europe in a political perspective; closer relations in the context of 
enlargement facilitated efforts to strengthen nuclear safety in these countries.  Agenda 2000 and 
subsequently the Accession Partnerships encouraged candidate countries to the EU to close down 
plants that cannot be upgraded, in line with international agreements (notably the Nuclear Safety 
Account agreements administered by the EBRD).  This applies to certain units at three nuclear 
power plants:  Ignalina, Kozloduy and Bohunice. 

The Commission’s strategy has been discussed regularly with the other institutions and the 
Member States.  It has been endorsed by several European Council summits, and has taken into 
consideration EP resolutions.  For example at the EU Council of Helsinki in December 1999, the 
European Council “recalls the importance of high standards of nuclear safety in Central and 
Eastern Europe. It calls on the Council to consider how to address the issue of nuclear safety in 
the framework of the enlargement process in accordance with the relevant Council conclusions”. 

At the same time, the Commission has been in close contact with other donors and organisations 
that work on nuclear safety in Central and Eastern Europe and the NIS, notably the IAEA, the 
Nuclear Safety Account which is managed by the EBRD, the G-7 Nuclear Safety Working 
Group, the G24 and the OECD Nuclear Energy Agency. 

In the year 2000 the Commission summarised its strategy for support to nuclear safety in the 
beneficiary countries in its Communication of 6 September 2000, COM (2000) 493 final 
(“Commission support to nuclear safety in the Newly Independent States and Central and Eastern 
Europe”). 

Although the safety of nuclear installations is not currently part of the Community “acquis” (body 
of EU legislation), progress on this front directly impacted on the content and pace of negotiations 
since it is a crucial part of the pre-accession strategy and a stated priority for the Accession 
Partnerships. 

For all those aspects of nuclear safety not covered by the Community “acquis”, the best way to 
ensure a high level of nuclear safety is achieved and maintained by strengthening each State’s 
nuclear regulatory bodies and associated institutions.  These should be independent, sufficiently 
well-resourced and have a high level of technical competence and strong technical support.  

The support traditionally provided through the Phare nuclear safety programmes spreads across a 
number of fields.  The main areas have comprised assistance to nuclear safety authorities, 
technical safety of power reactors, radioactive waste management, the decommissioning of 
nuclear installations, radiation protection, and the control of fissile material.  Since 2001, the 
programme underwent some re-orientation, compared to the earlier multi-country nuclear safety 
programmes of the 1990s that initially laid strong emphasis on the technical safety of power 
reactors, on-site assistance and safeguards of nuclear material.  This reorientation puts particular 
emphasis on the need to support the institution building tasks of beneficiary countries to ensure 
independent and efficient nuclear safety authorities. 

3. EVALUATION OF NUCLEAR SAFETY IN CANDIDATE COUNTRIES  

New Member States need to fully adopt and implement the Community “acquis” established in the 
nuclear field, such as the European Atomic Energy Community’s safeguards system or the regime 
on the supply of nuclear fuel.  However, as outlined above, the safety of nuclear installations is not 
currently part of the “acquis”. 
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In the round of EU accession negotiations recently concluded with the ten Accession States, the 
issue of nuclear safety for the first time figured on the negotiation agenda.  By contrast, at the last 
accession of the nuclear operating countries Sweden and Finland this was simply not a topic.  
Among the reasons that can explain this situation is that during the 1990s, EU Member States’ 
experts gained increasing insight into the nuclear safety situation in the candidate countries 
through their involvement in nuclear safety projects funded from the Phare as well Tacis financial 
instruments of the European Community.  In this context, they became aware of a number of 
deviations from practices prevailing within the EU.  These deviations successively had to be 
remedied.  Additionally, the Chernobyl accident tarnished the reputation of reactors of Soviet 
design with lasting effects on the public mind. 

In this complex negotiating process, where both technical and political issues had to be properly 
handled, the European Commission has played a key role, preparing positions to be endorsed by 
the EU Member States and ensuring proper interface between the candidate countries and the 
Union. 

In line with the conclusions of the EU Council that repeatedly demanded that the candidate 
countries ensure “a high level of nuclear safety”, the Council established a formal mandate to 
conduct a review of the nuclear safety situation in the candidate countries and elaborated, in June 
2001, a Report on Nuclear Safety in the Context of Enlargement.  This report has become the 
main guiding document for addressing this issue in the enlargement process. The methodology 
followed to evaluate nuclear safety in candidate countries consisted of comparing the practices 
and rules and regulations in force in candidate countries with those of the EU Member States.  
The European Commission made key contributions to this exercise.  All twelve countries 
negotiating accession at the time accepted the recommendations contained in that Council Report.  
In June 2002, the subsequent Peer Review Status Report, elaborated, as it had been the previous 
report, by the Council’s Atomic Questions Working Group of nuclear experts, recognised that all 
candidate countries were clearly committed to implementing these recommendations.  All the 
acceding countries have continued to report on their measures to implement these 
recommendations and the Commission has been monitoring the whole process.  On 5 November 
2003 the Commission issued the Regular Reports for Bulgaria and Romania as well as the 
Monitoring Reports for the ten accession countries, which also cover the area of nuclear safety. 

4. IMPLEMENTATION OF THE PHARE NUCLEAR SAFETY PROGRAMME 

In general the Phare nuclear safety programme has focused on the following main priorities, 
which reflect the G7 strategy adopted in 1992 and, in the case of design and operational safety or 
reactors, the risk classification established by the IAEA: 

§ On site assistance and operational safety 
§ Design safety 
§ Regulatory authorities and their technical support organisations 
§ Waste management 
§ Off-site emergency preparedness. 

Over more than a decade, since 1990, through the Phare nuclear safety programme, the 
Community has assisted countries of Central and Eastern Europe with around € 220 million (this 
figure does not include the support for decommissioning).  More than 300 projects have been 
funded covering design and operational safety, regulatory assistance, emergency preparedness, 
safeguards control, illicit traffic control and radioactive waste management. 

The focus of the Phare nuclear safety programme has shifted from urgent measures on-site to 
institutional support to nuclear safety authorities and to other publicly funded bodies such as 
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radioactive waste management agencies.  We have also moved away from planning and 
executing the programme in a centralised fashion, based on input from various nuclear safety 
advisory groups.  Since 2001, the system of programming and project delivery is in line with the 
standard approach regarding all fields of the Community’s pre-accession assistance – an 
approach that has increasingly involved the candidate countries in the decision-making process.  
Today, in most cases, the Accession States themselves already implement our nuclear safety 
programmes and will finalise the respective projects after their accession. 

Present situation.  Main Phare nuclear safety projects 

At present there are more than 70 active projects covering the whole range of areas under the 
scope of the Phare nuclear safety programme, including a project to disseminate the results of the 
programme.  An illustrative example of the assistance provided through Phare is the installation of 
the Diverse Second Shutdown System (DSS) at Unit 2 of the Ignalina Nuclear Power Plant 
(INPP) in Lithuania. 

The need for a DSS has been identified as a high priority to improve nuclear safety at Ignalina 2 
(a recommendation from the Safety Analysis Report Review Project, 1995-1997).  In certain 
transients a failure to trip the reactor could lead to a severe accident.  The main problem of the 
reactor protection system was the criterion of diversity.  

The DSS is being implemented with the help of three Phare projects:  (1) Supply and installation 
(main contract), (2) Project Management Unit support INPP, and (3) regulatory support to the 
Lithuanian Nuclear Safety Authority – VATESI. 

To illustrate the potential impact of the Phare nuclear safety programme, the main active projects 
under the programme are attached to this document. 

Outline of the 2003 Nuclear Safety Programme 

The programme allocates financial assistance to a total of 16 projects.  The total budget amounts 
to € 11 million.  These projects cover a variety of fields relevant to nuclear safety in acceding 
states and candidate countries. 

Most projects pertain to the field of institution building, supporting either the nuclear safety 
authority or agencies entrusted with specific duties regarding radioactive waste management or 
similar tasks.  

The 2003 programme takes into consideration subsequent developments, in particular the June 
2001 Council Report on Nuclear Safety in the Context of Enlargement, the subsequent Peer 
Review Status Report of June 2002, as well as developments in the implementation of the nuclear 
safety programmes of the last few years. In this regard, the programme aims to provide support to 
the beneficiary countries particularly in addressing measures corresponding to the 
recommendations of the above-mentioned Council Report that was established as a key document 
in the context of the accession process. 

The programme continues paying attention to the hazards to individuals, the public and the general 
environment present outside the realm of electric energy production.  In effect, such areas of civil 
use of nuclear material other than the operation of nuclear power plants also experience repeated 
events of concern to human health (for instance, due to sealed radioactive sources used in 
industry and medical establishments).  The delivery of Phare-funded Community assistance is 
therefore directing enhanced attention towards needs connected to ensure the safe management 
of nuclear waste. Beyond the scope of nuclear power, the 2003 programme pays attention to the 
needs of often under-resourced and sometimes newly established radioactive waste management 
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agencies that need to meet specific technical challenges with the support of technical know-how 
from EU Member States and/or Community financial assistance. 

This programme – like last year’s – does not aim to provide direct support to technical safety 
improvements at nuclear power installations.  At a time when future new Member States have 
adopted the “acquis” on the internal electricity market, it generally remains up to the commercially 
operating utility companies to implement safety-relevant measures from their own resources. 

5. DECOMMISSIONING 

In view of the high priority attached by the European Council to a high level of nuclear safety in 
candidate countries, and following discussions with the Commission, Bulgaria, Lithuania and 
Slovakia have undertaken commitments for early definitive closure of certain power units which 
were considered not to be upgradable at reasonable cost.  Honouring this commitment, Bulgaria 
closed 2 VVER –440/230 type-reactors at the end of 2002. 

In this context, it was at the initiative of the European Commission that the EBRD established 
three international grant Funds to support Bulgaria, Lithuania and Slovakia in their efforts to 
prepare the decommissioning of the Kozloduy 1-4, Ignalina, and Bohunice V1 power units.  The 
European Commission chairs the Assemblies of Contributors of these funds.  The European 
Community is the largest contributor to these funds; with a total contribution pledged to these 
Funds of approximately € 500 million. 

The Community support for the decommissioning of Ignalina NPP and Bohunice V1 will continue 
beyond accession as reflected in the “Ignalina Protocol”  and “Bohunice Protocol” attached to the 
Act of Accession, where Lithuania and Slovakia reconfirmed their closure commitments.  The 
budget allocated so far amounts to € 285 million in the case of Lithuania and € 90 million in the 
case of Slovakia. 

6. MAIN ACHIEVEMENTS – IMPACT 

The EU, together with its international partners, has made a significant contribution, mainly 
through the Phare programmes, to international efforts to improve nuclear safety in Central and 
Eastern European Countries. 

Although improving nuclear safety levels in these countries is an ongoing and continuous process 
in which the countries concerned do of course have a prime role and responsibility, it can be 
pointed out that the EU’s assistance programmes have significantly contributed to: 

§ Strengthening independent regulatory authorities in Central and Eastern European Countries.  
This has been a major and highly valued achievement of the EU’s efforts to improve nuclear 
safety in the region.  The numerous improvements funded by the Phare programme have 
allowed them to build up their technical competence and contribution to improving nuclear 
safety in their countries.  The EU support has been primarily directed at: 

w transferring regulatory methodology including the formulation of legislation and regulatory 
documents; 

w providing support in conducting licensing assessments for specific plant improvement 
projects; and 

w supplying assistance in the overall safety assessments of specific installations. 
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The participation of Nuclear Safety Authorities in EU working groups and in particular the 
CONCERT Group, which involves regulators from the EU, NIS and candidate countries has 
also been a positive factor in strengthening Regulatory Bodies in the countries concerned. 

§ Strengthening the nuclear safety culture in the region, reflected notably by a more formal and 
regular dialogue between plant operators and regulators. 

§ Improving the level of design and operational safety, including the provision of equipment. 

§ Reaching agreements to close non-upgradable units in Lithuania, Slovakia and Bulgaria.  
Special Phare national programmes have provided financial assistance to support these 
decommissioning efforts and consequential measures in the energy sectors of the three 
countries. 

§ Addressing the problems of waste management, including treatment, storage and disposal of 
nuclear waste and spent fuel.  Particular attention has been paid to the support of nascent 
radioactive waste management agencies. 

Additionally, Euratom loans have been used to implement safety improvement programmes in 
Units 5 and 6 of Kozloduy NPP. 

7. MAIN DIFFICULTIES – LESSONS LEARNT 

On the Commission side, in the past the main problem in managing the Phare nuclear safety 
programme rested on the fact that the procedures and organisational structures in place, including 
the lack of sufficient human resources, did not allow for implementation of the programme at the 
desirable pace.  That shortcoming has been essentially solved by implementing appropriate 
procedural and organisational changes.  The Task Force for Nuclear Issues within the 
Enlargement Directorate General was created at the end of 2000 and suitable procedures and 
working routines are now in place.  DG Enlargement in close co-operation with the candidate 
countries have reached a situation where projects can be implemented without delays according to 
the requirements established in the programming phase. 

In general, the following difficulties with the implementation of the Phare nuclear safety 
programme can be mentioned. 

§ Shift of priorities over time.  Given the delays mentioned above, a number of projects 
programmed several years ago to deal with priority issues identified at the time, later needed 
to be adapted to take into consideration the evolution of nuclear safety in the specific 
beneficiary country. 

§ Lack of administrative capacity in some beneficiary countries to define their nuclear safety 
needs and to provide input for the preparation of Terms of Reference. 

§ Limited absorption capacity in some beneficiary countries to properly process and absorb the 
know-how derived from the implementation of projects.  They have reached a certain level of 
saturation.  This is particularly true for the regulatory assistance.  If the transfer of know-how 
is not sustainable, beneficiary organisations become dependent on assistance to perform their 
functions. 

§ In some cases in the area of regulatory assistance, EU organisations on their part also have 
experienced problems to deliver the required assistance due to their limited resources devoted 
to assistance activities.  This situation is being aggravated by the fact that a number of EU 
regulatory organisations have decided to reduce their participation in activities related to 
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regulatory assistance.  It can also be said here that some western organisations are overload 
with the implementation of projects. 

8. THE WAY FORWARD 

The 2003 Phare nuclear safety programme will be the last one for the ten Accession States, 
whilst Bulgaria and Romania will continue to have access to Phare-funded Community support 
also in the field of nuclear safety for some further time to come.  As far as needed, the new 
Member States will be able to find support for strengthening their respective institutional 
capacities, including nuclear safety regulatory authorities and radioactive waste management 
agencies, from the Community’s new “Transition Facility”. This facility has been set up especially 
for this purpose and will be available for the 2004-2006 period. 

The Phare programme will continue as a pre-accession instrument for Bulgaria and Romania with 
essentially the same orientations followed in the last few years, putting the emphasis on the need 
to continue strengthening the nuclear safety authorities, radioactive waste management agencies 
and other public organisations.  The support to the decommissioning of certain units of Kozloduy 
NPP will continue. 

9. SOME EUROPEAN WEBSITES OF INTEREST 

EUROPA server (European institutions) 
http://europa.eu.int/index_es.htm 

Enlargement of the EU (DG ELARG) 
http://europa.eu.int/comm/enlargement/index.htm 

Contractual and financial aspects Tacis and Phare (DG AIDCO) 
http://europa.eu.int/comm/europeaid/index_en.htm 

Nuclear energy (DG TREN) 
http://europa.eu.int/comm/energy/nuclear/index_en.html 

Nuclear safety in central Europe and NIS (DG RELEX) 
http://europa.eu.int/comm/external_relations/nuclear_safety/intro/ 

Council of the EU: 
http://register.consilium.eu.int/
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Main active Phare nuclear safety projects 

 

Bulgaria 

− Enhancement of safety assessment capabilities of the Bulgarian Nuclear Safety Authority 
(BNSA) 

− Nuclear Safety Authority support to decommissioning 
− Additional project in support to BNSA capabilities 
− Phenomena investigation, development of SAMG 
− Supply of equipment for characterisation of institutional radioactive waste and technical design 

for waste processing and storage facility 
− Assistance to regulatory activities of the BNSA with regard to improving management of 

sealed radioactive sources 

Czech Republic  

− Bubbler Condenser (Co beneficiaries SK, HU) 
− Support to SUJB – joint project with UJD 
− Licensing-related accident analysis VVER 440/213, boron dilution 
− Installation of RODOS 
− Re-assessment of RPV internal stress 
− Assessment and validation of VVER computer codes 
− Solution for chamber closure at Richard repository 
− Reconstruction of a hot cell at Richard repository 
− Waste tracking information system 
− Qualification of non-destructive testing and inspections 
− VVER Cladded Reactor Pressure Vessel Integrity evaluation with respect to pressurised 

thermal shock events 
− Upgrade of the testing facility for transport packages 
− Closure of a chamber in the Richard repository for establishing a safety case 
− Replacement and repair of equipment damaged by floods in 2002 in the UJV 

Estonia 

− Transfer of Western Regulatory Practices, ES/LV/PO/RA/01(1998). Co-beneficiaries: LT, 
PL 

− Safe long-term storage of the Paldiski sarcophagi and related dismantling activities 

Hungary 

− RODOS, development of a prototype communications link 
− Improvement of safeguards technology to enhance the efficiency of Nuclear Materials 

Accountancy and Control in Hungary 
− Transfer of Regulatory Methodology and Practice to HAEA 
− Technical advice to HAEA on ageing management 
− TSO support in assessment of level 2 PSA for VVER 440/213 
− Evaluation of waste retrieval & disposal at Püspökzilágy facility 
− Hydrogen Management for the VVER-440/213 Containment 
− Development of the APROS Nuclear Plant Analyser 
− Providing free storage/disposal at Püspökszilágy repository 
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− Implementation of mass spectrometry for the analysis of nuclear material of unknown origin 
and environmental samples 

Latvia 

− Transfer of Western Regulatory Practices 
− Design of additional waste disposal vault and integral storage facility for LLW at Baldone 
− Improvement of radiation protection in relation to medical exposure 
− Phare NS Programme. Relevant projects 
− Enhancement of Regulatory Capacity for Radiation and Nuclear Safety Infrastructure 

Lithuania 

− Management support to the INPP, DSS project 
− TSO support to VATESI, DSS project 
− Installation of a DSS in INPP Unit 2 
− Transfer of western regulatory methodology and practices to VATESI 
− TSO licensing capability - core integrity, I&C,  equipment ageing 
− Support to VATESI during the review of SAR 2 for INPP Unit 2 
− Support to VATESI in structural dynamics INPP 
− Support to VATESI in licensing decommissioning activities 
− Safety assessment and upgrading of the Maisiagala repository 

Poland 

− Transfer of Western regulatory practices 
− Remediation of the area surrounding the tailings pond at Kowary 
− Improvement of storage conditions and closure of Rozan repository 
− Development of technology and procurement of equipment for encapsulation spent fuel 
− Creation of a central monitoring and radiation safety at Swierk nuclear centre 
− Reduction of occupational exposure and radioactive waste arising from operation of the Maria 

research reactor through actions taken at the source 

Romania 

− Transfer Western regulatory methodology and Practices to CNCAN 
− Support to CNCAN, seismic evaluation Cernavoda 
− Early warning system - Cernavoda 
− Operational risk, Cernavoda 
− Regulatory regime consolidation, support to CNCAN 
− Support to CNCAN, review of fire protection, overpressure protection of reactor primary 

circuit and of main steam line design safety issues in Cernavoda-1 
− PSAR for the LL radioactive waste repository Baita Bihor 

Slovakia 

− Support to UJD - joint project with SUJB 
− Decontamination of NPP A-1 primary circuit 

Slovenia 

− Transfer Western regulatory methodology and practices 
− RODOS, installation 
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− Seismic monitoring station, Krško basin 
− Support to SNSA in upgrading and modernisation of the National Early Warning System 
− “Hot-cells” facility renovation and modernisation 
− Characterisation of radioactive waste in a central store in a central facility 
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INTRODUCTION 

The annual Eurosafe forum has been created five years ago. Its aim was and is to give 

the opportunity to all those involved in the technical aspects of Nuclear Safety to meet, 

discuss, exchange and develop professional relations beyond the meeting. 

The history of this conference is, in a way, emblematic of the evolutions of the Technical 

Safety Organisations (TSO). Indeed, at the beginning was the so-called 

"Fachgespraech" organised by GRS as an internal meeting. 

Then, at the end of the eighties, when GRS and IRSN decided to cooperate more 

closely on such topics as safety assessment, code developments, nuclear safety in 

Eastern European countries, it became a common meeting, renamed after some time to 

“Eurosafe” with the objective to contribute to the convergence of safety technical 

practices in Europe. 

It appeared immediately necessary to share the objectives and the organisation of this 

meeting with other Technical Safety Organisations and expertise bodies, to broaden the 

topics to radioprotection, security and to extend the collaboration to the creation of a 

review called "Tribune Eurosafe" and a website. 

The factors motivating these evolutions, recent ones, since they happened in the last 

decade, are still existing. The purpose of this speech is to present them and to explain 

their influences on the Technical Safety Organisations and expertise bodies. 

What are those Technical Safety Organisations and expertise bodies? 
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It has been internationally recognized and even formalised in the international 

convention on nuclear safety ratified up to now by more than fifty countries that nuclear 

safety relies on several fundamental principles such as the existence of a legislative and 

regulatory framework, the responsibility of the licence holder, the existence of a 

comprehensive and systematic assessment and verification of safety. 

The efficiency of the regulation and control of nuclear facilities relies, then, for a large 

part, on the technical capabilities of both the operators and the Regulatory Bodies. 

More precisely, operators, which are  primarily responsible for safety, perform and 

justify to the Regulatory Bodies their technical choices. The Regulatory Bodies evaluate 

and assess the justifications given by the operators. 

To perform this task, the national organisations are various. Indeed, history, 

administration culture and the importance of nuclear energy play a major role in the 

national organisations set-up to perform the control of nuclear safety. 

Nevertheless, the national organisations can mainly be divided into two broad 

categories, as recognised in the requirements on “legal and governmental infrastructure 

for nuclear safety radiation, waste and transport safety” provided by the International 

Atomic Energy Agency. 

In the first category, the technical expertise body is integrated in the safety authorities. 

In Europe, this is the case of the Health and Safety Executive, Nuclear Safety 

Directorate (HSE/NSD) in the United Kingdom, the SKI in Sweden, CSN in Spain and 

last but not least KFD in the Netherlands. 

In the second category, the Safety authorities rely on the technical expertise of a 

Technical Safety Organisation. 

For example, in Germany the Regulatory Bodies, the Federal Ministry of the 

Environment, Nature Conservation and Reactor Safety (BMU) and authorities of the 

Federal State ("Laender") according to the situation, rely on separate expert institutions, 

namely GRS or the TÜV. In France, the two Regulatory Bodies, one for civil purposes, 

the other for defence purposes, rely on IRSN. 

Anyhow, in each of the two categories mentioned, the safety authorities can complete or 

diversify the technical expertise they need by turning to the appropriate structure. 
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The organisation of technical support for nuclear safety in countries joining the 

European Union on the 1st of may 2004 are various and can be close to one category or 

the other. 

Whatever the national organisation, a national Safety Authority should have available 

the expertise resources internally, or externally in the appropriate technical safety 

organisation, to assess the quality of the safety demonstration presented by the 

operator, especially by investigating the lacks or misses of the demonstration. 

A peer-to-peer technical dialogue between the operator and the expertise body acting 

for the Safety Authority is an imperative condition for achieving a high safety level. 

Necessary conditions for the technical dialogue to be efficient are the following: 

- On both sides, experts are well trained and skilled and are perfectly aware of the 

state of the art and knowledge in their domain. It should be noticed that the 

assessment required by the Safety authorities is a global one. Indeed, it implies 

to combine, hierarchy, according to the level of risk, the conclusions of the 

technical dialogue for each domain like criticality, thermohydraulics, fire and so 

on. 

- The expert body has the appropriate access to information in due time. 

- The expert body is independent in its technical judgment. 

In Europe, there is a wide variety of technical safety organisations and expertise bodies, 

depending on : 

- the size which can vary from less than one hundred to more than one thousand 

experts or researchers,  

- the administrative structure, most of them being public organisations,  

- the domain of competence which can cover safety, radioprotection or security. 

- the domain of intervention (nuclear facilities, transport, medical or industrial 

facilities using radioactive materials, etc.).  

Besides these differences, these organisations all are involved in research. 
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They can carry out the research activitieshemself. However, the activities can also be 

conducted by external researchers, such as consultant companies, universities, 

institutes of technology and research, etc. . 

Strong relationship between expertise and research are necessary for at least three 

reasons : 

- Questions are raised by expertise, in some cases answering those questions 

arising from research. The behavior of highly irradiated fuel in accident 

situations provides a good example 

- Researchers can, on their own, raise safety issues being not anticipated, 

- Experts are in close contact with the most recent developments in the field of 

research. As mentioned above, it is necessary for the expert to be well trained, 

highly skilled and aware of the actual state of the art and knowledge. 

What are the main evolutions of the environment of the technical support 

organisations ? 

The European technical support organisations are acting in an evolving environment 

due to at least the following factors : 

- the liberalisation of the electricity market, 

- the internationalisation and the growing importance of European institutions, 

- the need of the society for more transparency and understanding of the choices 

The liberalisation of the electricity market coupled with the reduction of international 

barriers to trade increases the economical competition between operators and results in 

a pressure on cost. For expertise bodies, this has several implications. First of all, the 

operators intend to increase the electricity production rate of the NPPs and/or to reduce 

the costs. To achieve these objective, the operator may increase the operation domain 

of the reactor, for example by up rating the nominal power of the reactor, reduce the 

duration of outages, increase the burn up of fuel, reduce staff. Then, it must be shown 

by the operator by means of safety files that this extension of the domain remains 

acceptable from the view point of safety. 
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Usually, the operator relies on new methodologies, more efficient calculation codes, for 

example going from 2D to 3D thermo hydraulic codes and on experimental data, for 

example on the behaviour of irradiated fuel. 

It is then obvious that the expertise bodies must be in a position to assess and to 

evaluate these elements and, consequently have the appropriate information, 

knowledge and competence regarding these new elements. 

Acquiring new knowledge and competences may require anticipated actions from the 

expertise bodies for example, in the management of human resources by recruiting 

experts in developing field or displaying the resources from one expert field to another. 

This can lead to the identification and the realisation of dedicated training programs. It 

can also result in expertise bodies being involved in the definition of research programs 

relevant to the issues. 

In any case, the sooner the expertise bodies is aware of the major technical evolutions 

envisaged by the operator, the more efficient the assessment process is. Another 

consequence of the liberalisation of the electricity market is that operators may be more 

reluctant to give access to the relevant information to the expertise bodies, either from 

industrial or from research origin. 

Last but not least, the funding of research programs and the associated facilities 

decreases leading also to a loss of competence in the research teams and to the 

closure of facilities. A lot of research activities have been performed in many fields 

relevant to nuclear safety for several decades now. Nevertheless, nuclear safety is a 

continuously evolving matter and new issues need to be dealt, with according to the 

evolution in the operation of NPPs, the use of new technologies (for example digital I & 

C), the national and international experience feedback, the development of knowledge 

and the aging of NPPs. 

Internationalisation and growing importance of the European Institutions 

In close connection to the preceding item concerning liberalisation, internationalisation 

also raises specific issues for expertise bodies. 

The use of nuclear energy raises international issues : 
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- On one hand, a significant event or accident occurring at a nuclear installation in 

one country has the potential to affect its neighbouring countries. 

- On the other hand, the industry is acting on a worldwide basis. The nuclear 

facilities built in one part of the world may have been designed in another part, 

with components supplied from many countries. 

Although the industry is global in nature, the way it is regulated is not. Each country has 

its own regulatory procedures and has significant differences in the way  the regulation 

is performed. Indeed, the national political environment with regard to the use of nuclear 

energy, the legislative and regulatory framework, the administrative organisation widely 

vary among those countries. 

Moreover, the primary responsibility for regulation of nuclear safety remains a national 

one and the responsibilities related to nuclear safety of international or supranational 

organisations remain limited. From the technical point of view, the activities of 

international organisations are mainly related to cooperative research projects,  

developing standards, reaching technical consensus and understanding.  

More and more frequently the industrial projects are submitted to different regulators for 

licensing in different countries. 

It may happen and it did happen, that an industrial project is licensed in some country 

and still assessed or considered to be not completely justified in another. It is indeed an 

uneasy situation for  the TSO being considered, facing this situation according to the 

case, to be too much or not enough demanding.  

With the enlargement of the European Union from 15 to 25 countries intended on the 1st 

of May 2004, regulatory bodies and  TSO from Eastern countries will participate in the 

European Union actions in the field of Nuclear Safety. This will be the case either on the 

regulation (e.g. the elaboration of directives) in technical working groups or in the 

research activities by joining the Common Program on Research and Development. 

Finally, concerning the international evolutions, in July 2002 the European Commission 

has elaborated the so-called nuclear package containing a directive on nuclear safety.  

This directive initiated a debate inside the European Union about what could be the 

responsibilities of the European Commission in this field and its relations with the 

national organisations.  
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The need of the society for more transparency and understanding of the choices. 

Since a number of years, an increase in public criticism with regard to the conventional 

mechanisms applied for preparing regulatory decisions is observed. This widely affects 

the industrial sector but it takes a special importance when nuclear questions are 

involved.  

What strategy for the TSO regarding evolution of their environment ? 

This strategy could be threefold : 

- strengthening the technical convergence and harmonisation between TSO 

- intensifying international cooperation in research to ensure the availability of 

pertinent research capabilities and to obtain consensus or safety related 

questions, 

- getting more involved in the societal debate on nuclear safety, 

With respect to specific safety concerns, GRS and IRSN started comparative safety 

studies on subjects of joint interest (thermal fatigue, comparison of databases, etc.) 

several years ago in order to highlight the points of convergence and to identify and 

then explain the discrepancies met in safety approaches. They also performed 

assessment for each other or worked together on the EPR reactor or in eastern 

countries. This cooperation, aimed at a progress in nuclear safety in Europe, was 

meanwhile extended to AVN. 

In this respect, all three organizations initiated, one year ago, a comparative analysis of 

the safety assessment methods they apply and the main aspects to be considered 

when analysing the safety problems met, in order to facilitate knowledge sharing, 

conduct of joint or complementary work, and comparison of the results thus obtained. 

This should result in a common reference document. 

It is obvious that such approaches, that may then be applied by field of expertise or by 

type of facility, represent a key factor in the convergence of safety approaches and in 

the consistency of assessments performed by GRS, AVN and IRSN. This type of 

approach could be extended to the European Organizations that may wish to be 

associated. It is, indeed, a first but necessary step if expertise bodies intend to 

mutualise in some way their competences. 
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The construction of such an  expertise bodies network based on a shared approach and 

methodology for safety assessment is consistent and complementary with the 

regulators network WENRA . 

Moreover, this organisation according to networks, i.e. the regulators network and the 

expertise bodies network organisation would favour the harmonisation and convergence 

on nuclear safety in Europe. 

In any case, if directives were to exist on nuclear safety in European Union, it would be 

valuable that they point out the utmost importance to master the technical aspects of 

safety to achieve a high level for it, the necessity of a skilled professional and collective 

expertise, informed by research, the interest of sharing and comparing experiences 

between national experts inside the European Union. 

It is essential for countries equipped with nuclear facilities to conduct a high quality 

research with regard to nuclear and radiological safety. Thus, an intensified international 

cooperation to ensure the availability of pertinent research capabilities and to obtain a 

consensus on safety related questions is necessity. 

From this point of view, the ambition declared by the European Council in Lisbon in 

March 2000, for promoting the creation of a European research space, and the 

innovating orientations proposed by the European Commission and adopted for the 6th 

Research and Development Master Program are now essential. 

Gathering infrastructures, human resources and analysis tools within the European 

excellence networks is certainly a powerful mean to preserve the research capabilities 

and to ensure a skill level that is essential for maintaining a high safety level in Europe. 

It is therefore essential, for the TSOs, to join and manage such networks. 

In this respect, the creation of the SARNET excellence network dedicated to severe 

accidents is clearly illustrating the will of about fifty European Organizations, among 

them TSOs like GRS or IRSN, to link their action to the integration policy decided by the 

European Union with a long term objective. 

The SARNET network should play a major role in the identification of most pertinent 

research subjects and in the coordination of works conducted in Europe, whether they 

concern experimental or theoretical projects. It will therefore contribute in maintaining 

the appropriate research skills and capabilities in Europe, ASTEC, providing an 
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environment conducive to knowledge sharing. This excellence network will be 

presented in the research workshop tomorrow. 

Beyond such actions, TSOs should continue their reflections on how to achieve the 

availability of pertinent research capabilities. 

Beyond a strengthened public communication and observance of the right for 

information, which will be extended by the implementation of the Aarhus Convention, 

the society wants to be more involved in the decision process concerning industrial 

projects presenting hazards. This is, in particular, the case for nuclear industry. 

Technical Safety Organisations do neither represent the interest of the operator, nor do 

they take the final regulatory decision. In that sense, TSOs are in the position to answer 

the questions of the stakeholders from a technical point of view and to enlighten the 

various issues to them to feed pluralist approach to expertise. 

Moreover, the question of involving the public on the local community level is now 

essential in the research for a renewed decision making process. In that spirit, since 

2002, IRSN has a convention with the French ANCLI “local information committees 

National association” to provide the committees with information on nuclear safety 

issues or to deliver information to their members on some topics. The objective is that 

those members be able to gather the relevant technical informations from various 

origins to make up their own opinion on this subject. 

CONCLUSION 

To conclude, technical safety organisations are facing many changes in their 

environment. These changes must motivate the TSOs and expertise bodies to develop 

a network between them, either from the view point of expertise or research. Moreover, 

they could contribute to the debate inevitably associated with nuclear energy by 

explaining the issues associated. 
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Nuclear Energy Data for 2002    
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How to Motivate Young People to go 
Nuclear?  
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How to Motivate Young People to go 
Nuclear?  

From Entergy: Adhesive Sticker. 

From: Advertisement in 
Süddeutsche Zeitung, 
November 15, 2003 
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Research Political Situation
Which signals do students get on which they base the 
selection of their studies and courses? 

France:

Generation IV 
From: CEA 
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Research Political Situation
Which signals do students get on which they base the 
selection of their studies and courses? 

France: 

Clear Options for the 
National Nuclear Future 
From: CEA  
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Research Political Situation
Which signals do students get on which they base the 
selection of their studies and courses? 

USA: Nuclear Energy Reserch Initiative – Universities (NERI-U) 
Generation IV (GenIV)
≈ 3 Mio $ 
Advance Fuel Cycle Initiative (AFCI) 
≈ 3 Mio $ 
Nuclear Hydrogen Initiative (NHI) 
≈ 0.5 Mio $ 
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Under-/ Graduate Nuclear Enrollments in 
the USA 
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Nuclear Lectures / Faculties at German 
Universities 

(Survey of 
KTG (1994), 
FZK (2000), 
FZK (2002))

*) in reactor physics, reactor technology, reactor safety, nuclear and 
radio chemistry, radiation protection 
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Research Political Situation
Which signals do students get on which they base the 
selection of their studies and courses? 

Germany: Atomic Energy Act: 04/2002 
Termination of nuclear electricity production. 
Ensure safe operation of NPP until termination. 
Ensure fulfilment of international obligations.  

Coalition Agreement: 10/2002 
Government support of the development of nuclear 
technologies for electricity generation is terminated.
Research to enhance the safety of existing 
reactors is supported. 
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Research Political Situation
Which signals do students get on which they base the 
selection of their studies and courses? 

Germany: 

Decommissioning of 
Nuclear Power Plants

Interim Storage of Nuclear Waste

Exploration/Comparison 
of Repository Sites 

Planning / 
Construction Operation of Repository

Operation of 
Nuclear Power Plants

2010 2020 2030 2040 2050 20602000

Decommissioning of 
Nuclear Power Plants

Interim Storage of Nuclear Waste

Exploration/Comparison 
of Repository Sites 

Planning / 
Construction Operation of Repository

Operation of 
Nuclear Power Plants

2010 2020 2030 2040 2050 20602000
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Competence in Nuclear Technology in Germany: 
Job Offers for University Graduates* - 2000 2010

Job Offering Institutions Jobs in 2000 Jobs in 2010
(to be replaced)

NPP- utilities 1.250 1.000 (none**)

NPP- vendor and service industry 3.500 3.300 (1.000)

Authorities and licensing offices 1.350 1.100 (300)

R&D-institutions: a) reactor safety
b) nuclear waste disposal

370
350

370 ? (160)
380 ? (110)

Cooperation in international bodies 100 100 (100)

Total 6.920 6.250 (1.670)

*) Uni, TU, FH   
**) no major fluctuations 

+  8 %

- 10 %

- 19 %
- 6 %
- 20 %

From: 
P. Fritz, FZK 
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Vicious Circuit 
Unfavourabel Future Perspectives

Loss of Nuclear Competence 

Reduced 
University 
Activities Nuclear 

Education 
Unattractive

Less 
Enrolled 
Students 
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Helmholtz Evaluation of the German 
Programme Nuclear Safety Research  

International Review Committee (February 2003): 
„A clear statement of the importance of this (nuclear)
profession from Government and industry is needed to 
attract the best students. Challenging and interesting jobs 
based on a stimulating research agenda and vision is the 
only way to attract the top quality students so urgently 
needed to replace the retiring scientists and engineers.“
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Helmholtz Evaluation of the German 
Programme Nuclear Safety Research  

Helmholtz Senate (October 2003): 
„All partners including the financing partners must take
appropriate actions to provide an attractive – political and 
scientific – frame to promote young scientists to realise
the goal of maintenance of competence.“
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Some Solution Strategies 
In Germany: 

Networking of universities with national research centres: 
Helmholtz Virtual Institutes (VIs) 

Competence in Nuclear Technology 
Functional Characteristics of Aquatic Surfaces 

PhD Programme of German Utilities, offering attractive 
research topics and assured employment after PhD  

In Europe: 
Networking of universities: 
European Nuclear Education Network, ENEN 

25 universities from 16 European countries 
Efficiency- and achievement-oriented university education in
nuclear engineering in Europe
Degree: European Master of Science in Nuclear Engineering
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European Master of Nuclear Engineering

Entry Qualification

B.Sc.
3-year M. Sc.

4-year M. Sc. / Diplom
5-year

3. Semester

2. Semester

1. Semester

4. Semester

European Master of Nuclear Engineering

ENEN
„Main Course“

ENEN
„Preparatory Course“

all
ENEN-requirements

achieved

From: Schäfer, TU München
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Maintenance of Knowledge
Data bases and documentation (e.g. Sodium LMFRs 
Documentary Fund of CEA & EDF & FRAMATOME-ANP)
are fine 

but
Know-how and experience 
can only be maintained by 
direct person-to-person 
transfer to guarantee the 
alternation of generations -
ideally in application to a 
scientifically & technically 
challenging project. 

From: Olkiluoto 3, Press release 
TVO Finnland, Oct. 10 2003  
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Conclusions for Germany (1/2) 
According to international experience, scientific/technical
junior staff can best be attracted when working on  
scientifically challenging, international projects.  
To achieve this, the German National Labs have to be 
allowed to participate in all relevant international bodies 
(e.g. INPRO, GenIV) in order to 

Develop new safety technologies, 
Apply these to the German nuclear power plants, 
Improve the safety of nuclear power plants around Germany. 
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Conclusions for Germany (2/2) 
There has to be the distinct support from government, 
industries, research centres and universities, in order to 
attract young scientists / engineers / technicians.  
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Conclusions for Germany 
There has to be the distinct support from government, 
industries, research centres and universities, in order to 
attract young scientists / engineers / technicians.  
This Federal Ministry advertisement is for sure not the 
correct message in order to attract nuclear junior staff!  

Süddeutsche Zeitung, Nov. 15, 2003:
„NPP Stade was shut down yesterday. 

Germany changes to renewable 
energies.“ 

(Federal Ministry for the Environment, 
Nature Conservation and Nuclear Safety)
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Safety of the fuel storage in French Nuclear Power Plants 900 MWe

L. Gilloteau

Institut de Radioprotection et de Sûreté Nucléaire, BP 17 
F 92262 Fontenay aux Roses cedex

ABSTRACT: To shorten the outage periods of its reactors in order to increase their availability, 
Electricité de France reduced the time between the reactor shutdown and the end of the fuel 
unloading. This results in increasing the residual power of the fuel stored in spent fuel pool during plant 
unit shutdowns. 
Therefore, equipment participating in the fuel storage safety is currently operated beyond the limits 
defined in the safety reports of the nuclear plants. This abnormal situation was highlighted by the 
experience feedback and by the safety review performed on 900-MWe reactors. In order to deal 
with such a situation, operating requirements have been temporarily implemented. In the meantime, 
definitive actions will be defined to improve the conception and operation as a whole of the spent fuel 
storage facilities in nuclear plants. 

In this context, IRSN analyzed the suggestions and studies carried out by Electricité de France to 
improve the safety of the spent fuel storage and to remove the current requirements concerning the 
operation of the spent fuel pools of 900 MWe reactors.

Therefore, IRSN studied the incidental or accidental operating situations that may affect the cooling 
function of the spent fuel pool. The risk of uncovering assemblies stored in the fuel building was 
assessed by a specific probabilistic risk assessment. The result of these works leads to propose 
new modifications to improve the monitoring (cooling monitoring, pool instrumentation…) of storage 
facilities and the management of incidents or accidents (especially support means and procedures) 
which may affect them. 

IRSN assessment conclusions were submitted to the permanent group in charge of the nuclear 
reactors in November 2002. It appears from this assessment that the control of the cooling of the 
spent fuel stored in the pool will be significantly improved compared to the current situation, when the 
modifications considered by Electricité de France are applied. 

Until these conclusions and related modifications are taken into account, it was decided to maintain 
some compensatory measures defined in 1998. Moreover, these conclusions and modifications shall 
be adapted in order to apply them to the most recent reactors (1300 and 1450 MWe).

Besides, regardless of the residual power stored in spent fuel pool, it was also highlighted that some 
accidents such as a rapid drainage of the spent fuel pool, a fire or flooding affecting the premises of 
the fuel storage building might be uncontrolled in the current facility conditions. 

The detailed study of these situations may result in new modifications in order to improve their 
prevention and management.
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1 BACKGROUND

The analysis submitted by IRSN to the permanent group in charge of the reactors in November 2002 
is the conclusion of long process initiated in 1994 after it was discovered the non-compliance of the 
limit of residual power released by the fuel stored in spent fuel pool defined from the design on the 
900 MWe reactors of CPY series. In a first stage, this report induced the safety authority to issue an 
exception to this limit (power limit increased from 5.45 to 8 MW) on the basis of a first justification file 
submitted by Electricité de France and a reinforcement of the operating requirements. 

Then, Electricité de France requested authority to increase the limits of the residual power of the 
fuel stored in spent fuel pool in order to take into account the new fuel managements and operation 
practices. The following table illustrates the case of the 900 MWe standardized plant:

Fessenheim Bugey CPY 

Initial limits (MW) 6,5 6,85 5,45

Suggested limits (MW) 8 8 10

The new suggested limits intend to meet the single failure criterion imposed to the cooling function of 
the spent fuel pool in the safety reports. Thus, the loss of a component (the most penalizing loss is the 
loss of an exchanger) must not result in exceeding a 80°C-temperature in spent fuel pool. 

Moreover, to justify its relaxation proposal, Electricité de France had to show that a total loss of cooling 
accident would not have unacceptable consequences. Various total loss of cooling initiators were 
studied by IRSN within the framework of the processing:

Initiator 1 : loss of both PTR channels or loss of a common section,

Initiator 2 : total loss of power supplies,

Initiator 3 : loss of the heat sink,

Initiator 4 : pool drainage resulting in dewatering of cooling system suction pipe

Initiator 5 : hazard (fire or flooding) resulting in a failure of both cooling channels.

2 LOSS OF THE COOLING FUNCTION OR ONE OF THE SUPPORT FUNCTIONS

During refueling outage, the residual power of the fuel stored in spent fuel pool may result in the pool 
boiling in the short term in case of total loss of cooling (between 8 and 16 hours). So as to prevent this 
accident, Electricité de France reinforced the operating requirements and the preventive maintenance 
program concerning the cooling function of the spent fuel pool. Moreover, modifications will be soon 
integrated to suppress the losses of cooling linked to the suction of foreign bodies in the cooling system 
(installation of a strainer on the suction pipe) and enable a more reliable supply of PTR pumps, while 
authorizing the maintenance of the electrical switchboards during this period.
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However, despite these measures intended to improve the prevention of a loss of cooling, the 
probability of the spent fuel pool boiling remains high when the reactor is unloaded (probability higher 
than 10-4). The operator should therefore be able to manage a situation of prolonged loss of cooling 
which might lead, in the long term, to the dewatering of the fuel stored in spent fuel pool.

For this purpose, Electricité de France defined a operating strategy applicable when the loss of cooling 
initiator is the failure of the cooling function or one of its support functions (initiators 1 to 3 listed 
above). This strategy is based on a reinforcement of the accident detection and monitoring means 
(addition of instrumentation sensors and creation of alarms detecting a loss of cooling efficiency, water 
level reduction and high temperature in spent fuel pool) as well as action means (modification of the 
emergency make-up line so that it is supplied either by the demineralized water system or by the fire 
protection system). Then, Electricité de France had to check that this strategy would enable to cope 
with the most penalizing scenario considered (loss of the heat sink over 100 hours). IRSN lists below 
the new design requirements resulting from the study of this scenario, which must be satisfied:

• acceptability of the doses received at the site limits after opening the fuel pool area 
door leading to the outside in order to avoid a pressurization by the pool water 
vaporization;

• accessibility of the make-up means and the various premises of the fuel building, out 
of the fuel pool area. Modifications shall be necessary to improve the static isolation 
between the fuel pool area and its adjacent premises (addition of isolation dampers 
in the ventilation ducts, modification of the doors…);

• operability of the equipment required for managing and recovering a prolonged 
boiling situation of the spent fuel pool, as this requirement should imply some 
modifications on some equipment;

• upon restart of cooling, the PTR system should suck up sub-satured fluid only. This 
condition is required for its proper operation and for the return to the safe condition 
of the storage in spent fuel pool. On Electricité de France 900 MWe reactors, this 
requirement does not require any specific measure;

• mechanical integrity of the pool equipment (doors and gates) of the cooling system 
at 100°C;

• PTR system capacity to restart after pool boiling. 

• consideration of a pessimistic leak rate value for the pool liner in accidental situation 
for the design of the support means and the recovery and process networks of this 
leak. The elements issued from the study of the liner resistance at 100°C show that 
a maximum leak rate of 3 m3/h can be considered as envelope in the accidental 
situation considered. Electricité de France justification is based in particular 
on an inspection program of the spent fuel pools and on the development of a 
repair process used to ensure the good condition of the metallic liners in normal 
operation.
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As a result of this assessment, IRSN considered that the accidental situation of total and prolonged 
loss of cooling of a spent fuel pool would be managed using the measures suggested by Electricité de 
France, especially by implementing the modifications resulting from the new requirements.

3 ACCIDENTAL DRAINAGE OF THE SPENT FUEL POOL

The safety analyses submitted by Electricité de France focused on the risks related to the increase of 
the residual power in spent fuel pool. Accidental drainage situations were studied considering the loss 
of cooling initiator. For these drainage situations, Electricité de France transmitted a deterministic study 
of the different conceivable scenarios. However, the assessment of the potential consequences and 
the operating strategy to be applied still need to be studied more thoroughly.

IRSN considers that several scenarios (break or leak on a compartment drainage pipe, spent fuel pool 
drainage via the reactor building pool by a break or leak on a pipe connected to the primary cooling 
system, spent fuel pool drainage using a pump from the primary cooling system at reactor shutdown, 
loss of tightness of a joint of a gate…) may involve a kinetic rapid enough to result in a assembly 
uncovering during handling as well as the loss of cooling by the PTR suction pipe dewatering.

For example, IRSN noticed that the dewatering of an assembly during handling may obstruct or 
prevent some actions which are currently intended to manage an accidental level reduction or a 
loss of cooling of the spent fuel pool. Electricité de France shall therefore assess the risk linked to 
an accidental drainage of the spent fuel pool, suggest operational operating strategies covering the 
various drainage scenarios and define, if necessary, measures used to control these situations and 
limit their consequences.

As for the assessment of the consequences resulted from an assembly dewatering during handling, 
studies carried out in 1984 by IPSN if this accident occurred in the reactor building are used to assess 
the damage undergone by the fuel clads and the induced radioactive waste. However, the results 
of these studies shall be reassessed taking into account the weaknesses of the containment of the 
fuel storage building and the possibility of zirconium oxidation, addressed by the NRC in its report 
NUREG 1738 of February 2001. As this reaction may be highly exothermal at high temperature, it 
might result in the assembly failure. This reassessment should be based on research efforts and, in all 
probability, the study results cannot be presented by the end of 2005.

4 HAZARDS

The current design of the reactors operated in France is such that there is no physical separation of 
both cooling channels of PTR system. Indeed, both pumps of this system are in the same room. IRSN 
considers that an internal hazard (fire, flooding…) may result in the total loss of cooling of the spent 
fuel pool.
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During the processing of the file dedicated to the safety of storage in spent fuel pool, Electricité de 
France assessed the accessibility and the operational aspect of the emergency support means for the 
pool in case of fire or flooding in the premises of the fuel storage building. 

Since then, studies related to fire risk are currently being examined at IRSN. The potential consequences 
of a flooding and the related responses are still subject to studies within Electricité de France.

5 MODIFICATIONS CONSIDERED

The principle of the modifications considered by Electricité de France in order to improve the safety of 
fuel storage in spent fuel pool is almost identical for all nuclear plant reactors. It is addressed above 
and currently comprises:

• Reinforcement and leveling of the instrumentation of the pool parameters (level and 
temperature) in order to ensure a functional redundancy of the thresholds necessary 
for the monitoring of the facility in normal, incidental and accidental operation;

• Addition of a strainer to the suction of the cooling system of the spent fuel pool in 
order to prevent the loss of the cooling function by common mode in case of suction 
of a foreign body;

• Burn-in of the electrical supply of spent fuel pool cooling and treatment (PTR) 
pumps during interventions performed on electrical switchboard for preventive 
maintenance during unit shutdowns;

• Implementation of a valve manifold, accessible when the pool is boiling, used 
to compensate the pool water losses due to evaporation using a make-up line 
supplied by the demineralized water or fire protection systems;

• On thresholds equipped with a crosshead to the suction of the PTR system (case of 
the 1300 and 1450 MWe thresholds), the pool make-up line will be designed also in 
order to cool the suction line and prevent the formation of a vapor lock likely to stall 
or damage the pumps or other PTR system devices;

• On some reactors, it shall be necessary to open the fuel pool area outwards in 
order to enable the exhaust of water vapor in accidental situation and thus prevent 
pressurization and damage of the fuel storage building structures.

Moreover, out of these modifications intended to improve the safety of storage in spent fuel pool, 
Electricité de France provided for integrating on all thresholds a modification allowing the parallel 
operation of both cooling trains of the PTR system in order to increase its thermal exchange capacity 
and thus increase unit availability.
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6 CONCLUSION

For a total loss of cooling accident linked to the failure of the cooling function or one of its support 
functions (initiators 1 to 3 cited above), the functional analysis taking into account the material 
modifications and the application of the accidental operating strategy considered by Electricité de 
France shows that, despite a high boiling probability (higher than 10-4 per unit and per year), the 
available time limits before reaching unacceptable consequences allow considering that the fuel 
dewatering risk is residual for this type of scenario (risk estimated at 10-8 per unit and per year for CPY 
series). Moreover, the growth of the risk related to the increase of the residual power storable in spent 
fuel pool is insignificant. 

As a conclusion, IRSN assessment shows that some loss of cooling initiators, for which occurrence 
probability has not been quantified during processing, such as a rapid drainage of the spent fuel pool, a 
fire or flooding affecting the premises of the fuel storage building, are likely to be uncontrolled. Indeed, 
these accidents might result either in the simultaneous loss of cooling and make-up means of the pool, 
or in the dewatering of a fuel assembly during handling. Moreover, the risk that these situations result 
in unacceptable consequences is, in most cases, independent from the residual power stored in spent 
fuel pool. The detailed study of these situations might result in new modifications in order to improve 
their prevention and management.

 



8 9

A
P

P
E

N
D

IX
: 

D
ia

g
ra

m
 o

f 
th

e 
F

u
el

 P
o

o
l C

o
o

lin
g

 S
ys

te
m

 o
f 

a 
90

0 
M

W
e 

re
ac

to
r



10 11

Goals, progress and difficulties with regard to the development of German 
nuclear standards on the example of KTA 2000

Dr. M. Mertins

Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH

ABSTRACT: In Germany, a license may only be granted if the necessary precautions have been 
taken in the light of the state of the art in science and technology to prevent damage resulting from 
construction and operation of nuclear power plants. 

Primarily, the nuclear regulations serve to specify the vague legal term of the necessary precautions 
by safety requirements and methods for the verification of their fulfilment.

With KTA 2000, an attempt was made to further develop the existing sublegal nuclear regulations 
at the level of the KTA Nuclear Safety Standards. In the end, it was not possible to finalise the KTA-
2000 project successfully. The reasons and argumentations will be dealt with in the following. 

1 INTRODUCTION

The definition of safety of technical facilities is always relative. Since an absolute safety cannot be 
achieved, the difficulty is to define how safe is safe enough or what the necessary safety is. 
In this context, the German legislator defined a criterion. Accordingly, a license may only be granted 
if the necessary precautions have been taken in the light of the state of the art in science and 
technology to prevent damage resulting from construction and operation of nuclear power plants. In 
addition, the licensees are obliged to take the best possible precautions over the entire lifetime of a 
nuclear power plant. For this purpose, the safety of the nuclear power plants has to be subjected to 
a continuous optimisation process.
However, safety must be objectively comprehensible. In so far, the vague legal term of necessary 
precautions has to be specified by safety requirements and methods for the verification of their 
fulfilment.
This is primarily done by application of the “safety criteria” of the Federal Ministry of the Interior (BMI) 
which essentially comprise the specified safety objectives to be considered. 
These safety objectives are supplemented by safety standards, guidelines and rules which, in 
addition to general safety requirements, also include the problem-solving technical specifications.
The applicable safety requirements that have to be fulfilled for a nuclear power plant in Germany 
can be depicted in form of a regulation pyramid (see Fig. 1). At the top of the pyramid, there is the 
Atomic Energy Act and its ordinances which include the nuclear safety requirements stipulated by 
law. This is followed by the sublegal regulations. At the top of the sublegal regulations, there are 
the BMI “safety criteria” of the year 1977. This is followed, according to the degree of specification, 
by the “incident guidelines” of the year 1983, various promulgations, guidelines and administrative 



12 13

provisions of the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety 
(BMU). Problem-solving technical specifications are already included in the “Guidelines for PWR“ of 
the Reactor Safety Commission (RSK) and the recommendations of the RSK and the Commission 
on Radiological Protection (SSK) that are next in the pyramid. At the bottom of the pyramid, there 
are the KTA Nuclear Safety Standards and the generally accepted rules of engineering of other 
institutions.
On the current situation of the sublegal regulations in Germany, the following general statements 
can be made: 
− The sublegal regulations at the upper levels of the regulation pyramid is obsolete, one of the 

reasons why it is also incomplete. 
− At the lower hierarchy levels, updates take place, but the regulations show deficiencies regarding 

completeness and systematic adaptation to all generations and types of nuclear power plants. 
At the end of the nineties, the Nuclear Safety Standards Commission (KTA)1 decided, on the basis 
of these findings, to integrate the round 90 KTA Nuclear Safety Standards in a systematic overall 
approach and to check them with regard to completeness and up-to-dateness. The work was started 
under the project title “KTA 2000” and conducted until the undertaking was abandoned in the middle 
of 2003.

2 WHAT WERE THE OBJECTIVES OF KTA 2000?

The main goal of KTA 2000 was to develop safety requirements for design, construction and 
operation of nuclear power plants in full and in compliance with the state of the art in science and 
technology. The original intent was also to integrate the safety requirements applicable to the EPR in 
the German nuclear regulations. Later on, this goal was abandoned. Thus, the tasks within the KTA-
2000 project concentrated on the compilation of safety requirements for the assessment of nuclear 
power plants in operation on the basis of the existing KTA regulations.

The hierarchical structure of the KTA-2000 concept was based on the
− Basic KTA Safety Guidelines,
− Basic KTA Standards, and 
− Technical KTA Safety Standards.

In the Basic KTA Safety Guidelines, the safety requirements for a safety concept according to the 
state of the art in science and technology were to be specified in a systematic approach. Further, 
the safety requirements were to be oriented towards the applicable basic safety functions and the 
methods for the verification of fulfilment of the safety functions in the defence-in-depth concept. 

The next level in the hierarchy of the planned KTA regulations comprised a total of seven Basic 
Standards. Here, the requirements for the basic safety functions were summarised in the first 
four Basic Standards. The subsequent three Basic Standards were to include the generic safety 
requirements of the defence-in-depth concept.
__________________________________

 1  The KTA consists of the experts of the manufacturers and the operators of nuclear power plants, of 
authorized experts and state officials in equal shares. Its task is to issue nuclear safety standards for these 
topics in the area of nuclear technology where a consensus between the experts of the fields represented is 
apparent due to experience.
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Basic Standards were to be developed on the following topics:

− Control of reactivity (No. 1)
− Cooling of fuel elements (No. 2)
− Confinement of radioactive material (No. 3)
− Limitation of radiation exposure (No. 4)
− General technical requirements (No. 5)
− Verification methods (No. 6)
− Administrative personnel requirements (No. 7)

Thus, the goal of the Basic KTA Standards was to compile and to list all safety requirements to be 
fulfilled by the safety functions, including the necessary methods for verification. 

The round 90 Technical KTA Safety Standards at the lower hierarchy levels were to describe further 
on the technically detailed requirements and procedures of the respective technical field that serve 
to fulfil the requirement of precautions against damage according to the state of the art in science 
and technology.

3 WHICH PROGRESS WAS ACHIEVED BY KTA 2000 REGARDING THE DEVELOPMENT 
OF THE NUCLEAR REGULATIONS

With the KTA-2000 concept it was intended to modernise and restructure the KTA Nuclear Safety 
Standards without a reduction of safety requirements. The goal was to compile the safety principles, 
safety requirements and acceptance criteria applicable in Germany and included in the KTA Nuclear 
Safety Standards completely, orderly and updated in a form that enables the authorities to verify a 
level of safety that is in compliance with the state of the art in science and technology.

At the same time, KTA 2000 was to be a guideline for the application of the existing nuclear 
regulations in the safety assessments of nuclear power plants because the existing nuclear 
regulations reflect the development of technical experiences with design, construction and operation 
of nuclear power plants over a period of more than 30 years. In addition to the safety principles 
and the corresponding safety requirements, they also include specifications on special technical 
designs of safety-relevant components and systems that are in compliance with the state of the 
art and the technical possibilities at the time of development of the regulations. Due to the update 
of the nuclear regulations, the scope and the technical specification of the protective measures at 
the different safety levels of the defence-in-depth concept of the nuclear power plants in operation 
may therefore be different. According to the regulations, however, it is possible to apply equivalent 
technical solutions that differ from those specified in the regulations. To take into account the 
different technical designs of the nuclear power plants constructed over long periods of time, the 
concept described in KTA 2000 therefore provided to verify, within the frame of safety assessments, 
the fulfilment of safety functions that are to be applied according to the state of the art in science and 
technology irrespective of the technical design of the existing nuclear power plants. For this purpose, 
KTA 2000 was based on an integral approach for safety assessments, consisting on the interaction 
between the human factor, technology and organisation. By means of KTA 2000, it was intended 
to compile all of the safety requirements that are characteristic for the basic safety functions of the 
existing nuclear safety standards of the KTA. In accordance with international recommendations, the 
safety requirements and verification methods for their fulfilment are consequently oriented towards 
the defence-in-depth concept with its four levels of safety. 
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Further, it was intended to fill gaps in the nuclear regulations with KTA 2000. These gaps concern in 
particular:

− safety requirements on the definitions of Safety Level 4,

− requirements on the methods and performance of safety assessments, in particular with regard 
to deterministic methods, probabilistic assessments and expert judgements, as well as under 
consideration of operating experience, 

− requirements on the quality and efficiency of administrative personnel requirements.

Moreover, KTA 2000 was to make a contribution to the management of knowledge. As already 
mentioned, KTA 2000 was to be based on the safety requirements that are independent of the 
technical designs, which are either explicitly stated in the nuclear regulations or on which these 
regulations are based upon. In addition, such safety requirements were also to be considered which 
had not been considered in the nuclear regulations before, but which had proven to be worthwhile by 
research and development, safety analyses and operating experience. For the work to be conducted 
on this issue, the KTA established working groups on 

1. the compilation of safety requirements included in the sublegal regulations that are independent 
of design under consideration of the international status,

2. the assignment of these safety requirements to the Basic KTA Standards, and

3. the filling of identified gaps in the regulations.

About 25 GRS experts participated in the work who gained a comprehensive picture of the 
developments regarding the state of the art of the safety requirements and methods for the 
verification of their fulfilment in the defence-in-depth safety concept as a result of their activities. 
With regard to knowledge management, this opportunity of knowledge acquisition and maintenance 
is also of particular importance because here, as at that time in no other case, technical co-operation 
of representatives of authorities, expert organisations, manufacturers and utilities took place in the 
working groups for the maintenance of knowledge.

This also included the detailed verification of the complete compilation of all existing KTA Nuclear 
Safety Standards by evaluation of all Technical KTA Safety Standards and the related basic material 
from the development and revision phases of the Technical KTA Safety Standards. In addition, the 
consistency of the new Basic KTA Standards with one another and in interrelation with the KTA 
Safety Guidelines was to be checked with documentation of the result. 

The regulation pyramid, as envisaged by KTA 2000, comprises the safety requirements that have 
to be fulfilled in Germany for a safety level that is in compliance with the state of the art in science 
and technology. With regard to their degree of specification, they are comparable to the IAEA Safety 
Requirements. The Technical KTA Safety Standards include the requirements for the technical 
designs of safety functions, which largely correspond to the degree of detail of those included in the 
IAEA Safety Guides.
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It was intended to establish an integral approach on the basis of all existing rules and those under 
development after their completion which covers safety requirements and safety assessment 
methods as well as technical design examples for a comprehensive assessment of nuclear power 
plants in operation according to the state of the art in science and technology.

The contents of the Basic KTA Standards were to be oriented towards the international status and to 
be based on the safety requirements applicable in Germany. This should consequently be followed 
by the implementation of safety requirements for the beyond-design-basis area (Safety Level 4) in 
all Basic Standards, as an extension of the scope of the existing nuclear regulations. The goals of 
the Basic Standard 6 “Verification methods” and 7 “Administrative personnel requirements“ also 
represent an extension of the scope of regulations in the sublegal nuclear regulations. With regard 
to the described procedures on safety assessments, Basic Standard 6 is oriented towards the 
IAEA Safety Guide No. NS-G-1.2, Vienna 2001 “Safety Assessment and Verification for Nuclear 
Power Plants“, Chapter 4 “Safety Analysis“. However, Basis Standard 6 also specifies international 
recommendations on the safety assessment, as e. G. the method of “accepted engineering analysis“ 
described in INSAG-12 (Vienna 1999) “Basic Safety Principles for Nuclear Power Plants 75-INSAG-
3 Rev.1“.

4 WHICH DIFFICULTIES EMERGED IN THE KTA 2000 PROCESS?

The safety concept on which the existing regulations, and thus the design, are based upon, is largely 
based on deterministic principles, corroborated by practical experience and data acquired in the 
course of time. 

According to the deterministic safety concept, the safety requirements are based on the definition 
of design load and load conditions, as well as on the definition of a safety factor. If conditions occur, 
others than those specified during the design phase, a failure cannot be excluded despite the 
fulfilment of the safety factors.

The occurrence probability of a failure of components during their lifetime designed this way is not 
taken into consideration from the outset with this approach. In order to fill this gap, reliability and 
risk analyses have been performed since the end of the sixties. The probabilistic safety analyses 
performed for German facilities also demonstrated that an accident risk can be quantified within 
certain confidence intervals that are beyond the safety limits set by the accident design.

Theoretically, safety margins can be established for such events. In practice, however, there are 
limits. The problem is the setting of limits and that each limit value on the scale of the occurrence 
probability could seem to be chosen arbitrarily.

The question is: Is it possible to exclude hazards to an individual for a postulated damage in the case 
of an occurrence probability of, e. g., 10-4/a, 10-5/a or beginning with 10-6/a?

Exactly this question has to be answered by the executive. However, this question has not been 
finally dealt with by now so that an integral assessment criterion for complete nuclear regulations to 
be established according to the state of the art in science and technology is still missing.

KTA 2000 dealt with these questions and made proposals on the integration of probabilistic safety 
analyses in the safety assessment, up to the approach of a “risk-informed decision making process“. 
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In the end, KTA 2000 has not met the approval of the executive for this proceeding.

Further, KTA 2000 proposed verification methods for application that are in compliance with the 
state of the art in science and technology, such as the performance of safety analyses on the basis 
of best-estimate methods. This implied a reassessment of the conservative approach for safety 
assessments, thus also of issues as regards contents which are left up to the executive in the end 
and that are also to be decided upon by it. 

The introduction of requirements for a safety management at all levels into the nuclear regulations 
was not disputed among the persons involved in KTA 2000. The point of issue, however, was the 
scope and the degree of specification of such requirements.
In the end, it has to be stated that in the past years a further development of the nuclear regulations 
at the upper hierarchy levels according to the state of the art in science and technology has not been 
realised.

This, however, is a task that falls within the competence of the executive so that there is no agreed 
position of the executive on a number of issues that should be included in the nuclear regulations 
until now.

With the goal to achieve completeness and up-to-dateness of the nuclear regulations, KTA 2000 also 
affected contents of competence fields which could not be dealt within the period scheduled or which 
exclusively fall within the competence of the executive. 
For this reason, the work within the framework of KTA 2000 was stopped by the BMU. It was of 
special importance for KTA 2000 that almost exactly with the start of the work on KTA 2000 the 
political boundary conditions basically changed, resulting in considerable consequences for the 
publicly supported consensus on the operation of nuclear power plants. With the decision on the 
termination of the use of nuclear energy for electricity production, the bases for the development of 
nuclear regulations, which were principally developed on the basis of the consensus of all parties 
involved as regards contents, also have changed. 

The guidelines and principles for the update of nuclear regulations now have to be developed at the 
executive level and implemented correspondingly. 
Recently, however, work on completion and update of the sublegal regulations at the higher hierarchy 
levels have been started by the BMU.
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Fig. 1: Survey of nuclear regulations in Germany
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Safety approach for a new French research reactor

D. Rive
L. Bertrand
J. Couturier

Nuclear Safety and Radioprotection Institute, France

ABSTRACT: After a general overview of the technological irradiation reactors existing in Europe, 
this document details the safety approach adopted for a new research reactor to be constructed in 
France and the main recommendations resulting from IRSN assessment.

1  INTRODUCTION

As shown in the table below, the existing technological irradiation reactors in Europe are now 
ageing. 

Norway HBWR 25 MW 1959

Sweden R-2 50 MW 1960

Belgium BR-2 80 MW 1961

Netherlands HFR 45 MW 1961

France OSIRIS 70 MW 1966

   
The French Atomic Energy Commission (CEA) implemented a new project of pool type reactor 
called “Jules HOROWITZ reactor” (RJH). Its construction is planned on the Cadarache site with an 
operational start by 2013. In 2002, the CEA transmitted an application to the General Directorate for 
Nuclear Safety and Radiation Protection with regard to the safety options selected for this project.
The CEA, designer of new nuclear plants, stated its intention to obtain an increased safety level.
Search for improvements should be an ongoing concern with regard to safety. For existing plants, 
improvements are implemented in accordance with a pragmatic method, considering the design 
limitations, during scheduled safety reviews. For new plants, a significant safety improvement is 
required at design stage.
This significant step, at design stage, is possible in an “evolutionary” roadmap if the necessary 
attention is paid to the lessons learnt from the operating experience, the in-depth studies conducted 
for existing plants, and the results of safety researches. However, the introduction of innovating 
provisions should also be considered, in particular for preventing and controlling major accidents.
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The purpose of this paper is to highlight the strong points, as safety improvements, resulting either 
from options deliberately selected by the CEA, or from recommendations resulting from IRSN 
assessment, presented to expert groups, then notified by the relevant Safety Authorities.
This paper will especially deal with the case of the “Jules HOROWITZ reactor”, the only planned 
research reactor in France in the past 20 years.

2  ASSESSMENT OF THE SAFETY OPTIONS FOR THE “JULES HOROWITZ 
REACTOR”

2.1  Description and basic design options 

The construction of the RJH is planned on the CEA Cadarache site. The RJH will be a pool type 
research reactor, cooled and moderated with light water; its maximum thermal power will be 
approximately 100 MW. 
The general layout of this installation is illustrated in Figure 1. The RJH is composed of a reactor 
building (BR) and a nuclear auxiliary building (BAN), as well as a control building and other installation 
support buildings. 
The reactor building, with a cylindrical shape (approximately 36 m in height and diameter), will be 
partitioned in two geographically distinct zones, one compartment for reactor operation and one for 
the operation of experimental devices.

The nuclear auxiliary building (parallelepiped) will more specially house: 

• a “hot zone”, designed for experiment preparation and operation; it will include hot cells, pools 
and laboratories for analysis,  on-line or post-irradiation measurements,

• a “cold zone”, housing the components providing nuclear auxiliary systems required for the 
installation operation.

The nuclear unit (BR and BAN) will include only one civil engineering infrastructure. The containment 
between BR and BAN will be differentiated in the superstructures. The common base matwillmat 
will support the “water-block”, a single-block assembly made of reinforced concrete, which will in 
particular gather the pools (reactor, intermediate storage and work), the primary system bunkers 
and a transfer channel between the various pools and hot cells. It will rest on an aseismic support 
system.
A great variety of experiments are considered. In particular, it is planned to conduct, in the RJH 
installation, experiments intended for irradiating: 

• actinides, or products including a high content of α emitters,

• samples, located in core or in reflector zone, under environmental conditions (pressure, 
temperature and coolant fluid), significantly different from the reactor core conditions (via core 
experimental loops),

• fuel samples, under degraded thermohydraulic conditions (experiments on broken fuel elements 
with experimental sequences conducting to sample melting).

The design options selected for this pool type reactor are deeply derived from the existing research 
reactors (especially OSIRIS and ORPHEE), although they involve significant evolutions. In addition 
to the reactor building and nuclear auxiliary building aseismic insulation, using elastomer support 
devices, these evolutions also concern:



20 21

• the composition of the driving core, consisting of low enriched uranium 235 (less than 20%) fuel 
plates; this will be a UMo-AL alloy, selected for non-proliferation and reprocessing possibility,

• the use of closed cooling systems, not only for power removal, but also for residual power removal 
(primary system and safety  system).

The following options should also be noted:

• the “water-block” concept aimed at preventing core uncovering,

• the leak recovery zone (“buffer” space between BR and BAN containments); the reactor building 
will thus include no direct outlet to the environment.

2.2  Topics reviewed and resulting conclusions 

The review requested from the permanent Group especially concerned:

• the justification for the selected location of the future reactor,

• the safety options,

• the reactor design and sizing basis.

The technical assessment conducted by IRSN was presented to the expert Group for reactors during 
three meetings, on March 20, April 3 and 24, 2003.
During this assessment, difficulties were reported in connection with inaccuracies in the safety 
options file, as well as inconsistent or non consolidated positions from the operator with regard to 
certain topics.

2.2.1 General methodology of the safety analysis

The safety analysis approach for the RJH will be aimed at demonstrating that the provisions taken 
with regard to the various in-depth defense levels are sufficient versus general safety objectives 
defined for this plant, both in normal operation and after incident and accident situations. Normal 
operation will include maintenance operations.
Despite all measures taken with regard to design and development quality, the failure possibilities 
and associated risks will be investigated. This identification of risks impacting the plant condition, or 
even the environment, will result in a classification of these risks in accordance with the frequency–
consequence couple, resulting in a list of operating situations according to the classification specified 
in the table below.



22 23

 Definition
Occurrence probability 

value (/year)

1 – Normal operating conditions
as defined in the operation technical specifications

p = 1

2 – Incidents
whose consequences should remain limited

1 > p ≥ 10-2

3 – Accidents &
3a – Complex sequences with multiple failures

whose consequences should remain acceptable
10-2 > p ≥ 10-6

4 – Controlled severe accidents

The safety approach proposed by the operator is based on such design choices as:

• definition of a system safety classification, in accordance with six criteria,

• gradation of requirements applied to safety classified systems,

• the taking into account, as from the design stage, of:

− the risks of common failures and human errors,

− internal and external hazards, earthquakes (MHPE and SSE) being combined with operating 
situations in compliance with Fundamental Safety Rule IV.2.a,

− severe accidents,

− risks, for the plant, associated with reactor experimental device failures,

and an overall safety analysis, based on:

• general safety objectives, expressed in terms of radiological consequences,

• analysis of operating situations, not yet defined, which will be classified according to their 
estimated occurrence probability after inventory and grouping, in a limited number of families, of 
initiator events,

• the adding of a single failure for this analysis (second and third category situations),

• analysis of internal (fire, internal floodings, internal explosion, etc.) and external (earthquake, 
airplane crash, etc.) hazards, with the purpose that a hazard should not result in an accident 
situation. 

With regard to controlled severe accidents, the operator assumes:

• a BORAX type reactivity accident, in the reactor building, leading to destruction and partial melting 
of the core,

• a generalized fire in hot cell, in the nuclear auxiliary building, with failure of associated filtration 
systems.

Severe accidents, as from the design stage, both through preventive provisions and provisions 
for managing and attenuating their consequences, are taken into account and should allow for 
strengthening the plant in-depth defense.



22 23

Furthermore, the operator provided a list of so-called excluded situations, such as, for instance, air 
melting of fuel and pool dewatering, for which he will demonstrate that he can run a sufficient number 
of robust preventive provisions. 
Finally, the experimental aspect more specially results in the following objectives:

• physical separation between reactor operating systems, experimental device operating systems 
and safety systems,

• design of the installation, in order to allow implementation of new components,

• the taking into account of the failing of experimental devices and associated operations. 
The approach, basically similar to the approaches applied in France for pressurized water reactors in 
the Electricité de France plants and the Superphenix fast neutrons reactor, is a noticeable progress 
for research reactors.

2.2.1 Positions and recommendations resulting from the assessment conducted by IRSN

As a result of the assessment conducted by IRSN, a number of positions and recommendations 
were issued, and most of them are examined below; it should be noted that some recommendations 
(especially the wide application of the “hazard-event” approach, effects of aircraft fuel fire) represent 
progresses with regard to reactor safety, and not only for research reactors.

Selection of the installation site

The selected site for installation of the RJH results from an approach involving three steps:

1. selection: after collection and study of the available documents, three potential sites were 
preselected. After field studies, which improved the existing mapping, two of the three preselected 
sites were selected for installing cored and destructive borings;

2. qualification: this step was associated with more detailed characterization of both selected sites 
(hydrogeological monitoring, tectonic, seismotectonic and seismological surveys). On completion 
of this step, the site with the most appropriate characteristics for the RJH installation was 
selected;

3. confirmation: the purpose of this step was to conduct detailed investigation of the selected site, in 
particular geotechnical studies in order to define the structure calculation parameters.

The selected site (Bargette East sector on the Cadarache site) raised no objections; however, the 
operator was asked to pay particular attention to the risk of water table rise, considering the high 
water level reported in the past.

Selection of an aseismic insulation

It appeared that selection of an aseismic insulation for the reactor building and the nuclear auxiliary 
building, through elastomer support devices, required the operator to perform an in-depth analysis 
of the technological control of such design, especially in terms of ageing, vulnerability to malicious 
actions and compatibility with the control of major accident consequences.

“Clean reactor” option

The fact that the operator did not state a clear position with regard to the application of the usual 
“clean reactor” option (unloading of a fuel assembly showing a clad failure, as soon as detected), 
selected for research reactors, was strongly discussed. Consistent with the rules stated by IAEA for 
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research reactors, it was requested, during operation, to limit the operating time with a degraded fuel 
element in the feeding core. In this respect, the operator should describe, in the preliminary safety 
analysis report (PSAR), the provisions planned in case a broken clad is detected, more specially 
specifying the selected approach to define the warning and automatic core shutdown thresholds, the 
surveillance systems used, and the modes of identification and unloading of degraded elements.

Safety analysis approach: Operating situations

The safety analysis approach described in the safety options file for the design of the RJH, based on 
the definition of reference situations studied with deterministic rules, was considered as satisfactory 
in principle. However, the operator was requested to:

• apply the usual classification of accident situations, corresponding to a single initiator event, in 
two categories,

• prepare, as a support to the lists of operating situations to be presented in the RPrS for the various 
parts of the RJH (reactor, cells, experimental devices, etc.), a file describing the identification of 
initiator events, how they were grouped in envelope operating situations, and how the situations 
were classified in the various categories; the interest of using a probabilistic risk assessment 
(PSA), in particular to confirm the list of operating situations, will be reviewed at a later stage,

• specify the list of so-called complex situations (multiple failures situations), the associated 
frequency, and the study rules selected for assessing their consequences,

• specify the elements that allow considering a situation or a scenario as “excluded”,

• demonstrate, in the PSAR, that controlled major accidents selected for the reactor part and the 
nuclear auxiliary parts are highly improbable, through the availability of preventive provisions 
equivalent to two strong lines of defense,

• finally, transmit a first list of operating situations.

Safety analysis approach: Consideration of aggressions

The operator was requested to:

• implement an “hazard-event” approach, not only for earthquake, but also for such hazards as, for 
instance, extreme meteorological conditions; this approach involves the following steps:

− identification of equipment essential to maintain or restore the safe condition of the installation 
during the hazard considered and direct consequences,

− design of this equipment to withstand the initial hazard,

− check that the failure of installation equipment not sized for the initial hazard, would not 
affect the above-mentioned safety related equipment or, as a minimum, would not prevent 
conducting the required safety actions,

− otherwise, design of the equipment in question to also withstand the hazard and/or 
implementation of protective provisions for safety-related equipment.

• specify the approach for incorporating extreme meteorological conditions, especially combinations 
with operating situations and other hazards,

• classify “safety” those systems whose failure in case of internal or external hazards would result 
in an accident situation,
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• incorporate the fuel fire effects added to the direct effects of the impact of selected aircraft, as 
well as the airborne resources used in case of external firebreak for studying the risks of aircraft 
crash,

• propose an argumented position with regard to the interest of fitting the reactor with an automatic 
emergency shutdown in case of earthquake, consistent with the rules states by IAEA for research 
reactors,

• assume a firebreak in any rooms and not systematically exclude from the analysis the fire hazards 
in rooms where ignition sources were not evidenced.

Single failure criterion

With regard to the application of the single failure criterion, it was requested that the operator should 
pay a particular attention to the presence of check-valves in the design of the various systems, when 
these components are considered as passive components.

BORAX type reactivity accident

In the options considered for design of the reactor containment system, the operator selected, for 
the controlled severe accident category (AGM), a BORAX type explosive reactivity accident. The 
selected accident is characterized by a 50% melting of the core fuel, a thermal energy of 135 MJ 
deposited in the fuel during the accident, added to the energy initially contained in the fuel, and a 
mechanical energy release corresponding to 5% of the thermal energy released during the accident, 
i.e. 6.75 MJ; these values may be increased by the values of the thermal and mechanical energies 
that may be released by the experimental devices installed in the reactor and that may be damaged 
during the accident.
The operator also planned studying the radiological consequences of the accident, assuming the 
whole core melting, as well the post-accident cooling of the damaged core, with reasonably envelope 
hypotheses and considering the various possible effects, particularly on the containment, of 
mechanical energy release. Although consistent with those selected in the past for certain research 
reactors (OSIRIS, ORPHEE, etc.), the above-mentioned hypotheses are arbitrary.
For a new research reactor, such as the RJH, it appeared necessary that the operator provides the 
elements to confirm the envelope character of the values of released thermal and mechanical energy 
and selected hypotheses for assessing the accident consequences. In this respect, the operator 
should in particular:

• identify the accident sequences that may result in core melting and correspond to the notion of 
controlled severe accident, in terms of probability,

• assess for these sequences the energy deposited in the fuel, using the currently available tools,

• also assess, using the available tools, the mechanical energy developed by the release of the 
steam bulb generated during the thermodynamic interaction between the melt fuel and water,

• also assess the transfers of radioactive products into the hall, the risks of solid material or existing 
pool systems projections, etc.

Fuel

The UMo-Al alloy is selected as the reference solution for the core fuel (and U3Si2-Al as the fallback 
solution). This new type of fuel requires a qualification, which should especially demonstrate its 
compliance with the fuel response requirements selected in the various operating situations (“service 
limits”), including accident situations. In this respect, the operator was requested to select as a 
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target, for the feeding core, the absence of clad breaks, not only for first category situations, but also 
for second category situations. Furthermore, it appeared necessary that the radionuclide release 
rates selected in case of fuel degradation be confirmed by a sufficient experimental data basis.

Experimental devices

With regard to the safety options relating to experimental devices, the operator’s overall target to 
match the requirements applied to these devices depending on the safety stakes, was considered 
as satisfactory. However, the operator was requested to define the device failure cases representing 
situations to be considered when sizing the installation.
The operator was also requested to specify:

• first, the notion of full failure of a device, specifying how the various events that may generate 
stress on the device barrier(s) are considered,

• second, the approach planned for designing and sizing the device barriers and the systems 
associated with these barriers.

Human and organizational factors

The operator was requested to detail, in the PSAR, the action plan implemented to incorporate the 
human and organizational factors throughout the design process, as well as the initial results of 
implementation for this action plan.  

3 CONCLUSION

As a general conclusion, the safety-related provisions taken by the Atomic Energy Commission 
(CEA) for the RJH will allow to obtain a safety level consistent with the future power generating 
reactors safety level, with, as the most significant progress, the consideration, from the design 
stage, of the severe core meltdown accidents from all points of view (control of the removal risk in 
containments, post-accidental cooling of relocated materials, etc.). Generally, it was considered that 
these provisions constitute a satisfactory “evolutionary” basis for the continuation of the project. 
However, the assessment conducted by IRSN led to issue a certain number of recommendations, 
particularly relating to some relatively arbitrary assumptions and approaches (for example: energies 
considered for BORAX accident).
The projects of new facilities implemented by CEA seem to be on the right way: an “evolutionary” 
way and not a “revolutionary” way.
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German contribution on the safety assessment of research reactors         
      

S. Langenbuch
J. Rodríguez               

Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mH. Schwertnergasse 1, D-50667 Köln, 
Federal Republic of Germany

ABSTRACT: This contribution describes the safety assessment of German research reactors. First, 
a general overview of the existing German research reactors is given. The basic principles and the 
evolution with regard to the safety requirements are depicted followed by the evolution with respect 
to the licensing and supervising procedures. This includes the reporting of events and the operating 
experience for German research reactors. Upgrading measures as well as further developments for 
research reactors in Germany and consequences of ageing effects are described. The assessment 
of the operational experience of German research reactors by licensee event reports shows that 
most of the events reported to the authorities are not significant for the nuclear safety.
Finally, this contribution gives details on the approach adopted for the FRM-II, the only new research 
reactor in Germany in the past 25 years.

1 INTRODUCTION

In Germany, from 1957 up to many research reactors went into operation. Since that time most of 
them have been decommissioned.

The operating German research reactors are older than 30 years, except the FRM-II, which is 
under construction. These older reactors have been constructed according to safety requirements 
valid at their construction time. In the mean time, major efforts have been made by the licensees to 
comply with the status of science and technology as well as to extend their life time. The evolution is 
influenced by developments with regard to safety related requirements and backfitting with respect to 
the tasks and the purposes of the operating reactors. In this context, technical changes, for instance 
a power increase, the conversion from HEU to LEU or the implementation of additional experimental 
equipment are the principal reasons for upgrading measures
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The table below shows operating research reactors in Germany.

Reactor type Power Purpose Commissioning Lifetime

1. TRIGA

TRIGA Mainz 100 kW Basic Research 03/08/1965 2010

2. MTR Type 

FRG-1 5 MW Material testing 23/10/1958 2015

BER-II 10 MW Beam tubes, CNS* 09 /12/1973 2015

FRJ-2 (DIDO) 20 MW Material testing 14/11/1962 2015

FRM-II 20 MW Beam tubes, CNS 2030

.* CNS: Cold Neutron Source

The purpose of this contribution is to present the German approach to the safety assessment of 
research reactors by means of the evolution with regard to safety requirements for German research 
reactors, their upgrading measures and developments and a description of the new neutron source 
FRM-II.

2 SAFETY REQUIREMENTS

2.1 Basic Principles and Evolution

The safety requirements have been developed since the commissioning of the first German research 
reactor. In general, these requirements, in particular the radiological ones follow the basic principles 
for nuclear power plants (NPPs). The safety requirements on engineered design features differ from 
those for NPPs because of the lower risk potential of the research reactors. For these reactors the 
essential points are focused on a safe core cooling (residual heat removal) with main emphasis on 
pool integrity and safe shutdown.
For research reactors a radiological risk potential is given, if the amount of nuclear inventory is safety 
significant on the one hand, and if event sequences with a relevant release of the nuclear inventory 
are possible on the other. In this context, it has to be mentioned that significant releases of the core 
inventory can only occur in case of fuel superheating.
The required system capacity for the removal of the residual heat (RHR) depends on the power level 
of the reactor. Accordingly, there are three groups of research reactors:

•  Group 1: RHR is possible without active core cooling systems (training reactors, TRIGA type 
ones)

• Group 2: integrity of passive RHR has to be ensured (e.g. pool type reactors of ~ 1 - 15 MW 
power like the BER-II)
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• Group 3: operability of active components and integrity of passive ones for RHR (e.g. FRJ-2 and 
prototype reactors)

Some of the design and licensing principles for research reactors are the same as for nuclear power 
plants (NPPs). The preventive design principles include:

• basic safety and quality assurance,

• safety systems for prevention of design basis accidents,

• systems components for the control and limitation of design basis accidents, and

• evidence of qualification of the personnel.

With regard to the basic safety and quality assurance, the concept contains the plant design, 
construction, inspections, the qualification of the personnel and operation. 
It has to be ensured by safety analyses that abnormal events and accidents are kept under control 
by the design and that the release of radioactive material is limited to the limits given by the German 
Radiation Protection Ordinance [2]. For plant internal hazards there are only very few differences 
compared to the design requirements for NPPs. The protective measures have to ensure that the 
radioactive releases are below the acceptable limits. Hazards, such as plant internal flooding and fire 
have also been considered in the analyses. In this context, it has to be mentioned that flooding is not 
significant for research reactors because of the non-existing pressurised pipes.
For external hazards the design principles for research reactors differ from those for NPPs. As for 
NPPs, lightning, windstorms and other weather conditions have to be taken into account as plant 
external hazards in the analyses. Depending on the plant site, the earthquake sensitivity has to 
be analysed. The design against earthquakes is limited to the safe reactor shutdown, the coolant 
integrity, etc. The qualification process is the same as for NPPs, but the areas to be protected differ. 
For extreme hazards, such as aircraft crash or explosions with induced shock-waves it was proven 
that the risk is negligible. Therefore, there are no specific design requirements with regard to these 
hazards for the operating German research reactors.
Concerning the evolution with regard to the basic principles and design features for research reactors 
in Germany the main developments are depicted as follows: The aspect of a higher reliability has 
increasingly been taken into account also for research reactors. That means that the criteria 
“redundancy” and “diversity” were applied and that operational and safety systems were more and 
more separated from each other. The design should include independent safety related systems and 
components. The confinement of the nuclear inventory was improved.
The extent of the prevention against external hazards was improved with the consequence that 
earthquakes were more and more considered while the hazard aircraft crash was analysed but does 
not have to be taken into consideration in the design of older research reactors.
The radiological requirements resulting from the German Radiation Protection Ordinance [2] are 
nearly the same as for NPPs and they are used in the same manner. 
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2.2 Evolution with Regard to Licensing and Supervisory Procedures

In Germany the state authorities are responsible for the licensing and supervisory procedures. In 
addition, the German Reactor Safety Commission (RSK) issued statements and recommendations 
dealing with research reactor safety on behalf of the Federal Ministry for the Environment, Nature 
Conservation, and Reactor Safety (BMU). The BMU also developed special guidelines and directives 
regulating the evidence of qualification for research reactor personnel.
The RSK was involved from the design stage throughout all phases of construction and commissioning 
of the research reactors. Examples for such statements and recommendations are the required 
separation of the control system from the reactor safety system and the recommendation that 
design-basis accidents need to be detected and signalled by a minimum of two independent process 
variables.
When the first research reactors went into operation, the German Atomic Energy Act [1] was the 
basis for licensing and supervision. According to this act, the licensing procedures for the nuclear 
installations were divided into different classes, depending on the type and the safety significance 
of the reactors. Similar to NPPs for nearly all research reactors, besides the very small (SUR-type) 
ones for educational use, § 7 of the Atomic Energy Act [1] was valid for the licensing, in particular 
for the large prototype reactors, such as Merlin and  DIDO (FRJ-2). There were no research reactor 
specific standards and guidelines existing. But several parts of the NPP-specific requirements and 
guidelines are also applicable to research reactors. In case that this is not possible, the procedures 
are symptom based for research reactors.
In contrast to NPPs, the supervising procedures for research reactors are characterised by operating 
licences being flexible enough for various kinds of experiments. To ensure the required supervision, 
each plant has its own reactor safety committee of the utility itself for consultation and specification 
of actual experiments and their performance, including the permission, as well as for other safety 
related questions. In some state authorities and consulting experts participated in these committees 
without vote. But in case of non-conformities with the licensee, the authorities may issue additional 
directives. 
The safety requirements have further been developed. Quality assurance, for instance, became 
more and more evident. Nowadays, specifications and guidelines for the larger research reactors 
are comparable to those for power reactors. However, the very individual design of components and 
systems in research reactors makes it difficult to adopt requirements and guidelines from NPPs.
The degree of redundancies is not seen in the same manner as for NPPs: while the availability of 
operational systems is important for NPPs, the requirements concerning redundancy for research 
reactors are focused only for the safe shutdown and emergency power supply.
Meanwhile, an emergency manual (Accident Management) for accidents has been adopted, also for 
research reactors. But the approaches vary in the different states. 
The evolution concerning the German requirements for research reactors gives no reason for short-
term actions, but safety related optimisation and risk minimisation are aimed.

2.3 Reporting of Events for Research Reactors

Regarding the evolution of the safety level of nuclear installations, which also includes further 
developments in the standards and guidelines, the feedback from operating experience is essential. 
The acquisition of data from operating research reactors via licensee incident reports of the licensee 
is one approach for this feedback. 
Due to the supervisory approach, there was no centralised evaluation of the operating experience 
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from research reactor facilities up to 1975. When in 1975 the German reporting criteria for NPPs 
were established, these criteria could principally also be adopted for research reactors, but the 
proceeding was not regulated. 
From 1976 on, the evidence of qualification of research reactor personnel has been regulated by 
BMI (Ministry of the Interior) or BMU directives (see refs. [3], [5], [6]).
In 1992, the present issue of the German Nuclear Safety Officer and Reporting Ordinance (AtSMV) 
[7] came into effect for all reactors with more than 50 kW thermal output, which contains uniform 
reporting criteria for power reactors and research reactors. These reporting criteria are the basis for 
the evaluation of licensee event reports for the feedback from operating experience. A special user 
instruction with regard to the application of the reporting criteria for research reactors was drawn up. 
With the AtSMV the guidelines for the qualification of the personnel were extended (see also ref. 
[3].

There is a formal classification of the events according to four categories:

• Category S: Events have to be reported to the authority without any delay; if necessary, 
inspections have to be carried out directly and corrective actions have to be taken.

• Category E: Events have to be reported during a period of 24 hours. These potentially significant 
events include those where the root cause has to be clarified and corrective actions have to be 
taken in the near future.

• Category N: Events which have to be reported to the authority to find out possible safety 
significant deficiencies. Generally, the safety significance is low.

• Category V: Events from facilities under construction, which have to be reported to inform the 
authorities with regard to the further safe plant operation.

The German reporting criteria are divided into radiological criteria and system specific criteria. There 
are some differences in the application of the reporting criteria for power reactors and research 
reactors.
The radiological criteria can be used in the same manner as for NPPs.
While the safety devices are exactly defined for NPPs, a direct application of the systems specific 
criteria is not possible for research facilities. Therefore, the approach has to be symptom based. All 
devices required to prevent superheating of fuel elements are safety relevant. For these devices the 
criteria for comparable safety devices in NPPs are applicable. The classification for most of the other 
safety devices differs. 
Main differences compared to power reactors concern the integrity of structures for the confinement 
of the coolant. For research reactors, passive measures to ensure the pool integrity and the 
shutdown systems are significant. 
In contrast to power reactors, events concerning experimental devices, which themselves are not 
significant but could affect the reactor safety (e.g. safety valves of an experimental device) have to 
be considered.
Events with regard to the secondary circuit are not considered for TRIGA type reactors and with 
restrictions for other reactor types.
For research reactors incidents which could affect the neutron balance have to be taken into account 
because of the direct impact by loading or extraction of material.
The blockage of coolant tubes and nozzles belongs to the more significant events and has to be 
reported in Category E (urgent).
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The assessment of the operating experience from research reactors by the licensee event reports 
indicate that most of the events reported to the authorities are not significant with regard to nuclear 
safety. In 1993, the test phase for reporting incidents from research reactors to the INES (International 
Nuclear Event Scale) Reporting System started. Up to now, only incidents classified as INES level 0 
or out of scale and only incidents classified in Category N were reported. 

3 UPGRADING MEASURES AND DEVELOPMENTS, IN PARTICULAR WITH RESPECT 
TO AGEING EFFECTS, FOR GERMAN RESEARCH REACTORS

3.1 General Approach

Back fitting and upgrading measures for research reactors result from the general evolution with 
regard to the safety requirements and from modifications of the plant, such as expansions of 
buildings, the implementation of additional experimental equipment, the conversion from HEU to 
LEU or a power increase. 
The addition of structures, expansions of neutron laboratories (e.g. for cold neutron sources) were 
included in the licensing and supervising procedures. Generally, these measures are only relevant 
with respect to possible effects on the reactor itself under licensing aspects or the radiological 
protection of the personnel.
The safety reviews are comparable to those for NPPs. But as there are no research reactor specific 
requirements and guidelines existing, in Germany the approach has to be symptom based. 
For the pool type reactor BER II, safety analyses were carried out within the framework of power 
increase. The consequences were different back fitting and upgrading measure, such as:

• the expansion of the reactor protection system,

• the implementation of emergency power supplies and

• extended upgrading measures with respect to fire protection.

For the large prototype reactor FRJ-2 (DIDO), upgrading measures for reactor internal components were 
carried out during a longer shutdown period because of cracks found in these components. Furthermore, 
the fire protection concept has been adapted to the state of modern technology during this outage.

There were upgrading measures for other German research reactors, too, in particular with respect to 
fire protection measures. In the framework of the BMU study “Fire Protection Conditions of Research 
Reactors and their Safety Assessment” (ref. [4]) there have been walkthroughs and checks with 
regard to the fire safety for all research reactor plants. Recommendations for upgrading measures 
were given with the main goal to adjust them to the state of science and technology.
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3.2 Consequences of Ageing Effects

In general, the licensee event reports for research reactors do not give an indication on significant 
ageing influences. But there are trends to be observed from the incidents reported so far for the older 
research reactor plants giving a first indication that ageing effects could influence the reliability of 
components and systems.
The strategy for inspection and maintenance in NPPs differs from that for research reactors because 
of the higher availability required for NPPs. Due to this many components are exchanged without 
any indications of unavailability after equipment specific periods taking into account operating 
experiences with these components in other comparable installations. Comparable exchanges are 
not practised for research reactors, these means that nearly all equipment is used for longer periods 
than in other facilities due to the lack of financial means of many research institutions. The long 
use of components may have the consequence that original exchange components are no longer 
available, so that the old components will stay in operation. This may be one of the reasons for 
ageing processes observed.
Some of the incidents reported to the authorities gave indications that there are also some incidents 
at research reactors which could be caused by ageing effect. Three aspects can be mentioned 
exemplary:

• humidity increase in the instrumentation,

• cracks found at reactor internal components, and

• corrosion problems.

For the German research reactor FRJ-2 (DIDO), the ageing of components was examined. In 
particular, ageing effects could be found for electrical relays and pneumatic assemblies. The 
conclusion from these examinations was that further operation is also allowable for equipment and 
components susceptible to ageing effects, if more frequent and tightened inspections will be carried 
out.

In this context, the cost-benefit aspect has to be mentioned. In general, the licensees of NPPs work 
for private economic purposes and therefore spend a lot of money for plant availability to ensure 
continuous electric power production. The licensees of research reactors, on the other hand, are 
generally public institutions. In most cases only lower financial means are available for the plant itself 
as well as for the experimental equipment. Therefore, availability and upgrading of the equipment 
with respect to continuous plant operation do not belong to the main interests of these institutions. 
Regarding the safety of research reactors it is evident that the further operation of old equipment 
should not affect plant safety.

4 SAFETY CONCEPT FOR THE NEW GERMAN RESEARCH REACTOR FRM-II

The FRM-II has been constructed at the Technical University of Munich (TUM) in Garching. 
Preparations are being made for the first criticality.. The configuration of the research reactor FRM-
II, with a thermal power of 20 MW, consists of a single cylindrical fuel assembly which is located 
in the central cooling pipe leading through the heavy water moderator tank. The fuel assembly 
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consists of fuel plates containing Uranium-Silicid U
3
Si

2
 in an Aluminium matrix within the Aluminium 

frames. The fuel is highly enriched Uranium-235. The fuel plates are cooled by a light-water forced 
recirculation flow in the primary circuit embedded in the large water pool.
Due to the lower risk potential, the plant design may differ from the existing standards for NPPs 
but the requirements for this reactor also reflect some safety issues for modern power reactors. 
The safety concept for the new German research reactor FRM-2 considers the following safety 
characteristics:

• Two independent, fast operating systems for the safe shutdown of the reactor, which both ensure 
the undercriticality,

• core cooling by redundant trains for the primary cooling loops,

• most of the safety related systems designed triple redundant,

• prevention of rapid coolant flow discontinuities by passive components, such as check valves, 
and

• passive structures for prevention of a water loss from the pool.

The main design characteristics for the FRM-2 are:

• Active cooling of the pool after shutdown is not necessary. The forced circulation is limited to 3 
hours. After that period natural circulation is sufficient.

• The external hazard earthquake is included in the design.

• Aircraft crash does not have to be considered as a design basis incident, but for minimising the 
risk, the protection of the reactor building against this hazard has been taken into account.

• External explosions and induced shock-waves are not taken into consideration for the design due 
to plant site conditions.

• The design principles for internal hazards, like fire, are comparable to NPPs.

The quality assurance concept for the FRM-2 includes the plant design and construction as well 
as the inspection and maintenance programme and the evidence of qualification of the personnel 
during operation.

For the design basis accidents to be analysed, the following incidents - as before for other research 
reactors - are considered:

• reactivity incidents,

• RHR incidents without loss of coolant accident (LOCA), and

• LOCA
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As an example, the nuclear license process and the construction phases of the FRM-II are described 
in more detail.

The safety analysis report was completed and the application for the nuclear licensing of FRM-II was 
submitted to the licensing authority in February 1993. The first partial nuclear license covered the 
site selection, the general concept of design and safety and the construction of the reactor building. 
The general design of systems including the safety concept should be specified in such details to 
allow an assessment of the proposed technical solutions. The project obtained its first partial nuclear 
license in April 1996, and the construction work started in August 1996. The second partial nuclear 
license, October 1997, covered the construction of all buildings and technical installations except 
the handling of any fissile material. The third and final partial nuclear license covers the full range 
of reactor operation. This license, given in summer 2003, is obligatory for transporting nuclear fuel 
assemblies to the site and to begin with nuclear start-up experiments.

The participants of the licensing process are the following: The applicant is the Technical University 
of Munich (TUM), which will also be in charge for the operation of the research reactor. SIEMENS 
was nominated as a general contractor for the project. Both were in charge to prepare the safety 
analysis report and supplementary technical documentations. The licensing authority is the 
responsible Bavarian State Ministry (BStMLU). The safety assessment was contracted to the TÜV 
Süddeutschland. For particular work packages was supported by subcontractors, e.g. the safety 
review of nuclear design was performed by GRS and the qualification of the fuel plates was assessed 
within an IPSN/GRS co-operation. Generally, the license permit of the state authority is based on the 
assessment of the technical support organization. All steps of the licensing process are monitored 
by the responsible Federal Ministry (BMU). For fundamental safety questions, the Reactor Safety 
Commission (RSK) is asked for their evaluation. This step-wise approach guarantees that during all 
stages of construction the status of science and technology is taken into account in the project.

5 CONCLUSIONS

The evolution with respect to safety requirements and upgrading measures in Germany shows that 
there are no safety deficiencies for research reactors. The actions to be taken are preventive ones 
with the aim of an optimisation concerning the safety culture and risk minimisation.
The main goals with regard to the nuclear safety of research reactors are:

• a safe shutdown of the reactor,

• to ensure the pool integrity, and

• RHR via active measures for single cases.

The radiation protection features are comparable to those for NPPs.

Possible ageing effects may influence the further operation of a research reactor. Therefore, the 
safe operation has to be ensured by a more frequent and tightened inspection and maintenance 
programme for the older plants.
In future, the operation of the existing German research reactors will continue taking into 
consideration the present status of science and technology and world-wide operating experience, as 
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far as possible.
Particularly for the older research reactors, a safety assessment cannot strictly be made with regard 
to the existing requirements and guidelines as for NPPs.
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ABSTRACT: This paper summarises the work performed over the last 12 years within the OECD/
NEA Committee on the Safety of Nuclear Installations (CSNI) in the area of the instrumentation to 
manage severe accidents. One approach to the identification of the accident management information 
needs begins with high level safety objectives, and develops a structured method to correlate these 
safety objectives with specific accident management strategies. A second approach starts from what 
exists, and develops guidelines to use existing equipment to diagnose and manage beyond design 
conditions. The capacity of the instrumentation to supply the needed information is discussed, starting 
from the accident conditions and the instrument qualification testing, in order to assess the instrument 
performance beyond the design basis. Analyses have shown that instrumentation environmentally 
qualified for design basis accidents in a conservative way, exhibits important capabilities to remain 
operational in severe accident conditions, especially given the reduced accuracy needs. Important 
progress was achieved in the last twelve years in the understanding of the role of instrumentation in 
severe accident management. The instrumentation needs have been found to be lower than thought 
ten years ago, and the capabilities of existing instrumentation have been found to be higher. These 
findings have made severe accident management implementation easier and have increased the 
confidence in their effectiveness.

1 INTRODUCTION

No currently operating nuclear unit has been explicitly designed to withstand the loads resulting from 
accident sequences resulting in melting of a very significant portion of the core. As a consequence, 
instrumentation needs were defined based on what was deemed necessary to control the unit during 
normal operation and contemplated accident sequences. Detailed requirements for instrumentation 
were then established based on environmental conditions anticipated during accident sequences 
addressed in the design, estimation of additional conservatism deemed reasonable for assessing 
sensor robustness and information reliability, and a realistic understanding of the influence of aging. 
Though instrument failures could not be excluded, consequences were necessarily limited as 
adequate redundancy was provided by design for all information needed to adequately control the 
unit and bring it back to safe shutdown in case of accident could be assumed available.
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However, though current plant designs are generally very robust, one cannot exclude that accident 
sequences involving significant melting of the core can happen. First estimates through risk studies 
reported in WASH-1400 showed that the risk of core-melt could not be ignored, and the TMI-2 
accident in a first step, then Chernobyl confirmed this conclusion. These events gave impetus to 
the development of Severe Accident Management (SAM) programs, and, depending on analyses 
factoring the specifics of local regulations and plant designs, these programs were implemented 
either through better use of the capability of components and instrumentation, or through plant 
modifications allowing to cope with perceived vulnerabilities of units as built, and thus provide better 
resistance in case of challenges resulting from very degraded situations. 

An essential component of SAM is the capability to assess the status of the plant. Information for this 
assessment can be derived from a number of sources, including the installed instrumentation system, 
the status (e.g. operability) of systems and components, condition (including failure) of components, 
sampling of liquid and gas streams, portable instrumentation, and other ad hoc measures to assess 
plant conditions.

In order to facilitate successful implementation of SAM goals, it is necessary to ensure that an 
adequate diagnostic capability exists in a severe accident environment to identify and assess the 
information needs of the operating staff (for the purpose of this discussion, “operating staff” refers to 
the plant operator, on-site support personnel, as well as off-site assistance) during a severe accident. 
It is important that this identification of the likely information needs be performed in a systematic and 
structured manner to ensure sufficient information is available to assess the plant status and to 
implement the appropriate accident management strategies.

2 DESIGN BASIS AND SEVERE ACCIDENTS

Design Basis Accidents (DBAs) can be characterized by the existence of a path to success, i.e. there 
exist systems having adequate capability to control core reactivity, guarantee long-term decay heat 
removal from the core and to the environment, and maintain containment integrity. System actuation 
is made automatically upon reaching preliminary defined setpoints, and the operator is relied upon 
when the timeframe and conditions for performing actions provide enough confidence that human 
factors are not likely to introduce unacceptable risks.

Instrumentation needed for DBAs must be qualified to the most severe environmental conditions 
they could be exposed to during such accidents. 

On the contrary, severe accidents are sequences in which at least one system needed for a path to 
success has completely failed. In the absence of mitigative action, core degradation is progressing, 
fission product release from the core increases, and, ultimately, containment integrity could be 
threatened.

To derive strategies for mitigating the consequences of severe accidents, the following must be 
considered:

• even though at least one safety-grade system needs to be assumed inoperable, there is 
still a possibility to recover partial or full system capability at some time into the accident. 
If system actuation is contemplated after recovery, and depends on physical conditions 
inside containment, there should exist sensors with adequate capabilities to show that 
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there is a reasonable chance they will still operate when needed.
• safety functions can also be fulfilled by non safety-grade systems. So, it is important 

to have adequate monitoring of the status of these systems in case of accident, their 
actual storage capability, and know how they can be used, even when such use seems 
unconventional (e.g., systems normally injecting into the RCS could be used to inject 
directly into the containment through system realignments, or fire water systems could be 
used to refill steam generators when needed).

• most contemplated mitigative actions also have detrimental effects. For example, 
water injection could, in some cases result in increased hydrogen generation or very 
energetic metal-water interaction. So, it is essential to have a reasonable understanding 
of potential risks and benefits before making decisions on strategies and decide whether 
instrumentation is needed to accommodate these risks.

• system recovery and actuation could also have, at least temporarily, consequences which 
could be confusing to operators. For example, water injection on a molten corium will 
result in steaming, at least in the short-term, and thus pressure increase in the RCS or the 
containment. If such effects can be detected in case of accident, assessing the need for 
operator awareness should be advised.

• once the core has started to melt, assessment of core degradation is difficult, even if one 
assumes that instrumentation is still available. Determining real plant status through the 
sparse information available is not a trivial task, and trying to extrapolate plant evolution to 
calibrate sophisticated strategies could be misleading considering possible bifurcations.

• at last, unconventional actions such as RCS depressurization in PWRs, containment 
venting or containment flooding could well be found appropriate either to stabilize accident 
progression, or buy time for system recovery.

3 CRITICAL DECISIONS IN SAM AND INSTRUMENTATION

For SAM, decisions unconventional compared to that made for normal accident management are 
often contemplated either to reach a new plant state where safety functions can adequately be 
fulfilled, or limit the consequences of accident progression. These unconventional or critical decision 
SAM are:

• adding water to a degraded core,
• depressurizing the Reactor Coolant System (PWRs),
• spray or inject water into containment,
• actuation of hydrogen mitigative measures,
• actuate fan coolers for containment cooling,
• vent containment volume.

If one tries to analyse on which basis these critical decisions are made and which kind of information 
is needed for SAM, the following can be said.

3.1 Adding water to a degraded core

When the situation starts to degrade, but the core has not started to melt, priority is generally given 
to core-melt prevention. Water injection is then recommended in all cases, even when the situation 
is considered beyond design. For this phase, it is interesting to have information on core exit 



44 45

temperatures or reactor vessel water inventory to evaluate whether cooling strategies are effective 
or if full system capabilities are needed. Instrumentation qualified for DBAs, such as core exit 
temperatures or the reactor vessel level instrumentation system is sufficient for this phase. 

When the core starts melting, priority should be given to stopping or limiting accident progression. 
Injecting water is recommended. However, injecting water on a degraded core can have drawbacks, 
and these drawbacks need to be analyzed before making a decision. Injection of large quantities 
of water would result in steaming, but would not likely lead to RCS overpressure. At lower injection 
rates, quenching would be slower and more hydrogen would be produced, but scrubbing of volatile 
fission products would be increased. In both cases, water injection is beneficial. No additional 
information is needed for making decisions, though core exit temperatures and reactor water level 
are useful and redundant information to monitor plant degradation. There could be doubts, in BWRs, 
in case the reactor has not been scrammed or control rod materials have molten. Even in this case, 
no specific requirement would be needed as otherwise available instrumentation would allow to 
detect the problem before the core starts melting.

In case of more degraded conditions, water injection is the only way of stopping or limiting accident 
progression though satisfactory cooling cannot be guaranteed, and is beneficial for scrubbing fission 
products. Detrimental effects such as containment pressurization due to steaming or energetic 
interaction between water and corium cannot be excluded but it appears that potential benefits of 
injecting water exceed by far detrimental effects and is recommended in all cases.

3.2 Depressurizing the Reactor Coolant System 

RCS depressurization is contemplated to allow injection from system operating at intermediate or 
low pressure or prevent reactor vessel failure at high pressure. When direct depressurization is 
contemplated, the negative side is the increase of the rate at which fission products and hydrogen 
are released to the containment, or the increased potential for energetic fuel-coolant interaction. 
However, the former only affects release timing, and the latter is of sufficiently low likelihood to 
be neglected. Core outlet temperatures are generally used to decide RCS depressurization, and 
thresholds are generally below temperatures contemplated during DBAs. No additional constraint is 
identified.

When depressurization is contemplated through the steam generators, potential concerns are 
steam generator tube integrity or fission product release to the environment in case of primary to 
secondary leak. Steam generator parameters such as pressure, activity in secondary water, water 
level, or RCS pressure could be contemplated for decision making. Depending on the perspective 
adopted for SAM, information qualified for DBAs, or assessment of instrumentation survival under 
severe accident environmental conditions could be contemplated. The former would correspond to 
a situation where information, when lost, is frozen on a “fail-safe” basis, while the latter would be 
adopted in an approach where continuous monitoring is felt needed for the entire duration of the 
accident. 

3.3 Spray or inject water into containment

Spray system actuation has the potential for decreasing pressure inside containment through steam 
condensation and scrubbing fission products from the containment atmosphere. In some cases, 
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they could also provide, through redistribution of water inside containment, a very effective source 
for cooling the reactor vessel from outside and thus delay or prevent vessel failure. Negative effects 
could be containment de-inertization and increased flammability of combustible gases. It must be 
noted however that in large dry containment, containment atmosphere de-inertization is rather slow 
and that if igniters, when installed, are actuated together with spray, hydrogen burning should be 
smooth and pressure increase inside containment limited.

3.4 Operation of igniters or hydrogen recombiners

Two types of problems can be considered depending on whether passive (e.g. autocatalytic 
recombiners) or active devices are used. For the former, the critical decision has been made at the 
design stage. Once installed, no operator action is possible, and hydrogen is eliminated depending 
on physical conditions in the vicinity of the PAR only. No instrumentation is actually needed. When 
monitoring hydrogen concentration for information purposes is found of interest, sensors should be 
qualified for severe accident environmental conditions. This, however, doesn’t bring any additional 
information in term of risk during SAM (risk have necessarily be found negligible at the design level). 
For the latter, the problem could be system actuation under burnable or detonable conditions. If the 
risk is found non negligible, hydrogen concentration monitoring should be provided, and survivability 
under severe accident conditions assessed. 

3.5 Actuate fan coolers for containment cooling

Fan cooler operation will mix containment atmosphere and should prevent build-up of localized 
pockets of combustible gases. Detrimental effects could be containment de-inertization or providing 
ignition sources for combustible gases. Not all plants are equipped with safety-grade fan coolers. 
For those with no qualified fan coolers, operation in the course of severe accidents could provide 
a path to the environment, and actuation is generally not recommended. For those with safety-
grade components, actuation happens upon reaching a containment pressure setpoint well before 
reaching the onset of core melt. If for some reason, actuation were contemplated after significant 
core degradation, pressure sensor survivability should be assessed for severe accident environment. 
If consideration of risk resulting from combustible gas flammability were raised, a similar conclusion 
would apply.

3.6 Vent containment volume

Venting is considered when containment pressure is increasing to the point where containment 
integrity could be challenged. Such challenge is resulting from combustible gases generated by 
steam-metal or molten core concrete interaction as well as decay heat release to the containment. 
Venting actuation is made well into the accident, when containment conditions are beyond that 
contemplated for a DBA (i.e. with the safety injection available). As venting is generally decided 
based on containment pressure, pressure sensors should be shown reliable for conditions 
prevailing at system actuation. Depending on qualification profiles, further investigation allowing to 
assess survivability could be needed. If other parameters need to be controlled to prevent system 
deterioration in case of actuation, similar conclusions would apply.
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4 ACCIDENT MANAGEMENT INFORMATION NEEDS

A systematic assessment of accident management information needs can be approached in a 
number of ways. Two different approaches have been suggested in the past. One is a “top down” 
approach of beginning with high level safety objectives, and developing a structured method to 
correlate these safety objectives with specific accident management strategies, thereby providing a 
systematic check on the plant staff’s information needs. A second systematic approach is more like a 
“bottom up” method, starting from what is existing, and devising guidelines to use existing equipment 
to diagnose and manage beyond design conditions.

Within the subject area of instrumentation, a systematic approach to assess the adequacy of 
instrumentation for accident management requires: (1) the specification of the information needs of 
the plant personnel during a wide range of accident conditions; (2) the compilation of the existing 
plant measurements capable of supplying these information needs; (3) knowledge of the limitations 
of hardware under the conditions of a wide range of accidents (in particular the harsh environment 
associated with severe accidents), or areas in which the information systems could mislead plant 
personnel; and (4) what, if any, additions to instrument and display systems would be necessary to 
facilitate effective accident management.

The following sections briefly describe the application of two of the above-mentioned systematic 
approaches to information needs and instrumentation for accident management.

4.1 Top down approach

This methodology was developed by the Idaho National Engineering Laboratory [5]. The first step 
of this approach identifies the relationships between the high level safety objectives, that have been 
identified for severe accident management, and the potential strategies for fulfilling these objectives. 
The second step uses these relationships to identify the information needed by the operating 
personnel to understand what objectives are not being met and what strategies may be effective in 
mitigating any challenges to these objectives. The final step examines the capability of existing or 
proposed measurements to supply these information needs.

This approach is based on the observation of a hierarchical structure between safety objectives 
and accident management strategies. In order to maintain the safety objectives, certain critical plant 
safety functions must be upheld. An accident will present challenges to these safety functions. These 
challenges may be caused by different physical and chemical mechanisms which, if unattended, 
have the potential to defeat the safety function. The technical support and plant operations staffs 
then identify and implement various strategies for dealing with the mechanisms which present 
challenges to the safety functions.

The operating staff thus fulfils its role to maintain the safety objectives by:
1. monitoring the status of the safety functions;
2. detecting challenges to the safety functions;
3. identifying, if possible, the symptoms of the mechanisms which could be causing the 

safety function challenges;
4. selecting and implementing strategies for maintaining or restoring challenged safety 

functions;
5. monitoring the performance of the strategies to determine if they are having the desired 

effects in maintaining or restoring the safety functions.
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The application of this methodology for the evaluation of information needs and the corresponding 
instrumentation requirements must consider the severe accident environment experienced during 
various specific accident sequences. During the accident sequence, this environment will undergo 
significant changes. To obtain an accurate assessment of the instrumentation needs and challenges 
during the sequence, it is necessary to consider the full range of environmental conditions. This is 
facilitated by the consideration of distinct accident phases. For example, the conditions of a severe 
accident initiated by a Loss-of-Coolant Accident (LOCA) could be characterized as a blowdown 
phase, a fuel heat-up and degradation phase, a core-concrete interaction phase following vessel 
melt-through, and finally a release phase following containment failure. Although it is recognized that 
the objective of accident management during each phase is the interdiction of further degradation, 
and hence termination of the accident before it degrades to the next phase, accident management 
capabilities must be assessed for each physically possible stage of the accident.

The application of a systematic examination of information needs and sources for severe accident 
management will result in a comprehensive assessment of plant instrumentation (and other sources 
of information) availability. Independent of the method employed, this assessment is made by 
matching the information needs developed from a systematic, structured method with the inventory 
of available information sources during the various phases of a severe accident sequence.

4.2 Bottom up approach

This methodology, developed by EPRI for NUMARC, starts with the compilation of all available 
accident management capabilities. This inventory is not restricted to hardware, in recognition that 
accident management involves information resources and personnel resources, as well as systems 
and hardware. The capabilities compiled in this manner are then tested against the major phases 
of representative accident sequences. This approach envisions the availability of plant-specific 
compilations of severe accident sequences, usually resulting from the PSA. Any gaps identified in the 
process of matching capabilities to the challenges identified by plant-specific risk-dominant accident 
sequences identify specific opportunities for improvements in the plant’s accident management 
capabilities.

4.2.1 Compiling accident management capabilities

A major element of this systematic approach to accident management is the assessment of existing 
accident management capabilities. The methodology suggests that this step be accomplished 
through a structured series of questions. In recognition that accident management should not focus 
exclusively on hardware, the questions address personnel resources (e.g. organisation, training, 
communication) and information resources (procedures, technical guidance, process information), 
as well as systems and equipment (e.g. available instrumentation, repair and restoration capabilities, 
use of alternatives).

In the consideration of available instrumentation, the evaluation process includes the consideration 
of the severe accident environment, and its effect on the functioning of the instrumentation. 
Enhancements to existing capabilities considered in this step would include identification of 
measures to interpret readings outside the range of the instrument, or the use of process signals not 
intended by their design, which could provide information on the progress of a severe accident.
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4.2.2 Defining and grouping accident sequences

The primary source for the definition of accident sequences is the PSA. For the purpose of this 
evaluation process, the set of plant-specific accident sequences can be simplified by grouping of 
accident sequences by:

1. a general category for the initiating event,
2. the system level function(s) whose failures lead to core damage,
3. the status of the systems for containment heat removal,
4. the status of containment integrity prior to onset of core melt,
5. the timing of the accident, including the timing of failures.

Grouping accident sequences by these characteristics will result in a reduction of the large number 
of accident sequences typically resulting from probabilistic safety assessments into a relatively small 
group of categories of sequences.

For each group, a representative sequence, and the major phases of the representative accident 
sequence are then identified. The phases are selected such that specific interventions (e.g. 
restoration of a safety function) can be identified for each phase. For a station blackout sequence 
(loss of off-site and on-site AC power with failure to restore power prior to battery depletion), for 
example, the accident phases could be defined by the opportunities to interrupt the sequence as 
follows:

1. Avoiding interruption of core cooling, or restoring core cooling prior to core damage
2. Restoring core cooling prior to vessel breach
3. Establishing cooling of the core debris after vessel breach
4. Restoring systems to prevent containment failure
5. Taking measures to limit fission product release

At this point the methodology provides a sufficiently defined structure for comparing the accident 
management capabilities to the challenges presented in each of the progressively more severe 
phases of the representative sequences. At each step, the objective of the process is to find ways to 
use the identified accident management capabilities to prevent further degradation of the sequence. 
This process affords the opportunity to evaluate the information needs, as well as the anticipated 
performance of available instrumentation in the environment characteristic of each phase of the 
sequence.

4.3 Results of information need assessments

The results of the application of a systematic assessment of the information needs and instrumentation 
availability, discussed above, will differ from one plant type to another, as well as for the various 
accident management approaches used in different countries. The development of strategies to 
deal with various severe accident conditions alone is not sufficient if there is inadequate information 
to indicate the need for, the appropriate timing, and the observation of success of the strategy. A 
systematic evaluation process can identify specific information needs for accident management. 
Such a structured approach will permit the necessary prior planning to ensure alternate methods for 
obtaining the requisite information to ensure successful implementation of mitigation strategies.
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5 INSTRUMENTATION CAPABILITIES

5.1 Accidental conditions

Beyond the information which is needed for automatic actuation of safety systems, instrumentation 
which is needed for accident management includes parameters [1]:

• needed by control room operators to perform manual actions allowing safety systems to 
accomplish their intended function;

• providing information on whether safety functions are fulfilled;
• allowing to evaluate whether fission product barriers are breached or likely to be 

breached;
• providing information on operation of safety systems or systems important to safety;
• which could be used for evaluating the magnitude of fission product release.

Some of these parameters are design specific, while others can be considered as more generic. 
Examples of such more generic parameters can be found in [1] for BWRs as well as PWRs, together 
with the ranges in which they are expected to operate. For example, maximum RCS pressure and 
temperature in PWRs are expected to be 209 bars and 370°C respectively, while maximum core exit 
temperature could be as high as 1260°C. 

For primary systems parameters, it seems that, though there could be minor differences in expected 
ranges, the approach is basically the same in most countries and considers DBAs, in particular 
LOCA, for defining maximum anticipated values.

For containment or system parameters, however, there could be differences based on whether the 
limiting accident is a LOCA with satisfactory operation of the safety injection system, or a LOCA 
leading to a core melt situation due to the failure of the safety injection system. For the former, 
fission product release to the containment is considered moderate (generally part or whole of the 
gap inventory), and hydrogen generation is a slow process resulting in limited concentration in the 
containment atmosphere. For the latter, on the contrary, fission product release to the containment 
is much higher, sometimes tens of percent of total core inventory for some isotopes, and hydrogen 
generation can be fast and significant, potentially leading to detonable concentrations. This 
obviously affects environmental radiation conditions inside containment and for systems recirculating 
contaminated water outside the containment building, and the range of values the instrumentation is 
expected to measure. 

It seems that there could be significant differences when considering instrumentation capabilities 
in case of severe accident. In fact, one could argue that there is virtually no difference, except for 
hydrogen monitoring, because most instrumentation needed for severe accident management is 
used early into the accident considering the timeframe needed for having very high integrated doses. 
Similarly, when it comes to pressure or temperature conditions, they are not likely to significantly 
differ from DBA conditions except when hydrogen burning is considered. The case could be different 
for components having to continuously operate in a post-accident situation.
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5.2 Instrument qualification testing

Most instrumentation trip functions occur early enough in the accident sequence so that the harsh 
environments associated with the conditions calling for accident management in the containment 
have not yet developed. Thus the qualification of existing plant instrumentation should be sufficient, 
i.e. bounded by the design basis. In contrast, instrumentation required for accident management is 
likely to experience conditions more severe than those corresponding to design basis accidents.

Equipment qualification (EQ) testing is needed to demonstrate that safety equipment will remain 
functional in the environment caused by the design basis event which requires its functioning. Post-
accident monitoring equipment (which includes instrumentation useful for accident management 
in the containment), typically is qualified, by testing, to the design basis loss-of-coolant accident 
conditions. While each plant has its own accident profile, typical conditions for a PWR are:
 Peak Temperature - 150 °C
 Peak Pressure - 5 bar
 Radiation dose - 70 - 200 Mrad

The conditions for EQ testing are typically assumed to arise very quickly, and to remain for extended 
periods of time (up to one year). This extended time period may provide some of the margin which 
may be useful in severe accident situations. In particular, it has been shown that the containment 
environment for the first hour of a severe accident is not likely to exceed the EQ test levels [12]. 
Moreover, a best estimate judgement shows that an adequate margin of instrument performance 
exists for at least 24 hours for the less severe accidents and 2 to 3 hours into even the most severe 
accident (TMLB for a generic PWR).

5.3 Instrument performance beyond the design basis

The significance of design basis equipment qualification with respect to risk significance in severe 
accident conditions has been investigated by Sandia National Laboratories (SNL) [4]. This study 
investigated the potential for extrapolating equipment reliabilities for severe accident environments 
from environmental qualification testing for severe accident conditions, as well as the degree to 
which such information might affect the results of PSAs. With respect to the typical assumptions 
made for design basis equipment qualification the study found that:

• PSAs typically model equipment performance for the first 24 to 48 hours, while some 
safety-related equipment is qualified for a month to one year following the accident. 
Manufacturers of cables, for example, have exposed their cables to accident conditions 
for time periods of 180 days to one year.

• EQ research suggests that performing simultaneous (versus sequential) accident 
simulations of radiation, steam, and chemical spray environments is not important.

• Oxygen within the test chamber has been demonstrated to accelerate accident 
degradation of polymer materials; however EQ research has not demonstrated an early 
accident functional performance impact from this issue.

• Beta radiation dose can be simulated by gamma irradiations. Using gamma emitters to 
simulate exposure to beta radiation levels defined in NUREG/CR-5175 [3] is conservative; 
moreover, accident sequences of PSA interest do not produce a need to demonstrate long 
term radiation survivability.

The study examined the operator’s reliance on instrumentation for a few severe accident sequences 
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with sufficient detail to develop some bounding risk importance estimates. For steam generator 
level transmitters, for example, SNL noted that PSAs typically do not model the transmitter’s harsh 
environment in determining the auxiliary feedwater system reliability. Moreover, auxiliary feedwater 
is usually calculated to have quite high reliability. While there is substantial redundancy for the steam 
generator level transmitters, poor moisture sealing, use of terminal blocks, degraded electrical 
penetration seals, or presence of degraded transmitter o-rings may produce a common-cause 
susceptibility to moisture degradation.

Examination of the severe accident utility of the high range radiation monitors suggest that this 
instrument is an important indication to the operator that core melt is occurring. Hence, reliable 
operation may be important for accident management in containment. The performance of this 
instrument has been established by EQ tests [2]. SNL noted that at the time of core melting 
containment pressure, temperature, and radiation level are within typical qualification parameters. 
However, within this design basis it was found important (as confirmed by the TMI-2 experience) to 
maintain proper sealing against moisture intrusion to ensure meaningful output from this sensor.

With respect to consideration of the harsh severe accident environment in the evaluation of equipment 
reliability in probabilistic safety studies, SNL notes that PSAs rarely account for equipment reliabilities 
during accidents that differ from normal operation reliabilities. In some cases, however, EQ research 
has provided evidence to the contrary. PSAs typically provide only limited modelling of post core 
melt accident management strategies, and generally do not model plant status instrumentation. The 
development of post core damage accident management strategies may necessitate changes in 
PRAs and equipment qualification or survivability programs.

5.4 Signal validation

Signal validation techniques are one way to ascertain the availability of specific instrumentation [12]. 
The basis of signal validation for accident management is the use of redundant measurements or 
the creation of analytical redundancy. In severe accidents, time is important, thus suitable validation 
methods must detect developing incipient faults and reveal which measurement is faulty, to avoid 
initiation of incorrect measures to handle the accident. The methods must be robust to signal noise 
and to abnormal dynamics due to the accident.

Advanced validation methods make use of mathematical models of the system. The system is defined 
by its parameters, the initial state, and the actual inputs and outputs of interest, which also exist as 
measured values. Model-based methods require some kind of evaluation of the nominal input-output 
relations of the system which causes the residuals to deviate from the initial value (normally zero) 
in case of a fault. Using appropriate functions, decision logic is created which monitors the time of 
occurrence and identifies the faulty signal or measurement.

Even more advanced validation methods have been proposed. The Halden Reactor Project for 
example has been studying the use of artificial neural networks and of fuzzy logic to this aim 
[13]. Such techniques look very promising, but important problems remain to be solved like their 
qualification and the formal proof of their reliability [14].
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5.5 Other approaches to information needs

Qualifying instruments to survive the severe accident environment is by no means the only method 
to satisfy the information needs for successful accident management. Useful information can be 
extracted from instruments and other equipment in a degraded, or even failed condition, from the 
collective status of systems (e.g. the observation of which systems have failed and which are still 
functioning, from temporary or portable equipment, and from direct observations).

An example of such unusual sources of information is the behaviour of ex-vessel neutron detectors 
at TMI-2. These detectors showed large fluctuations in neutron flux during the core damage phase 
of the accident. Although unexplained at the time of the accident, later analysis indicated that the 
measured fluctuations could be correlated with the back-calculated water level in the reactor vessel. 
The increased neutron flux recorded by the instruments indicated that water level had fallen below 
the level of the instrument’s field of view.

For accident management information concerning the containment, several parameters which could 
be measured, perhaps with portable instrumentation systems are radiation levels, radioisotope 
mix, containment structural strain, continuity and strain of reinforcing steel, and temperatures of 
penetrations. During the TMI-2 accident, an estimate of the dose rate on the containment dome 
was obtained from a volunteer who scaled the exterior of the containment and obtained a “contact” 
dose rate on the outside of the containment dome. This information confirmed that the radiation 
monitor installed on the inside was in fact saturated. (The saturation characteristics of the installed 
instrument had resulted in a return of the needle to the “O” position following an off-scale reading). 
The concept of external gamma spectroscopy has been discussed as a potentially valuable source 
of information concerning the radionuclide mix, which, in turn, could provide an indication of the 
temperatures reached by the fuel.

Such unorthodox sources of information are not useful in accident management, of course, if 
they cannot be explained at the time of their occurrence, as was the case with the TMI-2 neutron 
monitors. If this type of information is to be useful in accident management, it is necessary to 
examine such “creative” sources of information beforehand, and to develop the necessary aids to 
their interpretation.

5.6 Research needs

The information needs and capabilities during a severe accident, as discussed here above, suggest 
that the information sources available to the operating crew could be enhanced by research in the 
areas of:

• assessment of instrument response beyond their design bases (including signal 
validation);

• computational aids to provide the needed information which is unavailable during a 
severe accident sequence due to support system failures, instrument inaccuracy, or 
unavailability;

• investigation of alternative sources of information to provide sources of information not 
currently tapped for accident management purposes.
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6 INSTRUMENTATION ASPECTS OF SAM IMPLEMENTATION

Severe accident management programmes were developed and implemented in most countries 
during the late eighties and the nineties. In 1995, a CSNI Specialist Meeting reviewed the progress 
made [9]. From the presentations provided during that meeting, it was apparent that the development 
of SAM programmes in different countries is highly influenced by the general expectations set at the 
national level for such programmes [10].

In some countries, risk reduction through SAM programmes is pursued by simply applying existing 
equipment and instrumentation when developing SAM guidelines and procedures. Minor equipment 
modifications for SAM are made whenever they are cost-effective in facilitating the plant staff to 
apply procedures. Major plant modifications have been implemented over the past several years but 
were generally focused on prevention of core damage, rather than management of a damaged core 
in vessel or in containment.

In other countries instead, SAM is considered a basis of design by requiring that certain severe 
accident safety goals and release limits have to be met. This approach can lead to major plant 
modifications that are needed for ensuring a SAM safety goal. Some other countries have chosen to 
combine features of both these approaches.

The progress made in this field was again reviewed and discussed during a CSNI workshop in 2001 
[18]. The overall picture is that SAM implementation made remarkable progress since the 1995 
meeting. SAM has been implemented in various ways in many plants, but not yet in all plants. A 
systematic approach, which is based upon a clearly defined decision-making process, is one of the 
features implemented in many cases. Available means are determined and priorities are set. This 
approach is made up of strategies intended to become an optimum approach to prevent or mitigate 
the consequences of beyond-design basis accidents. It is based upon a prepared information 
package about plant-specific behaviour to be expected in beyond-design scenarios [19].

The approaches followed in the different countries do not fit one single pattern. Harmonisation, to 
the extent it is desirable, does not seem feasible at this stage. As a rule, the responsibility of the 
plant owner for the safety of his plant remains untouched. Also, safety goals may vary between 
countries. 

The prevention of severe accidents should normally receive the first priority. When this is done 
successfully, the probability of a core melt becomes very small. It is then difficult to justify costly 
additional measures. A pragmatic approach for existing plants is therefore to start from the plant 
“as is” and to give guidance to the operators in order to help them manage core melt accidents with 
existing equipment. This is for example the approach followed by the Westinghouse Owners Group 
(WOG) in developing Severe Accident Management Guidance (SAMG) that would be generically 
applicable to the majority of PWR plants employing a Westinghouse Nuclear Steam Supply System 
[9]. One of the ground rules was that no new equipment (or instrumentation) was to be considered.
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Although some modifications to the plant make technical sense for severe accidents, a cost-benefit 
evaluation concludes that the costs far outweigh the benefits for these low probability core damage 
events. Thus, if equipment or instrumentation might not be available when needed, an alternate 
method was developed. In particular the issue of instrumentation survivability was addressed in the 
WOG SAMG by specifying that multiple means of measuring the key parameters should be used in 
the diagnosis process:

• several different instruments can provide key parameters,
• several different instruments can confirm primary instrument,
• graphical computation aids are provided for some parameters.

It is worthwhile to note that the equipment qualification envelope for pressure, temperature and 
radiation is not exceeded for most severe accident sequences. Thus, the available instrumentation 
should be useful in diagnosing severe accident conditions. However, verification of the indicated 
conditions using diverse instrumentation indications is strongly advised. Moreover, it may be 
necessary to assess, on a plant specific basis, the availability and capability of instrumentation for 
use beyond the design basis.

The WOG SAMGs were implemented at the Tihange nuclear power plant in Belgium [15]. The 
plant-specific implementation of the WOG SAMGs involves an extensive adaptation of the generic 
guidance, regarding both its form and its content, in order to obtain a set of guidelines which fully 
takes into account plant-specific features and which is easily integrated into the plant’s operational 
practice. Since the Tihange NPP already features a limited vulnerability to severe accidents, due to 
a combination of conservative design, post-TMI measures and accident mitigation oriented plant 
back-fits (such as auto-catalytic hydrogen recombiners), the implementation of the SAMGs has 
been strictly limited to the use of existing equipment and instrumentation. In general, considerations 
of risk-relevance and implementation feasibility have led to several modifications to the strategies 
appearing in the WOG SAMGs. Nevertheless, the SAMG implementation at Tihange does fully 
maintain the structure and the key features of the WOG SAMGs, and thus constitutes a coherent 
and complete approach to accident management.

Of particular importance is the installation of passive auto-catalytic hydrogen recombiners, designed 
to limit the hydrogen concentration in containment under severe accident conditions to a maximum 
value of 5%. With properly designed and well-qualified hydrogen recombiners, the hydrogen issue 
becomes irrelevant to the overall risk. Moreover, since these hydrogen recombiners are entirely 
passive and do not require operator actions, a significant simplification of the hydrogen management 
strategies could be achieved, as well as a simplification in the strategies requiring the use of 
containment sprays, which in the absence of recombiners, induces the potential for containment 
de-inertisation.

As a result, it was found that the remaining instrumentation needs were rather limited. Only the 
following key parameters were found to be necessary to drive the application of the SAMGs at 
Tihange:

• core exit temperature
• pressure in the primary circuit
• water level in the steam generators
• containment pressure
• water level in the containment sumps
• radiation level at various locations
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The available redundancies and alternate ways to obtain those key parameters were identified. 
It was also verified that the ultimate limits for the use of the available instrumentation (accident 
environmental conditions, measuring range and precision, risk of being flooded) were compatible 
with their use within the SAM strategy.

The experience obtained at Tihange confirms a general observation made while developing and 
implementing severe accident management plans: although severe accidents involve complex 
phenomena, severe accident management can be formulated in terms of a small number of critical 
decisions, relying on a small number of key parameters. For instance, it is generally agreed that, 
when it is available, water ought to be added to a degrading core since the advantages outweigh 
potential disadvantages [11]. The onset of core degradation can be detected by a small number of 
instruments.

7 ARE THERE OTHER NEEDS?

From a technical standpoint, it seems possible to deal with all credible severe accident sequences 
based on very limited information and a system action matrix. However, adequate crisis management 
needs at least rough information on system status (e.g. inventory in storage tanks) to decide whether 
contemplated actions have a reasonable chance to be successful, and, when operator intervention 
is needed, on environmental conditions in buildings (e.g. radiation monitoring) to make sure these 
interventions wouldn’t be harmful for operators. Sensors which would be needed for assessing such 
conditions should also exhibit adequate reliability for the kind of environment they would be exposed 
to.

At last, utilities and safety authorities are not the only players in case of emergency, as there is a 
need to feed information to civil authorities, the media and the public. The last two are of significant 
importance as, confronted to a technology they don’t know, the risks of which they cannot actually 
evaluate, they could well want to have confirmation of real plant status in addition to prognosis on 
plant evolution however accurate this information could be. For this purpose, information of interest 
could be, for example:

• rough estimate of core degradation (is the core still inside vessel?);
• is there a risk of catastrophic containment failure?

The former could be addressed partly through using temperature detectors in the reactor cavity, while 
the latter, which is essentially related to hydrogen flammability, measuring hydrogen concentration, 
or indicating that mitigative systems have been actuated could provide adequate answers. 
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8 SUMMARY AND RECOMMENDATIONS OF THE 1992 SPECIALIST MEETING

The First CSNI Specialist Meeting on Instrumentation to Manage Severe Accidents was held at 
Cologne, Germany on 16th and 17th March 1992 [7]. It was hosted by GRS. The Specialist Meeting 
concentrated on existing instrumentation and its possible use under severe accident conditions; it 
also examined developments underway and planned. Desirable new instrumentation was discussed 
briefly. The interactions and discussions during the sessions were helpful to bring different 
perspectives to bear, thus sharpening the thinking of all. Questions were raised concerning the long-
term viability of current (or added) instrumentation.

It must be realized that the subject of instrumentation to manage severe accidents was very new 
in the early nineties, and that no international meeting on this topic was held previously. One of the 
objectives was to bring this important issue to the attention of both safety authorities and experts. It 
could be seen from several of the presentations and from the discussions that this kind of work was 
still in a planning phase. 
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The following conclusions and recommendations [8] were therefore seen as preliminary:

1. To make decisions which are appropriate and effective to control and mitigate an accident, 
it is essential to have the clearest picture possible of the accident and its progress. This 
can be obtained by accumulating information from as many sources as is practical.

2. It is important to use a systematic approach to evaluate accident sequences, information 
needs and instrument capabilities in severe accident conditions.

3. It should be confirmed that instrument performance will be sufficient to give the information 
needed to manage a severe accident. In some cases the instruments may function beyond 
their specification range.

4. Important lessons can be learned from the TMI-2 and LOFT-FP-2 measurements, in 
particular for instruments giving new information (e.g. source range monitor information 
about vessel water level).

5. All participants agreed on using the full instrumentation and accident management capacity 
of the plants. All were focusing on making full use of post-TMI-2 safety enhancements and 
instrumentation additions already in place.

6. Most participants agreed on the types of measurements which will prove useful. Various 
means are being pursued to think ahead and interpret plant status, such as computer 
codes and calculational tools.

7. An important conclusion is that there is a need for additional work on unconventional use 
of existing instrumentation under severe accident conditions.

8. This work should identify areas where existing instrumentation can indirectly contribute 
to the information needs in severe accident situations and areas where it cannot, thereby 
giving indications on desirable new developments.

9. The question of new accident management instrumentation was raised. The current 
perspectives were based on national objectives, and depended on the optimism or 
pessimism of the participants over the longer term viability of instruments. It was clear that 
efforts to ensure the long-term viability of instruments were being pursued by all (with a 
reasonable “common sense” attitude). In fact, the pessimistic view is “conservative” and 
leads planners to make prudent provisions to manage the accident with any instruments 
that may be available.

10. Some new instruments are being developed; their possible usefulness under severe 
accident conditions needs to be further qualified.

11. In spite of differences in purpose, some instruments used in experiments can be evaluated 
and qualified also for current nuclear power plants.

12. The papers presented at this meeting clearly showed that most approaches to expert 
systems were still in a conceptual phase. Some applications transferred from other fields 
were under development for use in the severe accident domain. Only those system that 
offer a set of less sophisticated tools could be said to be readily available for limited 
purposes.

13. Expert systems may be of help to plant staff and external experts, but cannot substitute for 
them.

14. There will not be a single expert system for severe accidents (i.e. a general problem 
solver) but rather a set of simpler systems devoted to specific goals in situations that can 
be clearly identified.

15. Expert systems should have the capability to verify plant conditions and assumptions 
made by the operating personnel.

16. Expert systems used in this domain must be even more explanatory and transparent to 
permit verification of their conclusions by the personnel.

17. Expert system should, if possible, also be used during normal plant situations to increase 
operating personnel confidence.
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9 SUMMARY AND CONCLUSIONS OF THE 2001 WORKSHOP

The CSNI Workshop on Severe Accident Management - Operator Training and Instrumentation 
Capabilities to was held in Lyon on 12th to 14th March 2001 [16]. It was hosted by EDF. Basically, 
the workshop was a follow-up to the 1997 Second Specialist Meeting on Operator Aids for 
Severe Accident Management (SAMOA-2) [13] and [14] and to the 1992 Specialist Meeting on 
Instrumentation to Manage Severe Accidents [7] and [8].

The meeting confirmed [17] that only limited information is needed for making required decisions 
for SAM. In most cases existing instrumentation should be able to provide usable information. 
Additional instrumentation requirements may arise from particular accident management measures 
implemented in some plants. In any case, depending on the time frame where the instrumentation 
should be relied upon, it should be assessed whether it is likely to survive the harsh environmental 
conditions it will be exposed to.

There was general agreement that instrumentation for SAM should be as simple and straightforward 
as possible, due to limitations on power availability under severe accident conditions and ability of 
operators to assimilate and use information. Some SAMGs rely on adaptation of existing design 
basis instrumentation to meet SAM needs. Other SAMGs introduce new instrumentation for SAM 
needs for particular plants. There is a conflicting view in the industry that certain aspects of the plant 
condition should be monitored, irrespective of whether the information is used in SAM.

There is an Equipment Qualification issue in the use of DBA instrumentation for SAM: operating 
margins must be carefully considered and may require additional Equipment Qualification tests to 
verify needed operating range, particularly for temperature and mission time.

The question was raised about the value of new techniques such as neural networks or fuzzy logic 
as operator aids for SAM. The prevailing view was that such systems are not mature nor sufficiently 
simple at this time and are topics for research. Not much progress in this field had been noted since 
a few years.

10 CONCLUSIONS

The specialist meetings organised and the work performed during the last twelve years within CSNI 
in the area of the instrumentation to manage severe accidents, have allowed the sharing of important 
information, the exchange of views and cross-fertilisation of ideas, the fostering of international 
collaboration, the mutual understanding of national strategies and positions. They were therefore 
instrumental in the progress made in the field.
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In line with the defence-in-depth concept, the prevention of severe accidents normally receives 
the first priority. When this is done successfully, the probability of a core melt remains very small 
for any given plant. It is then difficult to justify costly additional measures. Most countries have 
therefore adopted a pragmatic approach, i.e. to start from the plant “as is” and to give guidance to 
the operators in order to help them manage core melt accidents with existing equipment. Concerning 
the instrumentation needs and capabilities, the experience has shown this strategy to be workable 
for the following reasons:

1. Analyses have shown that instrumentation environmentally qualified for design basis 
accidents in a conservative way, exhibits important capabilities to remain operational 
in severe accident conditions (analysed in a best estimate way), especially given the 
reduced accuracy needs.

2. The identification of redundancies and alternate means to obtain information on key 
parameters can increase the confidence in the capabilities of existing instrumentation 
in severe accident conditions. When several sensors measure the same parameter, it is 
easier to identify failed instruments. It is also often possible to obtain indirect information 
on a given parameter (e.g. the safety injection flow rate is an indication of the primary 
pressure). Graphical aids can be prepared to help interpret some indications (e.g. to 
obtain the level of water in the reactor building sumps from the level of water remaining in 
the reactor water storage tanks).

3. In order to obtain an accurate picture of the accident and its progress, it is necessary to 
measure a large number of parameters. However, it has been shown that such a detailed 
picture was not needed to derive an effective severe accident management plan, and 
that only a few key parameters were sufficient for this purpose, thereby reducing the 
instrumentation needs.

Most severe accident mitigation and management strategies can be effectively implemented using 
available instrumentation qualified for DBAs. However, further assessment could be required for 
some sensors needed for actuating containment atmosphere mitigative devices, and assessing 
system status or radiation conditions in some buildings. Moreover, there could be a need for rough 
evaluation of plant status for public communication.

Important progress was achieved in the last twelve years in the understanding of the role of 
instrumentation in severe accident management. The instrumentation needs have been found to be 
lower than thought ten years ago, and the capabilities of existing instrumentation have been found to 
be higher. These findings have made severe accident management implementation easier and more 
robust. They have increased the confidence in the effectiveness of accident management strategies 
and procedures.
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Lessons Learned from the INES-3 event at PAKS NPP
 on April 10, 2003

L. Vöröss

Hungarian Atomic Energy Authority, H-1539 Budapest, P.O.BOX 676 

ABSTRACT: A severe incident occurred in the Paks NPP on April 10, 2003: thirty fuel assemblies 
remained without sufficient cooling for longer time in the equipment designed for  chemical cleaning 
of the spent fuel and therefore they suffered severe damage. Several investigations were conducted 
to analyse the scenario of the incident and to identify its causes. The event was evaluated on the one 
hand by the operator and on the other hand by the Hungarian nuclear authority. In addition it was 
done also by the designer and the manufacturer of the equipment – the FRAMATOME ANP - and by 
the German GRS. At the request of the Hungarian Government also a team of the IAEA consisting 
of 10 experts, based on the performed analysis and on-site investigations, prepared a report about 
the incident. There are differences in the identification of the root causes depending on how long 
they went back into the preceding events. Relevant lessons can be learned by every participant 
from the mistakes made during the design, manufacturing, regulatory licensing and inspection, 
operation and during the incident itself, while further issues need to be solved in order to eliminate 
the consequences of the event. The specialty of the event is that it occurred apart from the energy 
generating technology, on an independent system established for special purpose, and the severe 
fuel damage was induced by the coincidence of various errors that were mostly independent from 
each other. The event was classified according to the IAEA event scale as INES-3 i.e. as severe 
incident.

1 INTRODUCTION, BACKGROUND, PRECEDENTS

Four VVER-440/213 type Soviet designed reactor units are in operation in the Paks Nuclear Power 
Plant (Paks NPP). The dates of commissioning are in sequence: 1982, 1983, 1985 and 1986. The 
operational records of the power plant were outstanding and in the meantime it performed continuous 
development both for increasing the efficiency and for improving the safety. Among the latter the 
safety upgrading program, which was carried out between 1996 and 2002 with the expenditure of 
around 250 Million USD has to be emphasised. With this development, the design safety of the 
power plant – based on the unanimous opinion of international experts – reached the safety level of 
the Western reactors of the same vintage. However problems also emerged during the operation. 
Among them the most significant is that series of events, which resulted magnetite deposits in the 
fuel assemblies and finally caused the severe incident on April 10. 2003.

In the case of the VVER type reactors, already in the early 90s’, it was observed that some of the 
jet nozzles of the carbon-steel feedwater-collectors inside the steam generators (SGs) fell down 
and as a consequence the necessity of the replacement of the collectors could be foreseen. This 
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work requires welding and assembling activities inside the upper part of the steam generators. The 
replacement of the collectors of 6 SGs per unit (in case of the Paks NPP altogether 24) would have 
resulted significant collective dose of the workers, therefore protection was necessary to apply. At 
most of the NPPs it was solved by shielding, while at the Paks NPP the decontamination of the SGs 
was decided. The decontamination for the first time was applied in 1995-96 at the Unit 2, then all 
SGs of the Units 1-3. were decontaminated in 2000 and 2001. It was a serious mistake.

The deposition of the corrosion products (cruds) on the surface of the SG tubes is inevitable, normal 
phenomenon. The removal of them is ensured by the designed filtering systems and a certain 
material quantity is removed also with the assemblies during the periodical refueling. The extended 
number of simultaneous decontamination processes resulted imbalance and the extra corrosion 
product (magnetite) deposited on the surface of the fuel elements and formed significantly thicker 
layer in comparison with the normal one (80 vs. 10-20 µm). Due to rapid temperature changes during 
automatic operation of the reactor protection system, the deposits delaminated from the surface of 
the fuel elements and spilled to the bottom of the vessel, however the majority stuck on the lower 
spacer grid. This phenomenon led to core asymmetry, which was the consequence of the non-uniform 
distribution of the cooling water flow rate. Due to the limiting effect of the outlet coolant temperature 
the power of the units had to be decreased, which caused economical losses. At the same time the 
authority obliged the licensee to examine what safety limits concerned the core burdened with crud, 
as the available analysis related to  clean fuel elements. 

In 2000 the management of the nuclear power plant decided to solve the problem definitively. In the 
case of replacement of the feedwater-collector of unit No.4, the decontamination was not permitted, 
but the dose-rate was decreased by shielding (application of lead coverings and of increasing the 
SG water level). At the same time Paks NPP entrusted the FRAMATOME ANP (FANP) to perform 
the cleaning of the fuel elements burdened with cruds. For this purpose the AMDA technology was 
to be used, which was already successfully applied in 2000-2001, but instead of the tank applicable 
to 7 fuel assemblies it should be equipped with a tank that can receive 30 assemblies in one single 
batch.

Signing  the contract between the Paks NPP and the FANP took place in November 2002. The first 
batch, containing 30 fuel assemblies were loaded into the tank in March 2003. Since this was the 
first time to apply such facility for cleaning fuel assemblies, during the available four months the 
designing, manufacturing, assembling and installation of the equipment had to be performed, while 
the licensing processes had to be conducted as well. It is not doubtful that such a pressed time 
schedule could result in making significant mistakes.

In the license application submitted to the regulatory authority the equipment was classified into 
safety class 3, which was approved by the regulator. This classification then specified the licensing 
process. In such a case, according to the Nuclear Safety Regulations, the nuclear safety authority 
issues only license in principle, and the further actions do not require regulatory license. They can be 
performed within the authority of the licensee in accordance with its internal procedures. It was also 
proved to be a mistake as turned out later on.
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2  THE EVENT ITSELF

The detailed scenario of the event could be read in several sources ([1], [2], [3]), therefore it will here 
be reported only those momentums, which are – in my opinion – of basic importance to draw the 
conclusions, as follows:

Date and time
Occurrence

April 10, 2003
16:00 The cleaning of the 6th batch (30 assemblies, just taken out of the reactor) was 

finished. However, the assemblies were not removed from the cleaning tank, 
because the crane required for the lifting of the lid of the tank was busy for 
cleaning the internal structures of the reactor of unit No.2.

16:40 The AMDA was switched to «B» operating mode. Cooling of the fuel assemblies 
was ensured with the submersible pump circulating water being inside the service 
shaft. 

21:50 The counts on the Kr-85 measuring device of the AMDA system suddenly 
increased.

21:53 The warning limit was reached on the noble gas detector placed on the reactor 
platform of the unit No.2, the measured value was 1700 kBq/m3.

22:50 The head of the Dosimetry Service evacuated the reactor hall. 
23:45 The measured value on the noble gas detector placed on the reactor platform was 

26100 kBq/m3. 
Following the instructions of the Shift Supervisor the maintenance ventilation 
systems of the reactor hall were started, hence the ventilation of the reactor hall 
operated with full capacity.

April 11, 2003
02:15 The hydraulic locks, which ensure the leak tight closing the lid of the cleaning tank 

were loosened by the technician of the FANP.
Simultaneously with the loosing of the lid of the cleaning tank the gamma dose 
rate significantly increased in the vicinity of the spent fuel pool and the service 
shaft  (6-12 mSv/h).

12:40 The Safety Director ordered the partial alerting of the Emergency Preparedness 
Organisation (telecommunication and radiation assessment groups).

13:15 The Shift Supervisor initiated measures in order to decrease the release to the 
environment.  

April 16, 2003
16:23 The lid of the cleaning tank was lifted. No increase was observed on the radiation 

measuring (SEJVAL) system. 
20:00 It was found during the visual observation, (using remote control camera),   that 

the fuel elements inside the tank were significantly damaged.
22:30 The Paks NPP declared stage “ALERT” and alerted its Emergency Preparedness 

Organisation.
April 19, 2003
10:00 The boric acid concentration in the spent fuel pool was increased to the value 

of 16 g/kg in order to ensure the appropriate sub-criticality. The reliability of the 
cooling system of the cleaning tank was ensured by the newly installed pump 
provided so higher redundancy. One of the pumps was sufficient for cooling while 
the other one served as reserve.

April 20, 2003
09:00 The Safety Director terminated the operation of the Emergency Preparedness 

Organisation.
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3 INVESTIGATION

3.1 Event investigations

In accordance with the regulations, the licensee shall report every single event to the authority. The 
Shift Supervisor reported the event to the Inspector on Duty of the HAEA NSD via phone at 00:30 on 
April 11, 2003. The licensee shall perform a detailed investigation within 30 days for the regulatory 
authority about the scenario of the event, the identification of the causes and the measures necessary 
to prevent the recurrence of similar events. The regulator reviews and evaluates the report and 
sends its opinion – agreement or request for additional measures – via mail to the licensee.

Concerning the severity of the incident occurred on April 10, 2003, the regulatory authority has 
decided to conduct an independent investigation. For this reason it established an expert team, 
which launched an investigation based on its own database, several times visited the site, made 
interviews with the employees of the Paks NPP and the FANP, collected documents and video-
records, and gathered additional information via video-conferences.

The event investigation report of the Paks NPP was submitted to the HAEA NSD on May 10, 2003. 
The root cause of the event was determined as insufficient cooling. 

The detailed report of the HAEA NSD was issued on May 23, 2003. In this report the HAEA NSD 
analyzed in every particular details the precedents of the incident. It described the steps made to 
manage and mitigate the deposits, its attention drawing through mentioning and identification of 
the deficiencies observed in the field of safety management and nuclear safety, and in addition the 
scenario and evaluation of the event. The weaknesses of the cleaning tank design were identified as 
primary root cause of the incident. Non-compliances were also presented in the report of the NSD 
concerning legal, technical and quality management fields. The report evaluated also the statements 
of the investigation report of the Paks NPP and judged them as not properly self-critical and not 
adequately comprehensive, therefore it required supplementation. The NSD did not analyse its 
own activity, this chapter was elaborated by a three-member committee nominated by the Director 
General of the HAEA and was independent from the NSD. According to their statements the actual 
regulations do not give proper instructions to the depth and details of the regulatory assessments, 
therefore their correction is necessary. 

An independent IAEA mission asked for by the Hungarian government performed its review between 
June 16-22, 2003 in Hungary. Ten experts from six countries and from the IAEA reviewed the activity 
either of the licensee, the regulator and the sub-contractor. The review mission relied basically on 
the above mentioned two reports, but the experts completed their knowledge by on-site interviews 
and by studying the relevant documents.

The draft of the IAEA report was handed over to the Hungarian counterparts for comment at the end 
of mission. The Hungarian remarks were submitted on June 30, 2003, and the final report of the 
IAEA was received by the HAEA and the Paks NPP on August 10, 2003.

The IAEA report identified the extended number of decontamination of the steam generators as the 
root cause of the event. Altogether 45 suggestions were formulated, among them 16 concerned the 
Paks NPP, 14 concerned the HAEA, 9 concerned both of them and 6 concerned other authorities. 
The most relevant critical statements of the report were as follows:

- no conservative approach was applied in the assessment,
- the contractor worked without proper supervision of Paks personnel,
- HAEA underestimated the safety significance of the cleaning facility,
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- the aggressive schedule of the process was a significant contributor to decisions of all 
players,

- eight different design deficiencies have been identified.

3.2 Analysis for clarification of the scenario

Following the incident, numerous Hungarian institutions – research institutes, university institutes, 
but also Paks NPP and the nuclear safety authority themselves and the designer-manufacturer 
FANP as well as the German GRS – have analysed and have been continuously analysing the 
scenario of the event in order to reconstruct and quantify the occurrences.

The analysis focus on three areas:
- subcriticality,
- thermohydraulic processes,
- fuel element behaviour.

Based on the analysis performed so far, it can be stated that:
- it cannot be excluded yet but is more than probable that the fuel elements did not reach 

the criticality either during or following the incident,
- during the heat-up phase (decreasing flow-rate, increasing temperature) the coolant 

reached the saturation temperature after around 6000 seconds,
- the upper dome of the tank became filled up with steam in around 8000 seconds, and after 

additional 1000 seconds the water level decreased to the one third of the height of the 
tank,

- after 8000 seconds the temperature of the cladding increased rapidly, the pressure of the 
gap also increased that led to the plastic deformation and ballooning, then cracking of the 
cladding,

- during the high-temperature phase (around 800-1200 °C) the temperature stabilised, 
there was no sign of melting, but hydrogen generation (originating from Zr-steam reaction) 
undoubtedly occurred (based on estimations the total quantity of H

2
 was around 3 kg) 

- fuel assembly shroud oxidation was almost complete in the upper part,
- during the quenching phase severe fuel damages occurred mainly by mechanical effect 

of water hammer entailing high releases of activity; intensive steam production could 
increase further the pressure inside the assemblies.

The APROS (HAEA, TUB INT), the ATHLET and the FRAP-T6 (KFKFI-AEKI), the ASTEC V1 
(VEIKI Co.) and the GFX 3D (TUB INT) codes were applied for thermohydraulic and fuel behaviour 
calculations. Significant differences were found in the estimated cladding temperatures. This can be 
explained with the lack of precise knowledge of conditions being inside the tank during the incident. 
On the other hand the computer codes used for the analysis have not been validated to these 
conditions. 

4 LESSONS LEARNED FROM THE EVENT

There are many lessons learned from the event. These are not applicable only for the operator 
and the regulator as the main players of the story but also for the subcontractors and the technical 
support institutes of both organisations. In my paper however I deal only with those lessons, which 
have been learned until now by the Paks NPP and the HAEA-NSD.
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General conclusions can be drawn for all operators according to my personal judgement as 
follows:
- decontamination beyond a certain extent can cause a source of  corrosion products and can     

lead to serious deposits even in the reactor core
- decision to apply any temporary facility for spent fuel treatment needs increased preparatory 

work and due foresight  
- from too much trust in any subcontractor should be refrained also in the case of its high 

reputation
- aggressive scheduling of any activity has to be avoided, urgency increases the probability of 

failures originated by human actions especially in decision making processes
- perfect understanding of design and operational features of the actual system is necessary 

requirement imposed to the operation personnel
- the licensee has the full responsibility for safe operation of any equipment installed inside the 

plant, the responsibility cannot be designated to or shared with  anybody else 
- questioning attitude as well as conservative approaches are especially important in the case of 

an equipment or facility, which are outside the everyday O&M activities.

After the regulatory review of the event NSD requested the licensee to define tasks to be implemented 
to avoid recurrence of such event. Responding this request Paks NPP sent a list of improving 
measures decided to introduce until the end of this year. Some measures have been extended to 
longer term to be implemented because of their nature. In their list they took into consideration the 
statements, findings and recommendations made by the NSD in its event review report.

Without reporting the complete list, which consists of 24 items altogether, the most important ones 
are as follows:
- self-assessment will be carried out to identify weaknesses of the organisational structure and 

safety culture 
- review of the internal regulations and procedures have been decided aiming at especially to 

reduce to the minimum the amount of special and unique prescriptions
- review and revision of procedures serving for inspecting the complete activity of subcontractors 

and especially the assessment, verification and approval of design documentation are 
necessary 

- development and application of emergency operation procedures for equipment and systems 
installed temporary are inevitable

- development and introduction using quantitative symptoms of different rates of damaged fuel 
elements have been decided

- it has to be achieved that responsibility of individuals in the decision making process be 
unambiguously defined

- Safety Department of Paks NPP must be strengthen to be capable making independent 
evaluation of regulatory submittals in every technical area  

- every available means have to be applied to avoid time pressure originated by tight scheduling 
for licensing process.

 
Lessons learned from the event also for the regulatory body were identified as follows:

- safety significance of modification licensing process has to be relied on the safety categorisation 
and safety classes taking into account the potential risk of the modification

- HAEA-NSD has to improve its safety review and assessment procedures to give more detailed 
guidance for the reviewer 

- licensing process of an out-of-technology facility needs special care from all contributors because 
of its unique nature. It is not a good approach to look for analogies written in the regulations and 
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guidelines and applied them mechanistically. Both the main system and operational mode as 
well as all auxiliary equipment and modes have to be treated with the same care

- according to the Hungarian legal basis nearly every change of safety related structure, system 
and component requires license from the HAEA. It imposes heavy burden to the limited number 
of staff available for this task. Urgent amendment of legal documents has to be initiated to reduce 
number of licenses concentrating only to the most safety significant modifications

- HAEA has developed a program for introduction of risk-informed decision making into its licensing 
activity. It has to be accelerated

- safety performance indicator system based on the IAEA  recommendations have been introduced 
in the HAEA in 2001. Using the indicators and other early signs certain deterioration in the safety 
culture level has been recognised and reported in different documents however there was no 
enforcement action applied. It is very difficult to make a judgement on the necessary regulatory 
intervention in this field.

5 PRESENT SITUATION AND OUTLOOK

More than half a year after the severe incident there are two most important tasks to be performed: 
recovery of the cleaning tank containing the damaged fuel assemblies and to restart unit No.2 as 
soon as possible but without making any compromise to the safety.

In the tank and in its surrounding the situation is stable. Neutron detectors and equipment for 
monitoring technological and radiation parameters have been installed and an autonomous cooling 
system of the service shaft is under construction. Boron injection facility is available for the case if 
boron concentration would decrease from any reason. Several times inspections of the internal part 
of the tank were carried out using special underwater video camera, which made it possible to get a 
clear picture on the geometry and composition of the fuel rods, assembly shrouds and debris located 
above the bottom plate. This information is very important for development of the recovery action 
plan.

Tendering process was issued by Paks NPP for recovering action. Two bids arrived, one from the 
FRAMATOM ANP the other from a Russian consortium lead by TVEL, which is also the producer of 
the fresh fuel assemblies for VVER rectors. After evaluation of the bids decision was made in favour 
of TVEL and the contract were concluded recently. The work includes a six months preparatory and 
a two months implementation phase, altogether 8 months. This period of time does not include the 
licensing activities. The sum of the contract is 4.55 USD.
Removal of the debris will be made using mostly manually remote control equipment with different 
catchers and tweezers. The pieces taken out will be placed to special small containers located 
around the cleaning tank and after covering they will be transported to the spent fuel pond for interim 
storage. 

Concerning restarting the unit No.2 significant effort is being made by Paks NPP to develop the 
technology for how it would be possible to operate the unit No.2 without availability of the service 
shaft and parallel doing the recovery work in the reactor hall. The HAEA and other authorities are 
working on criteria for nuclear safety and radiation as well as transport safety of this complicated 
manoeuvre. It is still too early to predict the outcome of this effort.

There is an interesting aspect of this incident having produced a valuable experimental object 
interested in many countries to use it for better clarification of fuel behaviour after a deficiently 
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cooled and significantly up-heated condition. Initial meeting was held in August of 2003 in Budapest 
with participation of representatives of the IAEA, OECD-NEA, US NRC, GRS (Germany) and IRSN 
(France), the Russian consortium and the Hungarian partners (HAEA, KFKI-AEKI, VEIKI Co., Paks 
NPP). The CSNI of OECD-NEA, together with the IAEA expressed their willingness to co-ordinate 
and sponsored an international research project in this subject. Hot cell examinations have been 
proposed to perform measurements for clarification conditions and properties of the parts of damaged 
fuel assembly. Additionally to the experimental work also analysis using thermal-hydraulic and fuel 
codes are planned to carry out. Financial support or/and in-kind contributions are expected from 
countries operating such type of reactors as well as from countries with large nuclear programmes. 
The project is planned to start in the first half of 2004.
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Abstract  

Operating experience feedback is an important tool to maintain and improve nuclear safety. Usually, 
this feedback process is limited to nuclear facilities. In August 2003 the official report on the Columbia 
space shuttle accident became available. It provides interesting insights on how the accident could 
happen. A key area contributing to the accident are deficiencies in NASA´s operating experience 
feedback process. On principle, there are some similarities between a space shuttle and a nuclear 
power plant. This raises the questions if lessons can be learned from the Columbia accident in the 
nuclear field. The paper will compare main insights of the Columbia investigation with findings of the 
evaluation of the operating experience from German NPP and draw conclusions from this comparison. 
Main root causes of the Columbia accident are deficiencies in the operating experience feedback 
process, inadequate assessment tools and deficiencies in decision making of management. When 
comparing these results to German NPP operating experience similar patterns can be identified in the 
reportable events. This finding indicates substantial deficiencies in the overall operating experience 
feedback process, the proactive approach to safety problems and management techniques regarding 
adequate decision making with respect to safety. The investigation of the Columbia accident also 
identified those factors inside and outside the organisation which contributed to an environment in 
which the causes for the accident could develop. The main contributing factors addressed are major 
reduction of resources, schedule pressure, organisational culture, deficiencies in communication and 
ineffective safety office. Some of these factors can also be observed in the nuclear industry. At 
present, the operating experience from German NPP does not provide clear evidence to which extent 
these factors are impacting safety. Based on the findings of the Columbia investigation it can be 
assumed that these factors if existing are influencing safety of NPP too. Hints which can be gained 
from operating experience are supporting such a conclusion too.  

1 INTRODUCTION  

For nuclear facilities safety of the installations is of utmost importance. There is an 
international consensus that in addition to reliable plant and competent personnel efficient 
operating experience feedback shows itself to be an indispensable element to maintain and 
improve nuclear safety. Therefore, early in the development of the peaceful use of nuclear 
energy in the FRG an operating experience feedback system including foreign operating 
experience was implemented. Since the seventies, on behalf of BMU GRS is performing a 
comprehensive indepth analysis of the operating experience in particular of the reportable 
events. The main emphasis of this analysis is on the identification of the lessons to be 
learned and their relevance for german NPP.  

When collecting material for this presentation the official report on the Columbia Space 
Shuttle accident issued by the Columbia Accident Investigation Board became available. The 
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report contains a comprehensive analysis of the accident and it´s root causes. It provides 
interesting insights on how the accident could happen. A key area contributing to the 
accident are deficiencies in NASA´s operating experience feedback process.  

On principle, there are some similarities between a Space Shuttle and a nuclear power plant. 
Both are complex technologies and both are making great demands upon safety. This raises 
the questions if lessons can be learned from the Columbia accident in the nuclear field. 
Therefore, the idea was born not to give another presention and discussion of statistics 
related to German operating experience in this paper. Instead, the presentation will take a 
look beyond the border of the nuclear field to compare main insights of the Columbia 
investigation with findings of the evaluation of the operating experience from German NPP 
and to draw conclusions from this comparison.  

Chapter 2 provides a brief description of the Columbia accident and its causes. Chapter 3 
compares main insights from the Columbia accident with results of the evaluation of German 
NPP operating experience. The conclusions from this comparison are drawn in Chapter 4.  

2 COLUMBIA ACCIDENT  

2.1 Description of the Accident  

The last mission of Columbia and its seven crew members started on January 16, 2003 for a 
17 days mission. At first, nothing extraordinary seemed to have happened during launch of 
the Shuttle. But early during the mission routine evaluation of images from the launch of 
Columbia revealed that a piece of insulating foam from the external tank had hit the Orbiter’s 
left wing about 80 seconds after the start. In addition, the piece of foam identified was larger 
than pieces of foam observed during some former missions. This observation led to 
theoretical analysis and discussions if the debris strike could have damaged the Thermal 
Protection Shield of the space shuttle. Finally, the Mission Management Team took the 
decision that the safety of the Orbiter was not in doubt and that no additional measures were 
necessary for the re-entry of the Shuttle. The decision was merely based on theoretical 
considerations. Images of the left wing by a satellite or visual inspection by a crew member 
to confirm the decision taken were not deemed necessary and not carried out. On February 
1, 2003 at about 9:00 60 km over Texas contact to Columbia was interrupted and destruction 
of the Orbiter occurred.  

2.2 Causes of the Accident  

The Columbia Accident Investigation Board performed a comprehensive investigation on the 
causes of the accident. This investigation included the technical causes as well as the 
underlying root causes. Since it is not possible to discuss all details of the investigation the 
focus in this presentation will be on the main findings.  

2.2.1 Technical Causes  

During launch, a space shuttle consists of three main parts: the Orbiter, an External Tank 
containing liquid hydrogen and oxygen and 2 Booster Rockets. The Orbiter is attached to the 
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External Tank by two “bipod” fittings at the bottom and one “bipod” fitting at the top. The 
External Tank is insulated by a foam to maintain an interior temperature that keeps oxygen 
and nitrogen in a liquid state.  

The Accident Investigation Board concluded from the analysis of the data available, 
theoretical investigations and experiments carried out after the event that the insulating foam 
which detached during start of the shuttle severely damaged reinforced Carbon-Carbon 
Panels of the thermal protection shield at the underside of the left wing. Thus, during re-entry 
superheated air could enter into the inside of the left wing which finally destroyed the 
aluminium structure of the wing.  

The foam insulation is mechanically sprayed on the External Tank. The adhesion between 
foam insulation and External Tank is quite good. But there are some regions with 
geometrically complex structure like the bipod ramp where the foam has to be sprayed on by 
hand. It was known from previous starts that these regions are prone to detachment of foam. 
The application of the foam was visually inspected but a non-destructive testing to detect 
subsurface defects or foam variability was not performed. The piece of insulating foam that 
hit the Orbiter during launch originated from the upper left bipod fitting of the Orbiter to the 
External Tank. The cause for this foam shedding could not be exactly explained by the 
Investigation Board after the accident, although the in-depth analysis revealed several 
findings that could have contributed to the loss of the insulation foam.  

2.2.2 Root Causes  

2.2.2.1 Deficiencies in Operating Experience Feedback Process  

The Accident Investigation Board concluded that deficiencies in the operating experience 
feedback process are a key root cause of the Columbia accident. In particular, this finding is 
based on the lessons learned from the Challenger accident. But it is also based on the 
treatment of the foam shedding problem.  

Challenger Accident  

The Challenger accident which happened in January 1986 showed similar characteristics as 
the Columbia accident. The Challenger accident was caused by a failure of the joint and seal 
between the two lower segments of the right Solid Rocket Booster. At that time, weakness of 
that joint was a well known problem which had frequently recurred. Despite safety concerns, 
the joint had never adequately been tested, nor had a solution been developed. Instead, the 
problem was seen as an acceptable flight risk. When the decision was taken to launch 
Challenger in January 1986 during weather conditions outside the range of previous 
experience safety did not get the necessary attention. Communication failures, incomplete 
and misleading information, and poor management judgements contributed to the flawed 
decision. The deficiencies in safety awareness are illustrated by the fact, that management 
had required to prove that it was not safe to launch, rather than proving it was safe.  

Though the root causes of the Challenger accident have been evaluated after the accident, 
the results of the Columbia Accident Investigation Board show that the corrective actions 
taken did not prevent the Columbia accident 17 years later. This is mainly due to lessons 
learned not or not effectively implemented and corrective actions taken back during the 
course of time.  
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Foam Shedding Problem  

Early in the Space Shuttle Program engineers were extremely concerned about potential 
damage to the Thermal Protection System of the Orbiter due to foam loss. The behaviour of 
the reinforced Carbon-Carbon Panels under debris strikes has already been studied during 
the design of the Space Shuttle. The result was that a small damage of the Thermal 
Protection Shield would be no problem for the re-entry of the Orbiter. So the design required 
that shedding of foam debris from the External Tank had to be precluded in order to protect 
the Orbiter from any significant debris hit.  

In reality, foam shedding was a problem from the beginning of Space Shuttle operation. 
About 80 % of the flights with photographic surveillance have shown a loss of foam isolation. 
In Space Shuttles history, six events similar to the one which caused the Columbia accident 
with foam loss from the forward bipod attachment, occurred. The first known bipod ramp 
foam loss happened during a Challenger mission in 1983.  

Damage to the Thermal Protection System was classified as In-Flight Anomaly which means 
that the problem has to be solved before the next launch or it has to be proved that it does 
not threaten safety. In practice, such In-Flight Anomalies were closed by repair of the 
Thermal Protection System before the next flight. The cause of the damage, i.e. the shedding 
of the foam was not corrected. A comprehensive investigation to demonstrate that the foam 
shedding from the bipod ramp does not threaten safety was also not carried out. All action 
taken in the long history of foam shedding to prevent damage from the Space Shuttle have 
been fragmentary and insufficient and an adequate trend analysis of foam loss was missing. 

The last event of foam shedding from the bipod ramp occurred in October 2002. This was the 
first time that the damage in the Thermal Protection System caused by the impact was not 
classified as In-Flight Anomaly. This illustrates that foam debris losses had developed in the 
perception from a violation of design requirements to a maintenance problem with no safety-
of-flight concern.  

2.2.2.2 Inadequate Assessment Tools  

The existing model to predict potential damage to the Thermal Protection System by debris 
had been developed and calibrated for small debris. Though shedding of larger pieces of 
foam was observed in the past, this model was never adopted and verified for impact of large 
debris.  

Therefore, when the evaluation of images from launch of Columbia revealed on flight day two 
that a large piece of insulation foam from the left bipod area of the External Tank had hit the 
Orbiter´s wing a reliable tool to predict the potential consequences to the Thermal Protection 
System was missing. In addition, a short time before the accident the responsibility for this 
type of analysis had been transferred to another team which did not have much experience.  

Immediately after the information on the foam strike was spread there have been different 
concerns by Shuttle Program managers and working engineers about the potential damage. 
Therefore, the analyst who was responsible for the investigation started to calculate the 
damage that might have resulted from such a strike. He had only used the model twice 
before and it was the first time that the model was used for a mission that was on orbit. The 
analyst had reservations about using the model for the piece of foam debris that struck 
Columbia. The Results of his calculation seemed to be alarming since they did indicate a 
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potential safety-of-flight risk. Nevertheless, due to the uncertainties in the model the analysis 
did not provide clear results what the possible damage could be.  

2.2.2.3 Deficiencies in Decision Making  

Despite the concerns about safety of the Orbiter due to the debris strike the responsible 
management took the decision that safety was not in doubt and no additional imagery or 
visual inspection by Columbia crew would be necessary to prove safety. Several aspects 
have contributed to this flawed decision making.  

Very early in the Columbia mission an Debris Assessment Team has been formed in order to 
combine the different efforts and to evaluate the potential safety-of-flight risk from the foam 
debris. But the team did not get the correct organisational status. Therefore, its actions, 
requests and results were not managed by the normal formal procedure which led to major 
problems.  

The analysis on the potential safety-of-flight risk from the foam debris strike performed by the 
Debris Assessment Team did not reveal clear results due to lack of an appropriate model 
and lack of experience of the analysts. In addition, though respective tools and requirements 
were existing the results presented to the management did not included a quantification of 
the range of uncertainties and a risk analysis. This information would have helped 
management understand the risk involved in its decision.  

Communication problems contributed to the flawed decision too. As there have been no 
participants from the Mission Management Team, which is responsible for all decision 
making concerning the flight of Columbia, in the Debris Assessment Team there was no 
clear communication between the two teams. The Investigation Board identified that there 
was an unofficial hierarchy among NASA programs and directorates that hindered the flow of 
communications. The engineers who understood their system and related technology saw 
the potential for a problem on landing, but their concerns never reached the Mission 
Management Team. Later on managers claimed that they did not hear the engineers’ 
concerns. In fact they did not ask and listen.  

The attitude of the managers in the Mission Management Team can be best characterised by 
lack of awareness with respect to the potential significance of foam debris strikes. This may 
be partly explained by the organisational culture of NASA and the long history of foam 
shedding that did not cause any serious safety-of-flight problem.  

The attitude of the Mission Management Team members may also have contributed to the 
lack of facts gathering for decision making. During the whole discussion on the potential 
significance of the foam strike, the Mission Management Team plaid a passive role. It did not 
take the leadership to manage proper evaluation of the problem by experienced engineers. 
Instead, the low level of concern of the Mission Management Team members was very 
resistant to arguments indicating the potential of a serious damage. It established a wall 
between the decision makers and the concerned engineers. Thus, the engineers found 
themselves in the position of having to prove that something is unsafe - a reversal of the 
usual requirement to prove that a situation is safe. This indicates, that the attitude in the 
organisation had changed from a critical attitude to everything that could threat safety of the 
Orbiter to a critical attitude to everything which could delay the schedule.  
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2.2.2.4 Contributing Factors  

The Columbia Accident Investigation Board spent large efforts not only to identify the root 
causes of the accident but also to address those factors inside and outside the organisation 
which contributed to an environment in which the causes of the accident could develop. The 
main results of this part of the investigation are briefly summarised in the following.  

Decreasing Political Support  

After the end of Cold War in the late 1980s NASA lost a lot of its political support and the 
priority of several projects could no longer be justified by the superpower struggle. There was 
a constant pressure from White House, Congress and NASA leaders to reduce the cost or at 
least to freeze operating cost of Space Shuttle. This reduction had impacts on technical 
decisions, organisational structure and outsourcing. Since NASA falsely believed that Space 
Shuttle Mission had become routine responsibilities for Shuttle operation and safety was 
turned to a single prime contractor. As a consequence, NASA  reduced its involvement in 
ensuring Shuttle safety and lost competence. The budget reductions for Shuttle operation 
resulted also in a declining support base of second and third contractors. These 
developments coincided with demands for additional resources due to greater maintenance 
requirements of the ageing Shuttle fleet.  

Pending Decision on Space Shuttle Replacement  

The decision on replacement of the Space Shuttle was pending for a long time and there was 
a big uncertainty how long the shuttle would fly before being replaced. This resulted in a 
delay of upgrades to make the shuttle safer and to extend its lifetime. Furthermore, the 
investments in Shuttle upgrades and in the infrastructure have been limited and inconsistent. 

Organisational Culture  

The organisational culture of NASA developed in the Cold War environment and can be 
characterised by an exceptional ´can-do´ culture. This culture was very resistant to changes. 
It never substantially changed and was never fully adapted to the Space Shuttle Program 
with its goal of routine access to space. As a consequence of NASA´s organisational culture 
significant deficiencies in its safety culture could develop. The insufficient root cause analysis 
of problems during the different missions led to engineers and managers getting accustomed 
to safety problems. This resulted in an environment in which engineers had to prove that 
something was unsafe instead of proving that something is safe.  

The organisational culture also contributed to lack of adaptation of the overall program to the 
reality of budget which is characterised by the Investigation Board by “trying to do to much 
with to little”. With respect to Space Shuttle Program this resulted in loss of any margins to 
cope with unforeseen problems.  

Schedule Pressure  

Another contributing factor was an all-embracing schedule pressure due to the launch date of 
the last module to complete the U.S part of the International Space Station. If this launch 
date was not met, NASA would risk support from the White House and Congress for 
subsequent Space Station growth. This date seemed etched in stone and little by little NASA 
was accepting more and more risk in order to stay on schedule. Because of lack of any 
schedule margin, the schedule pressure created a climate in which safety concerns where 
just treated as threat to the schedule.  
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Deficiencies in Communication  

Deficiencies in communication were identified as contributing factor too. There was a lack of 
a clear communication resulting in an insufficient flow of information between the different 
departments, from top to bottom and vice versa as well as in an inadequate process in 
handling problems or concerns. In addition, the transfer of responsibilities also created 
barries for effective communication.  

Ineffective Safety Office  

After the Challenger accident the investigation commission recommended to establish an 
independant Office of Safety, Reliability and Quality Assurance. Though such an office was 
created it never got the independance and authority recommended by the investigation 
commission. By the time, its independance and authority further deteriorated. During the final 
Columbia mission the safety representatives plaid  a completely ineffective role. They 
attended all meetings of Debris Assessment Team and Mission Management Team but were 
always passive and silent.  

3 NPP OPERATING EXPERIENCE  

In this chapter the findings from the Columbia accident with respect to root causses are 
compared to results of German NPP operating experience. The chapter is following the 
structure of chapter 2. Each section is starting with a brief summary of the findings discussed 
in the respective section of chapter 2. Thereafter, German NPP operating experience 
highlighting similar root causes will be discussed. Since it is not possible to provide an 
exhaustive discussion of the respective operating experience in this presentation the paper 
has been limited to some examples.  

3.1 Deficiencies in Operating Experience Feedback Process  

The Columbia Accident Investigation Board concluded that deficiencies in the operating 
experience feedback process have been a key root cause of the Columbia accident. The 
main findings are: (1) lessons learned from a precursor event not effectively implemented 
and (2) a safety problem pending for a long time neither solved nor sufficiently analysed and 
thus becoming normality for the personnel by the time.  

Similar characteristics can be found in reportable events from German NPP operating 
experience too. This will be illustrated by some examples.  

Potential Interfacing Loss Of Coolant Accident  

The event occurred in a Pressure Water Reactor in 1987. During start up, the first check 
valves in the residual heat removal system (RHRS) connection lines to the reactor coolant 
system hot legs have to be closed by disengaging the locking of valve stem in the OPEN 
position. When this step was performed in one train of the RHRS the CLOSED position was 
not indicated by the valve position indication. As the operators believed that the valve 
position signal and the alarm were incorrect they continued with plant start-up. There had 
been problems with the position indication of the check valves concerned from the beginning 
of plant operation. It was well known that the position indication was difficult to adjust and not 
reliable. The problem was not solved. Adequate investigation on potential consequences of a 
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first check valve not closed and how to proceed in case of the CLOSED position not 
indicated had not been performed.  

Some time later in the start-up procedure a high temperature alarm in the low pressure part 
of the let down line of the Chemical and Volume Control System (CVCS) was monitored. The 
reason was found in hot coolant passing through the first check valve and being released 
through a the safety valve into the CVCS let down line. The safety valve is attached to the 
RHRS line between first and second check valve to detect leakage through the first check 
valve. After detection of the leak the shift supervisor decided to shut down the plant. 
However a last trial was made to close the check valve by applying a differential pressure 
across the valve cone. For this purpose the isolation valve in the RHRS test line was opened. 
In the past when the check valve was leaking at start-up it could be closed by this action. The 
experience showed that the valve always was tight after that. But this time, the check valve 
did not become leaktight. The investigation performed after the event revealed that the valve 
was sticking open.  

As a consequence, high pressure and temperature primary coolant entered the low pressure 
part of that RHRS train and caused the opening of a safety valve in the test line releasing 
primary coolant into the annulus outside the containment. The loss of coolant was stopped 
by closing the isolation valve in the test line. The event raised serious safety concerns 
because of its potential for an Interfacing Loss of Coolant Accident, in particular since the 
test line was not designed for high pressure and temperature primary coolant.  

In the course of analysis carried out after the event a similar event in this plant was found 
which happened about 10 years ago without taking the appropriate corrective actions.  

Inadvertent Boron Dilution in Refuelling Water Storage Tanks  

In 2001, during start-up of a PWR part of the water volume of the refuelling water storage 
tanks of three trains of the emergency core cooling system was inadvertently refilled by 
demineralised water instead of borated water. This was not recognized by plant staff and the 
plant went into power operation. Cause of the event was the wrong position of a manual 
valve in the boron acid and demineralised water injection system. In the past there have 
been some problems with the valve. The position of the valve was difficult to determine and 
occasionally the valve was sticking due to boron acid deposits. This had not been resolved.  

About 14 days later the personal noticed the error and started to correct the boron 
concentration in the refuelling water storage tanks which took more than one week. First 
analysis carried out immediately after identifying the error gave the result that the boron 
concentration in the refuelling water storage tanks concerned was below the requirements 
but sufficient to ensured a sub-criticality in case of a Loss of Coolant Accident. Since the 
Technical Specification were not precise for such a case, it was decided to go on with power 
operation and not to shut the plant down.  

Investigation performed after the event revealed that the first analysis was flawed. The 
analysis was based on optimistic assumption and did not properly take into account the 
actual conditions and the different phenomena with respect to boron dilution like stratification. 
Therefore, from a safety point of view shutdown of the plant would have been demanded.  

The safety concern with respect to the event is the potential for re-criticality of the reactor in 
case of a Loss of Coolant Accident. Though in-depth analysis and experiments after the 
event revealed that for the conditions of the event re-criticality of the reactor in case of a Loss 



9 

of Coolant Accident would not occur, re-criticality in case of a Loss of Coolant Accident could 
not be excluded under different boundary conditions.  

Like in the first example, investigation after the event showed that the event was preceded by 
another event about a year before where demineralised water was erroneously injected into 
the spent fuel pool due to wrong position of the same valve. This event was not judged as 
safety significant. Thus it had not been analysed in-depth and no corrective actions had been 
implemented.  

Radiolysis Gas Detonation  

In 2001, several alarms occurred in the control room of a Boiling Water Reactor during full 
power operation indicating a steam leakage inside containment at the reactor pressure 
vessel head spray (RPVHS) line. The leakage could be manually terminated by closing a 
valve in the drain line of the RPVHS line. Immediately after the event shift personnel reduced 
the reactor power. After first analysis, the operating staff assumed that only a small leak at a 
flange in the RPVHS line had occurred. Therefore, full power operation was resumed. Based 
on their assumption of a flange leakage operating staff decided not to enter the containment 
for an in-situ inspection of the affected location.  

After the event until end of January 2002, the utility performed respectively ordered further 
analyses aiming to justify the assumption of a flange leakage, i.e. overall integrity of the 
RPVHS line. In the course of the investigation performed after the event, the licensee came 
to the conclusion that the measured data, alarms and indications during the event could not 
consistently be explained by the original assumption of a small spontaneous seal leakage at 
one of the RPVHS line flanges. Therefore, further causes were taken into account, in 
particular water hammer and radiolysis gases reaction. Radiolysis gases reaction was ruled 
out because analyses at that time showed that in case of a radiolysis gases reaction 
pressure was not high enough to damage the RPVHS line. Thus, investigations focussed on 
water hammer. But until mid February still open questions existed to explain the alarms of 
the limit switches of the containment isolation valves and the temperature history in the 
RPVHS line.  

Therefore, on February 18, 2002, the reactor power was decreased to visually inspect the 
RPVHS line inside the containment. The visual inspection of the RPVHS line revealed that 
part of the RPVHS line between the check valve at the reactor pressure vessel and the inner 
containment isolation valve was completely destroyed. In-depth analysis performed after this 
finding concluded that the damage had been caused by a radiolysis gases reaction. Due to 
untightness of the containment isolation valves of the RPVHS line and some degradation of 
the draining capacity of the drain line water accumulated in the lower part of the RPVHS line. 
This led to substantially higher accumulation of radiolysis gases in the RPVHS line than 
predicted by theoretical calculations. The ignition mechanism could not clearly be identified 
by the in-depth analysis.  

Events related to radiolysis gases reaction have a long history in German and foreign BWR 
operating experience. To prevent recurrence of such events, corrective actions such as 
catalysts and temperature monitoring devices were implemented in some areas of German 
BWRs in the late 80ies. Later on, due to operating experience the scope of corrective actions 
was extended step by step. In 1999, a further event caused by radiolysis gases explosion 
occurred at the plant affected. After that event, a review of the measures implemented to 
cope with radiolysis gases accumulation was made. Additional measures were taken if 
deemed necessary. The criterion taken to decide on the need of measures in a specific area 
was that all of the following three conditions are fulfilled: (1) ignitable radiolysis gases can 
accumulate, (2) possible ignition sources are existing, and (3) the component strength 
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against possible radiolysis gases reaction pressures is not sufficient. Due to the analysis no 
additional measures had been taken for the affected part of the RPVHS, because no 
possible ignition source had been identified. One cause among other things was, that the 
analyses conducted assumed undisturbed as designed conditions and did not consider 
possible deviating boundary conditions or disturbances to the necessary degree.  

International Operating Experience  

Recurrence of significant events because of deficiencies in the operating experience 
feedback process are of international concern since many years. This includes existing 
operating experience not sufficiently evaluated, lessons not or not adequately learned, and 
corrective actions not, not timely or not effectively implemented. Therefore, NEA´s CSNI 
working group on operating experience has performed a generic study on recurring events 
due to deficiencies in the operating experience feedback process based on information 
available in the IRS. The results of this study will be published soon. They underline the 
importance of the respective findings of the Columbia root cause analysis for NNP.  

3.2 Inadequate Assessment Tools  

After the start of COLUMBIA and detection of the loss of insulating foam, theoretical 
analyses on potential impacts were initiated. But the existing model for assessing damage by 
debris strikes was not adopted and verified for large pieces of foam such as observed during 
launch of Columbia. Therefore, the analysis performed using this model deemed to have a 
high degree of uncertainty and thus did not  provide clear results.  

Lack of appropriate assessment tools can also be identified in the second example in section 
3.1 related to the erroneous injection of demineralised water into borated water storage tanks 
of the ECCS. Boron dilution phenomena are under investigation since several years, e.g. to 
assess the safety significance of the reflux condenser mode during Small Loss of Coolant 
Accidents or of inadvertent demineralised water injection into the reactor coolant system 
during shutdown modes. Though models for assessing boron dilution phenomena were 
existing at the time of the event, they were lacking verification in particular with respect to the 
specific boundary conditions prevailing during the event. Thus, when a short-term 
assessment of the safety impact had to be performed a simple model (homogeneous mixing) 
and optimistic assumptions have been used. This approach led to flawed results which 
became evident by the in-depth analysis carried out later on.  

But wrong assessment of the safety significance is not limited to lack of appropriate 
assessment tools. Lack of sufficient and timely in-depth evaluation of existing operating 
experience may result in a similar situation when a short-term assessment is required for a 
complex situation in the course of an event. This is illustrated by the two other events 
discussed in section 3.1. In both events the phenomena important for safety are complex. On 
principle, the tools to assess these phenomena were existing. But in these events respective 
former operating experience had not or not sufficiently exhaustive been evaluated. Thus, 
operating staff was not sufficiently prepared and came to wrong conclusions when a short-
term judgement had to be taken.  
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3.3 Deficiencies in Decision Making  

The flawed decision taken by the Mission Management Team was caused by flawed 
analysis, blocked or ineffective communication channels, missed opportunities, insufficient 
information basis, ineffective leadership and lack of awareness.  

Deficiencies in decision making are also highlighted by the examples from German NPP 
operating experience discussed in Section 3.1. In all three examples the information basis for 
an adequate assessment of the potential implications for safety was not sufficient. As shown 
by in-depth analysis carried out later on, in all three examples a decision was taken which 
was not adequately reflecting safety aspects.  

For all three events there have been precursors which were not sufficiently investigated. This 
ranges from lack of analysis to in-depth analysis not taking into account unfavorable 
boundary conditions. Thus, plant staff was not adequate prepared when a short-term 
judgement had to be taken.  

Lack of awareness and deficiencies in leadership can be observed in particular in the first 
examples. The unsafe action taken by operators during the event was a result of a long 
experience and the thought that there will be no problem. Negativ consequences were not 
taken into consideration. The example illustrates the degradation of awareness by previous 
operating experience and practices which did not lead to a safety problem. The other two 
examples are showing lack of awareness and deficiencies in leadership too. An indication is 
that the assessments performed for decision making was too narrowly focussed and did not 
consider all relevant aspects.  

3.4 Contributing Factors  

The Columbia Accident Investigation Board addressed a number of factors inside and 
outside the organisation which contributed to the environment in which the causes of the 
accident could develop. Some of these factors can also be observed in the nuclear industry.  

Since some years, there are large efforts to reduce operating costs of NPP. This includes 
reduction of staff both at headquarters and plants as well as reduction of budgets. As a 
consequence, outsourcing, i.e. the number of tasks performed by contractors is increasing. 
There are also efforts to reduce costs in the technical area, part of which are taking credit of 
“unnecessary” safety margins. Other factors that can be observed are pressure on plant 
operation due to economic reasons and discussion on the need of investment in plant 
equipment and staff taking into account the agreement on phase out of NPP.  

At present, the operating experience from German NPP does not provide clear examples 
that these factors are significantly impacting safety. But there are indications from operating 
experience that problems may rise. Important areas are staffing and competence of the 
operator to adequately supervise contractors and keep its responsibility for safety. There are 
also signs of decreasing competence of contractors with respect to safety aspects which may 
impose additional requirements on staffing and competence of the operator in contrast to the 
development observed today. The same is valid for the decreasing basis of contractors 
which increases dependance and vulnerability. Therefore, these trends have to be carefully 
monitored and evaluated to prevent unfavorable develeopments for nuclear safety.  
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4 CONCLUSIONS  

The evaluation of the Columbia accident revealed a substantial number of root causes and 
factors which contributed to the accident. Main root causes identified by the Columbia 
Accident Investigation Board are deficiencies in the operating experience feedback process, 
inadequate assessment tools and deficiencies in decision making of management. When 
comparing these results to German NPP operating experience similar patterns can be 
identified in the reportable events. This finding is not limited to events which occurred in the 
early years of the use of nuclear energy. There are significant events in the last years 
showing these patterns too. Applying the conclusions drawn from the investigation of the 
Columbia accident this finding indicates substantial deficiencies in the overall operating 
experience feedback process, the proactive approach to safety problems and management 
technics regarding adequate decision making with respect to safety.  

The Columbia Accident Investigation Board spent also large efforts to address those factors 
inside and outside the organisation which contributed to an environment in which the causes 
for the accident could develop. The main contributing factors identified are major reduction of 
resources (stuff and budget), schedule pressure, organisational culture, organisational 
problems in particular deficiencies in communication and ineffective safety office. Some of 
these factors can also be observed in the nuclear industry. At present, the operating 
experience from German NPP does not provide clear evidence to which extent these factors 
are impacting safety. The reason is that in-depth analysis addressing this factors like the 
Columbia investigation did are not carried out. Based on the findings of the Columbia 
investigation it can be assumed that these factors if existing are influencing safety of NPP 
too. Hints which can be gained from operating experience are supporting such a conclusion 
too.  
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ABSTRACT: Taking into account the major importance to solve sump plugging in case of primary 
break, modernization of sump filters design on ROVNO NPP has been engaged. This action has 
been realized using a «2+2» approach, which had been proposed by the Commission of the 
European Community (CEC) in 1998, with the purpose of effectiveness increase of activities under 
realization of TACIS program projects. This paper gives a short summary of the different actions 
performed by the Technical Support Organization (IRSN, France), the State Scientific and Technical 
Center for Nuclear and Radiation Safety (SSTC NRS, Ukraine), the State Nuclear Regulatory 
Committee of Ukraine (SNRCU), the ROVNO NPP, assisted by EDF and the designer (FORTUM 
and FRAMATOME).

1 INTRODUCTION

Equipment and pipelines of primary and secondary circuits inside of the containment are covered with 
fiber insulation. Under an accident with coolant loss, steam or water flows can damage insulation. 
After transportation by the different flows (break flow, spray system flow) to the bottom of the 
containment, this insulation material can clog ECCS sump filters, increasing risk of circulation loss 
in ECCS system in conditions of intermediate and large leakages (LOCA). Drawbacks of insulation 
design affect protection level 1 and under accidents with coolant loss can lead to ECCS general 
common cause failure due to sump filters and/or ECCS heat exchangers clogging. Considerable risk 
of circulation loss seriously affects protection level 3. In this situation fulfillment of safety functions is 
doubted for scenarios included in the list of design basis accidents.
Project U1.01/97A was foreseen in the frame of TACIS technical assistance program, in accordance 
with which modernization of sump filters should be implemented. The objective of the project was to 
improve the sump inlet conditions of the Emergency Core Cooling System on ROVNO NPP units 1 
and 2. 
Two ways of solution of this problem were proposed:
Modernization of sump filters design.
Replacement of equipment insulation.
For ROVNO NPP units 1 and 2, the first way had been chosen.
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2 LICENSING PROGRAMME

Licensing of the project is realized using the «2+2» approach, which had been proposed by the 
Commission of the European Community (CEC) in 1998, with the purpose of effectiveness increase 
of activities under realization of TACIS program projects.
The «2+2» approach can be presented in the following way.
Operating organization of an EC country, which is permanently at an NPP site, provides support to 
Ukrainian operating organization on implementation of safety upgrading measures.
Technical Support Organization of an EC country (EC TSO: RISKAUDIT and IRSN) jointly with 
the Ukrainian State Scientific and Technical Center for Nuclear and Radiation Safety (SSTC NRS) 
provides support to State Nuclear Regulatory Committee of Ukraine (SNRCU) in assessment of the 
proposed safety upgrading measures. 
EC TSO’s use the approach accepted in their countries and their state of the art practices and in 
parallel, SSTC NRS checks it for compliance with Ukrainian practice. Both parties harmonize their 
conclusions and recommendations, which are thereupon submitted to SNRCU.
Such approach allows realizing efficient discussion of emerging problems, aimed in the end at 
agreement of solutions acceptable from the safety point of view, with reduction of work delays. 
One of the main tasks of the «2+2» approach is experience upgrading of Ukrainian experts by means 
of know-how transfer and Western practice used during nuclear and radiation safety assessment. 

3 PERFORMED ACTIVITIES 

3.1 Design

The design basis report NUCL-1096 from the designer presented the assumption file used for the 
design of the new sumps.
The design insulation debris filtration capacity was defined according to the principles set in the NRC 
Regulatory Guide 1.82. The whole amount of the insulation debris is considered as a simple sump 
design load reflecting the assumption of a single emergency cooling train in operation. Design basis 
debris load for a single sump was estimated 220 kg within distance of 7 times leak diameter (DN500) 
including a margin of 10% of additional amount. A transport factor was proposed.
The maximal filter mesh size was defined to be 2x2 mm. The maximum pressure loss over the filter 
screen was defined to be 20 kPa. The maximal basis flow rate was 1020 m3/h. Temperature for filter 
testing was chosen to be 50°C.
Moreover, the designer considered that the effect of particles or paints was negligible.
The design of the new sump is provided on FIGURE. The sump is made by a channel on which 
are connected a large amount of filtering elements. The critical factors are the filtering area and the 
distance between the filtering surfaces, for which validation tests were foreseen.
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3.2 Assessment of the design

The assessment of the improved design led to the following comments:
- first at all, the assumptions of the assessed document to be used for defining the loadings in 

relation with the design of a new filtering system took into account specifications defined in a 
previous document. Consequently, in the worst case, it was required to be kept in mind that 
the results of the corresponding studies to be performed could lead to identify deficiency and 
in fact to conclude to the need to submit an alternative solution,

- taking into account the fact that the Containment Spray System is in operation during a 
LOCA and consequently able to washdawn all, or a part, of thermal insulation located on the 
loops, the amount of thermal insulation dislodged could be strongly higher than when it is just 
considered a steam/water jet effects and the design of new filters. A review was required,

- a spherical model was used to estimate the amount of thermal insulation destroyed. A ratio 
of 7 was proposed by the designer which led to an amount of 200 kg to be considered to 
design the filters. The L/D ratio to be considered is full of uncertainties and the value can 
vary from 10 (US studies) to 40 (VATTENFALL and SKI estimation). Also, a second approach 
considering a ratio of 12 was proposed and a mass of about 800 kg was reviewed. Moreover, 
the transported fraction was discussed,

- the assumption coming from studies performed for other VVER plants leading to consider 
that the quantity of particles is negligible was considered as questionable. Consequently, it 
was required that the assumptions and the results of the corresponding studies will have to 
be presented and commented,

- consideration about new filters resistance against the jet effects and earthquake was 
required. The designer proposed to justify it in the detailed design,

- consideration about mechanical behavior of the screens under maximal head loss was 
required. The designer proposed to justify it in the detailed design,

- consideration about profile temperature was required to investigate the possibility to have an 
increase of the head loss during medium term. The contractor accepted to test this parameter 
in a separated test,

- consideration about the maximal values of the flow rates of ECCS and CSS was required,
- consideration on the efficiency of the new sump (filtering area, distance between filtering 

surfaces) was required,
- consideration on the test program was required. It concerned:

 - the calculations and justifications of the maximal velocity including those at the junction 
between flow channel and filtering element,

 - the capacity of the test facility to reproduce the maximal velocities,
 - the detailed procedure of test to be submitted before performing the test.

The designer has answered to these comments.
- consideration about the procedure of test for the passive cleaning system was required for 

defining the strategy for the operator to use the cleaning system in emergency situation. The 
designer has considered this item and will provide the strategy in the PSAR.
In conclusion, the designer considered the different remarks for the design and for the 
experimental program of validation.
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3.3 Assessment of the validation programme

Under performance of modernization, normative documents require performance of equipment 
tests for confirmation of its parameters and characteristics. Since it was not possible to perform the 
full-scale tests of sump filters, it had been decided to perform model tests and to demonstrate that 
obtained results are adequate to actual conditions.
With this purpose, Licensee submitted for evaluation a document titled «Assumption File» containing 
necessary input data, which was the basis for sump filters design, and also a program of filter model 
test.

Joint assessment of these documents demonstrated, that a number of input data required revision 
and additional substantiation. First of all, taking into account results of IRSN studies that led to 
disagree recommendations of the RG 1.82 revision 2, investigations on temperature values, duration 
of the test planned and amount of insulation have been required. Consequently, new conditions 
have been defined to perform tests, calculation of which had been performed on the basis of drafts 
of documents.

Moreover, results of tests performed by IRSN in Slovakia and in Russia in particular on a full-scale 
model for French reactors pointed out the necessity of revision of documents.
Absence of active system for sump filters cleaning was also of concern for experts.
According to experts’ recommendations, designer of filters carried out additional model tests under 
temperature 80O C and duration 96 hours in comparison with the 24 hours recommended in the 
RG 1.82. Changes concerning assurance of required flow rate under operation of filters had been 
introduced into design. 
Results of these tests are presented in the APPENDIX.
The experts had recommended improving the test programs in order to take into account all 
phenomena.

According to the revised program, tests had been performed at the designer’s site, which 
confirmed acceptability of the used model for development of sump filters design. These 
documents had been jointly reviewed by the experts and recommended for approval by SNRCU.

4 CONCLUSION

Results presented in this report demonstrate efficiency and appropriateness of «2+2» approach 
used in the assessment of the proposed safety upgrading measures, and also vividly demonstrate 
the efficiency of the transfer of know-how and Western practice used under performance of nuclear 
and radiation safety assessment for experience upgrading of Ukrainian specialists.
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APPENDIX

RESULTS FOR THE TESTING IN HIGH TEMPERATURE DURING LONG TERM.

• No effects of higher pressure loss development during long term was observed,

• The chemistry resulted low ph-values from 7,84 to 7,78 during the higher temperatures

• The surface of the fiber bed ”hardened” during the long term

• No air was inside the suction box at the end of the test

• The fiber bed was broken at the end of the test during the phase when temperature was lowered 
from 80 to 50 C. This was a result of the forces from higher pressure loss (effect of water viscocity 
changes), which forced the two fiber bed surfaces apart from each other. This created a new 
flowpath for the water inside the center of the filter, reducing the pressure loss approximately 3 
kPa. This was a result of special test arrangement.
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ABSTRACT: This paper presents a summary of the International Common Cause Data Exchange 
project (ICDE), which is operating under the umbrella of the OECD/NEA. This project was established 
to encourage multilateral co-operation in the collection and analysis of data relating to common cause 
failure (CCF) events. IRSN and GRS actively take part in this project since its beginning and support 
it substantially. The ICDE operates with a clear separation of the collection and analysis activities. In 
the first stage of the project, emphasis has been put on the collection activities. The data collection 
and qualitative analysis result in qualitative CCF information that can be used for the assessment of 
the effectiveness of defences against CCF events and of the importance of CCF events in the PSA 
framework. The qualitative insights on CCF events generated by the task force are made available 
to CSNI countries through external reporting. Up to now, data analysis and exchange have been 
performed for Centrifugal Pumps, Diesel Generators, Motor-operated Valves, Safety Relief Valves, 
Check Valves and Batteries. Final reports for Centrifugal Pumps, Diesel Generators, Motor-operated 
valves and Safety Relief Valves have been published. The information presented in this paper is 
property of countries participating in ICDE project. Members’ countries participating are:  Canada 
(CNSC), Finland  (STUK), France (IRSN), Germany (GRS), Japan (NUPEC), Korea (KAERI), Spain 
(CSN), Sweden (SKI), Switzerland (HSK), United Kingdom (NII),  United States (NRC).

1 INTRODUCTION

Common-cause-failure (CCF) events can significantly impact the availability of safety systems of 
nuclear power plants. In recognition of this, CCF data are systematically collected and analysed 
in several countries. A serious obstacle to the use of national qualitative and quantitative data 
collections by other countries is that the criteria and interpretations applied in the collection and 
analysis of events and data differ among the various countries. A further impediment is that 
descriptions of reported events and their root causes and coupling factors, which are important to 
the assessment of the events, are usually written in the native language of the countries where the 
events were observed. 
To overcome these obstacles, the preparation for the international common-cause data exchange 
(ICDE) project was initiated in August of 1994. Since April 1998, the OECD/NEA has formally 
operated the project under the coordination of the Committee on the Safety of Nuclear Installations 
(CSNI). The Phase II with an agreement period covered years 2000-2002 and phase III cover the 
period 2002-2005.

ICDE Project – Brief presentation of an international collaboration
on collecting and analysing CCF events

J. Tirira
A. Kreuser

Nuclear Safety and Radioprotection Institute
Gesellschaft für Anlagen und Reaktorsicherheit (GRS)mbH 
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This paper is based on a draft of the general presentation of ICDE project, which was initially 
prepared by Clearinghouse and the OCDE/NEA Secretariat Mr. P. PYY.

2 OBJECTIVE AND SCOPE

The objective with the ICDE activity is to provide a framework for a multinational co-operation: 
• to collect and analyze CCF events over the long term so as to better understand such 
events, their causes, and their prevention;
• to generate qualitative insights into the root causes of CCF events which can then be 
used to derive approaches or mechanisms for their prevention or for mitigating their consequences;
• to establish a mechanism for the efficient feedback of experience gained in connection 
with CCF phenomena, including the development of defenses against their occurrence, such as 
indicators for risk based inspections; and

• to record event attributes to facilitate quantification of CCF frequencies when so 
decided by the Project Working Group.
The ICDE operates with a clear separation of the collection and analysis activities. In the first 
stage of the project, emphasis has been put on the collection activities. The data collection and 
qualitative analysis result  in qualitative CCF information that can be used for the assessment of 
the effectiveness of defences against CCF events and of the importance of CCF events in the PSA 
framework. The qualitative insights on CCF events generated by the task force are being made 
available to CSNI countries through external reporting.
Signatory countries can use the information content in the database to generate their own quantitative 
CCF parameters. An international co-operation for quantification of CCFs may be separately 
established in future, if the participating organisations wish to do so.

3 ICDE ORGANISATION

The ICDE Steering Group (SG) controls the project and their responsibilities include the following 
types of decisions: secure the financial (approval of budget and accounts) and technical resources 
necessary to carry out the project, nominate the ICDE project chairman, define the information flow 
(public information and confidentiality), approve the admittance of new members, nominate project 
task leaders (lead countries) and key persons for the Steering Group tasks, define the priority of the 
task activities, monitor the development of the project and task activities, monitor the work of the 
clearinghouse and quality assurance and prepare the legal agreement for project operation. The SG 
meets twice a year on average.
In most countries the data exchange is carried out through the regulatory bodies, with the possibility 
to delegate it to other organisations. The ICDE database is available for signatory organisations. The 
only possibility to get access to the working material is to actively take part in the data exchange. 
Member countries, which form the Steering Group under the Phase III Agreement of OECD/NEA and 
the organisations representing them in the project, are: Canada (CNSC), Finland (STUK), France 
(IRSN), Germany (GRS), Japan (NUPEC), Korea (KAERI), Spain (CSN), Sweden (SKI), Switzerland 
(HSK), United Kingdom (NII), United States (NRC). 
The steering group is assisted by the OECD/NEA project secretary and the Clearinghouse. OECD/
NEA is responsible for administering the project according to OECD rules. This means secretarial and 
administrative services in connection with the funding of the Project such as calling for contributions, 
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paying expenses incurred in connection with the Clearing House and keeping the financial accounts 
of the Project.  The Clearinghouse is responsible for the database and consistency analysis in 
particular the Clearinghouse verifies whether the information provided by the national co-ordinators 
complies with the ICDE Coding Guidelines.  It also verifies the correctness of the data included 
in the database jointly with the national co-ordinator who has provided such data. In addition the 
Clearinghouse operates the databank.
Project Quality Assurance: The responsibilities of participants in technical work, document control 
and quality assurance procedures as well as all other matters dealing with work procedures are 
described in the ICDE Quality Assurance Programme.

4 TECHNICAL SCOPE OF THE ICDE ACTIVITIES

It is intended to include in ICDE the key components of the main safety systems. The data collection 
and qualitative analysis shall result in quality assured data recorded in databases with consistency 
verification performed within the project. The ICDE activity defines the formats for collection of CCF 
event experience in a quality assured and consistent database. This task includes the development 
of a set of coding guidelines describing the methods and documentation requirements necessary for 
the development of the ICDE databases.
In the context of the ICDE data collection it is envisaged to collect all possible events of interest, 
including both complete and potential CCF events. To include all events of interest an “ICDE event” 
is defined as follows: “Impairment of two or more components (with respect to performing a specific 
function) that exists over a relevant time interval and is the direct result of a shared cause.

Possible attributes of impairment are: complete failure of the component to perform its function, 
degraded ability of the component to perform its function and incipient failure of the component. The 
relevant time interval is defined as two pertinent inspection periods (for the particular impairment) or, 
if unknown, a scheduled outage period.  
The ICDE Steering Group prepares publicly available reports containing insights and conclusions 
from the analysis performed whenever major steps of the Project have been completed. The ICDE 
Steering Group assists the appointed lead person in reviewing the Project report. Otherwise the work 
follows the quality assurance plans and external review is provided by CSNI/WGOE and CSNI in 
sequence.

5 DATA COLLECTION GUIDELINES

Data collection guidelines (Refs. 1 and 2) have been developed during the project and are continually 
revised. They describe the methods and documentation requirements necessary for the development 
of the ICDE databases and reports. The format for data collection is described in the generic coding 
guideline and in the component specific guidelines. Component specific guidelines are developed, 
for all analysed component types as the ICDE plans evolve, defining: the observed population to be 
used for the collection, the common cause component group (CCCG), component boundaries etc. 
The documentation consists of Descriptions, Format, Agreements, Definitions, Directory, Guides, 
Codes, Procedures etc.
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6 SYNTHESIS OF DATA COLLECTED 

Data analysis and exchange have been performed for Centrifugal Pumps, Diesel Generators, 
Motor-operated Valves, Safety Relief Valves, Check Valves and Batteries. The breakdown into the 
various components is shown in Table 1. Special emphasis is given on CCF events in which each 
component fails completely due to the same cause and within a short time interval. These events 
are called “Complete CCF”. 

Table 1 : Number of reported ICDE events and ICDE events with complete CCF

Component ICDE events ICDE events with 
complete CCF

Centrifugal pumps 125 19

Emergency diesel generators 106 17

Motor operated valves 86 5

Safety and relief valves 149 14

Check valves 94 7

Total 560 62

The database contains general information about event attributes like root cause, coupling factor, 
detection method and corrective action taken. 
The working group, consisting of the members of the Steering Group and Specialists in CCF 
analysis, presents qualitative insights on CCF events in its external reporting. The ICDE prepares 
reports containing conclusions on the analysis performed whenever major steps of the Project have 
been completed. The ICDE Steering group assists the appointed lead persons in reviewing the 
Project reports.
Final reports for Centrifugal Pumps, Diesel Generators, Motor Operated Valves and Safety Relief 
Valves have been published. IRSN and GRS jointly took the lead for preparing the report about 
Motor Operated Valves. The following paragraphs provide a brief overview on major insights from 
qualitative analysis of the ICDE database.

6.1 Collection and Analysis of Common-cause Failures of Centrifugal Pumps

This study examined 125 events in the International CCF Data Exchange (ICDE) database (Ref 3). 
Organisations from Finland, France, Germany, Sweden, Switzerland and the United States have 
contributed data to this first data exchange. 125 ICDE events, among them 19 with complete CCF, 
were reported from 84 plants (60 PWR plants and 24 BWR plants).
The table 2 provides statistical summaries of several important characteristics of the received data. 
Classification of root causes, coupling factors and corrective actions for events with complete failure 
showed following distributions:
• root causes: 70% human actions and procedural deficiencies, 20% hardware related,
• coupling factors : 66% operational, 33% hardware related,
•  corrective actions taken: more than 70% administrative/procedure controls, maintenance, 

operation and testing practices.
Most of the events leading to complete failure involve human error; they could be corrected by better 
procedures and control/maintenance practices.
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Table 2 : Summary statistics of centrifugal pump data

Event reports received Affecting group size Total

2 3 4 others

ICDE events 40 29 41 15 125

     Failure to run
     Failure to start

24
16

15
14

25
16

7
8

71
54

        Stand-by systems 39 17 15 - 71

        Operational systems, also intermittent 1 12 26 15 54

Complete CCFs1 14 3 2 - 19

     Failure to run
     Failure to start

4
10

-
3

1
1

-
-

5
14

         Stand-by systems 14 1 1 - 16

         Operational systems, also intermittent - 2 1 - 3

Common-cause component group records2 396 163 171 63 793

6.2 Collection and Analysis of Common-Cause Failures of Emergency Diesel Generators 
(EDG)

This study examined 106 events in the International CCF Data Exchange database by tabulating the 
data and observing trends (Ref. 4).  Once trends were identified, individual events were reviewed 
for insights. 
CCF data for the EDG component have been collected.  Organisations from Finland, France, 
Germany, Sweden, Switzerland, United Kingdom and the United States contributed data to this data 
exchange. Events were reported from pressurized water reactors, boiling water reactors, Magnox, 
and AGR. Table 3 summarises, by failure mode, the EDG CCF events used in this study. In this table 
a subclass of non-complete CCF is introduced as “almost-complete” CCF events. Examples of events 
that would be termed almost-complete are those events in which all but one of the components are 
completely failed and one component is degraded, all components are completely failed but the time 
between failures is greater than an inspection interval.

Table 3 : Summary statistics of emergency diesel generator data.

Event reports received Total Degree of Failure Observed

Almost-Complete Complete

ICDE events failure modes
Failure to run 61 10 5
Failure to start 45 11 12

Total 106 21 17

The largest set of complete failures (62 percent) occurs in the fail-to-start group.
The most likely root cause is design, manufacture, or construction inadequacy (43 percent). Most 
of the complete design faults are in the instrumentation and control subsystem, which contributes a 
significant portion of its CCFs to the fail-to-start mode.  It should be noted that the design category 

1 All components of CCCGs completely failed
2 Number of sets of CCCGs (CCCG is a set of identical components in a system, performing the same function)
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includes events that were faults of the initial design as well as modifications made subsequent to the 
original installation.  These are powerful mechanisms to introduce CCF to a piece of equipment.
Hardware is the dominant coupling factor (55 percent) and design modification is the most common 
possible corrective action (26 percent).  These are consistent with design being the dominant root 
cause.
The instrumentation and control subsystem is especially vulnerable to CCF from the human factor, 
due to the complexity and the function of instrumentation and control.  Procedures, maintenance, 
and operations all contribute to this root cause.
The distribution of CCF events by the CCCG size of the event indicates that the largest contributors 
are from CCCG sizes two and four.  These are consistent with the distribution of the installed CCCGs.  
Over 70 percent of complete CCF events are in CCCG size two systems. 
Testing is the primary way to detect CCF failures. The most common failure detected by inspection 
is leakage of a minor nature.
Cooling, engine, and fuel oil are most likely to result in fail-to-run.  Instrumentation and control, 
output breaker, and starting are most likely to result in a fail-to-start.  This does not shift significantly 
between all CCFs and complete CCFs.  Cooling and engine become much less significant and 
the instrumentation and control and fuel oil become much more significant.  The instrumentation 
and control contribution is consistent with the nature of that system since it controls the shutdown 
and control of the EDG. Therefore, small errors can propagate into complete failures of the EDG 
component. This subsystem has experienced many design modifications.

6.3 Collection and Analysis of Common-Cause Failures of Motor Operated Valves

This study examined 87 events in the International CCF Data Exchange (ICDE) database by 
tabulating the data and observing trends (Ref. 5).  Once trends were identified, individual events 
were reviewed for insights.
CCF data for the MOV component have been collected.  Organisations from Finland, France, 
Germany, Sweden, Switzerland and the United States contributed data to this data exchange.   ICDE 
events were reported from pressurised water reactors and boiling water reactors. 
Table 4 summarizes, by failure mode, the MOV ICDE events used in this study. Complete CCF 
events are CCF events in which each component fails completely due to the same cause and 
within a short time interval. Due to the low number (5) of observed complete CCF events no further 
detailed statistical analysis of this particular subclass of ICDE events is done in this study. A further 
subclass of ICDE events are partial CCF events having at least two completely failed components, 
not including the complete CCF events. This subclass contains 19 events.
Regarding the coded failure modes, there seems to be no rigid borderline between “failure to close” 
and “internal leakage” events. Looking at the verbal event descriptions, some of the “failure to close” 
events might also have been coded as “internal leakage” events and vice versa.
Testing is the dominant mode for detecting common cause failures. The used term “test” summarized 
all kind of tests like tests during annual overhauls, tests during operation, and unscheduled tests.
The report contains a further grouping according to a decision tree that shows the distribution of 
the same events further refined by kind of human and technical failures. The analysis shows that 
more than 50 % of the events could be assigned either to human error categories or to technical 
fault categories. For about 30% of the events, both human errors and technical faults have been 
identified.
There are errors in design calculations that caused false stroke forces. Wear is another widespread 
effect. The subcomponent “limit switch” caused also a substantial amount of CCF. Locking out 
failures during maintenance actions were also conspicuous. Selection of unsuited service media 
(mostly lubricants), the selection of improper materials, and assembly faults was less significant.
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Table 4 : Summary statistics of MOV data.

Event reports received Total Degree of Failure 
Observed

Partial Complete

ICDE events failure modes

  Failure to open 38 11 3

  Failure to close 34 7 1

  External leakage 1 0 1

  Internal leakage 9 0 0

  No failure mode coded 4 1 0

Total 86 19 5

6.4 Collection and Analysis of Common-Cause Failures of Safety and Relief Valves.

CCF data for safety and relief valves have been collected by organisations from Finland, France, 
Germany, Sweden, Spain, United Kingdom and the United States (Ref. 6). One hundred forty nine 
(149) ICDE events were reported from pressurized water reactors, boiling water reactors, Magnox, 
and AGR. Table 5 summarises, by failure mode, the SV/RV ICDE events used in this study. 

Table 5 : Summary statistics of SRV data

Event reports received Total Degree of Failure Observed

Complete

ICDE events failure modes

  Failure to open 104 11

  Failure to close 31 3

  Inadvertent opening 11 0

  Other 3 0

Total 149 14

There are 14 complete CCF events (9% of the included 149 events). Five complete CCF events 
evidently involve human error, 5 more are suspected to also involve human influence, as the 
licensee chose changes to test/maintenance procedures as corrective action (presumably shorter 
test or maintenance intervals). Only 3 complete CCF events are purely hardware related.
The number of reported complete CCF events decreases strongly with increasing degree of 
redundancy of the systems. For 82% of the ICDE events and 78% of the complete CCFs the 
potential exists for reduction of their occurrence rate by improving procedures and operator training.  
Better indications in the control room and unambiguous local identification of valves could also help 
to reduce the occurrence rate of ICDE events.
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6.5 Collection and Analysis of Common-Cause Failures of Check Valves

This study examines 94 check valves (CV) events reported in the ICDE database by tabulating the 
data and observing trends (Ref. 7). As part of this study, most of these events were reviewed in more 
detail and characterized by failure cause and failure symptom categories. 
Table 6 summarizes, by failure mode and degree of failure, the reported ICDE events. Seven of 
the reported ICDE events are complete CCF events. A further subclass of ICDE events are partial 
CCF events having at least two components completely failed, not including the complete CCF 
events. In comparison to the number of the complete CCF events the number of partial CCF events 
is more than three times higher. From Table 6 it is obvious that the most common failure mode of 
CVs is “failure to close”. This result is in line with the experience gained from the assessment of 
independent failures of CVs.
The remaining sixty-four ICDE events are CCF events in which less than two components failed 
completely. All other components of the observed group have the impairment attribute “degraded 
ability” or “incipient failure” or were not affected. However more than 75% of the ICDE events are 
assigned to the shared cause factor category “high”. 

Table 6 : Summary statistics of CV data

Event reports received Total Degree observed  

Partial Complete
ICDE events failure modes

Failure to Open
Failure to Close
External Leaking
Failure to Remain Closed/Internal Leaking
No proper interpretation

17
36
4

35
2

11
11
0
1
0

2
5
0
0
0

Total 94 23 7

88 of the 94 reported ICDE events were reviewed in some more detail with respect to failure causes, 
failure symptoms and failure mechanism. All events classified with a low “shared cause factor” were 
screened out.
The most common failure mode of CVs is “failure to close” (includes internal leaking). Deficiencies in 
operation are responsible for about 50% of the failure causes, mainly due to “deficient maintenance 
procedures”. In several cases test and maintenance intervals were too long, preventing detection 
of the failure mechanism in time. The other 50% of failure causes are design, construction, 
manufacturing deficiencies, mainly due to “deficiencies in design of hardware”.
Two failure symptoms have been identified to be dominant; valve movement impeded by deposition 
of dirt or oxidation products and valve leakage due to disk/seat surface degradation. Other failure 
symptoms are disk/seat misalignment and problems with loose or broken piece parts. The dominant 
failure mechanism are mechanical wear, (in particular disk/seat surface degradation causing the 
valve to leak), and chemical wear (in particular corrosion products impeding valve movement).

of Failure 
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6.6 Generic Insights from Data Collected in the ICDE Project

Main causes for complete CCF and principal scenarios of complete CCF events

ICDE events are categorised in the two categories (1) operation related human error involvement 
and (2) design, manufacturing and construction deficiencies. 
Operations related human error involvement means that the failure is either
•  Caused by human actions, maintenance or procedural problems as described by the root  

cause
• Or that the influences that created the conditions for multiple components to be failed result 
from maintenance or operations procedure deficiencies, as described by the coupling factor. 
Table 7 presents the summary of complete CCFs with operation related human error involvement 
and their principal failure cause categories. 
The remaining design, manufacturing and construction related deficiencies are dominated by 
problems related to design of hardware. Manufacturing and construction related deficiencies are not 
significant in the presented statistics.

Table 7 : Summary of complete CCFs with operation related human error involvement and 
principal failure cause categories

Failure cause categories Complete 
CCF

CC CCC CCCC 5-10 fold All
absence/insufficiency of testing after 
maintenance/repair/backfitting work 
(mostly undetected misalignment)

5 3 2 1 11

operator error due to deficient/
incomplete procedures for testing/
maintenance, insufficient work control

15 2 6 1 24

operator error of commission (wrong  
valve manoeuvring, wrong switch/
breaker positioning)

5 2 1 1 9

total (second number: all complete 
CCFs) 

25⊂ 39 
(64%)

7⊂ 10
(70%)

9⊂ 10
(90%)

3⊂ 3
(100%)

44⊂ 62
(71%)

7 IRSN-GRS COOPERATION ON ICDE DATA BASE USES

Cooperation is under way between IRSN and GRS. Within this framework, a comparison between 
German and French approaches for collecting and processing data is envisaged. An initial action 
has been defined with regard to assessing the impact of common cause failures in relation to 
the probabilistic safety evaluation. This action consists in comparing French and German data 
processing taking a single case:  common cause failure probabilities of diesel generators. 
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8 CONCLUSIONS

The analysis of the ICDE events provided a baseline set of parameters, which were subsequently 
re-arranged into groups representing important failure causes. Several high level findings are listed 
below:
•  For complete CCFs the relative share of human error involvement increases with the number of 

redundant components, but the frequency of occurrence of complete CCF sharply decreases 
with the number of redundant components.  

•  In essence: the higher the degree of redundancy of a system, the more it takes human action to 
fail the system.

•  High redundancy is an effective defence against complete CCF. However, complete CCF cannot 
be excluded by high redundancy.

•  Deficiency and incompleteness of procedures together with insufficient work control prove to be 
the most prominent cause for complete CCF. 

•  During re-qualification: human errors and organisational problems like deficient documentation 
and communication are important causes for complete CCF. Valves and electrical equipment 
were identified as particularly vulnerable to re-qualification errors.

•  Third in importance: operator errors of commission, i.e. the operator incorrectly applies a correct 
procedure. 

Main areas for improvement

•  Scrutinising existing operation, maintenance and testing procedures for deficiencies creating 
the potential for CCF of redundant systems.

• Ensuring comprehensive work control.
•  Comprehensively prescribing the steps of testing required in the re-qualification of components 

or systems after maintenance, repair or backfitting work. 
•  Intensifying operator training, introducing ergonomically better designs, introducing more key 

locks.
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ABSTRACT: This document surveys1 the work made at CSN to establish an integrated PSA 
approach implemented in a simulation framework for independent assessment of safety studies. It 
will elaborate on the following points:

• A brief introduction on the situation of the work performed prior to 1992. The effort was devoted 
to independent studies made to understand current PSA practice and methods to evaluate 
Probabilistic Safety Assessment (PSA) conclusions of Spanish Nuclear Power Plants. It will 
touch upon the theoretical framework that guided the approach.

• Main features of old and new developments to synthesize a simulation package able to 
independently verify and/or reproduce portions of a PSA with the aim of its regulatory 
evaluation.

• Steps done in the development of the Integrated Safety Assessment (ISA) software package 
and methodology used at present by the Area of Modeling and Simulation at CSN. At each 
time step, the following can be coupled:

§ the simulation of trees of nuclear accident time sequences evolutions, result of 
exploring potential equipment degradations under initiating events 

§ the sequence probability calculations and 
§ the simulation of operator actions. 

• Recent extensions. New contributions that complete the picture of a coherent scientific 
approach for Probabilistic Risk Assessment of Nuclear Power Plants. 

1 HISTORIC VIEW

In 1974, the Nuclear Research Centre of Madrid (JEN) [2],[3] started the painful work of fast 
assimilation of transient and accident analysis of Nuclear Power Plants. It included the methods 
used by the then already mature nuclear industry to ensure safety of the Spanish nuclear plants 
that were under licensing at that time. The major problem was to understand the overall approach 
through the many fragments of information available.

1 For a short version of this report see reference [1]
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All the way to 1990, and after the creation of the CSN, we developed a conceptual frame [3],[4],[5] 
that summarised our successive experience in licensing of transient analysis (Chapter 15 of the 
Safety Analysis Reports (SAR))[6],[7],[8],[9],[10],[11], Start-up Testing [12],[13],[14],[15], Nuclear 
Operations [16],[17],[18] as well as licensing of the operating crews of our PWR Plants. We 
generated methodologies [19],[20],[21],[22] and software packages [[16],[23],[24],[25],[26],[27],[28],
[29],[30] that implemented the conceptual frame and provided great help to our licensing work in the 
practical arena. 

We took a view of SAR transient analysis as the legal proof that the optimized design of nuclear 
plant protection systems fulfils regulatory risk criteria. However, we soon discovered the need to go 
deeper in order to address the following two main aspects of the problem:

• Automatic protective intervention decision making through reactor trip and safeguard system 
setpoints and signal processing. These are described in plant documents, for instance the 
“Precautions, Limitations and Set-points” of Westinghouse Plants.

1. Manual protective intervention decision making as stated in the Technical 
Specifications for Operation and Fault and Emergency Instructions. This last aspect 
of the problem was hard to incorporate because of the emphasis in the design of 
automatic systems of the main stream of the licensing practice, at least prior to the 
occurrence of the TMI accident.

This experience, together with the increasing trend towards risk informed regulation shifted our focus 
on strict PSA issues. Correct versus incorrect event tree delineation was the heart of the difficulty. 
We as regulators have tried to focus on this point because of its qualitative, essential impact on the 
results, point not covered by uncertainty analysis.

Since 1992, new international developments, including the theory of Probabilistic Dynamics 
[31],[32],[33],[34], formalised an abstract but rigorous approach that clearly covered some of 
the more important aspects of our frame. Although Probabilistic Dynamics was clearly a proper 
framework it was too general to be applied directly and it was necessary a specific approach for 
PSA implementation. Thus, the heart of present activity is to adapt these general ideas to converge 
with present engineering practice. This is the case of our ISA development and its recent extensions 
[19],[20],[35],[36].

2 MODELING AND SIMULATION VIEW OF CURRENT PSA PRACTICE AND THE 
SAFETY ASSESSMENT WORK BY THE REGULATORY BODY.

2.1 Protection Engineering and PSA. The role of modeling and simulation

For the purposes of this review, we understand by Protection Engineering, [1],[3] the set of disciplines, 
methods and technologies that deal with the design and optimization of protective measures, both 
manual and automatic, in (usually large) industrial facilities. The optimization is constrained by 
acceptance criteria derived from general public risk limit regulations, as described for instance by 
risk limit curves (see below). 
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We denote generically as facility protection the set of systems, system features, and safety oriented 
decision-making processes whose objective is to optimize plant response with respect to damage 
under any credible event. Regulations and regulatory bodies should ensure that the facility protection 
prevents undue public risk against any credible event. Note the enveloping character of the analysis, 
which makes Protection Engineering assessment so complex and singular. Assessing damage for 
a few particular events is of little regulatory interest. What counts is to prove that under no credible 
circumstance can damage indicators go over unacceptable limits. These limits are inherently 
probabilistic in nature, since they are functions of the frequency as it will be later explained.

Computer modeling, understood as the process to make precise statements and translate ideas 
into computer language, provides a rigorous framework for simulation to explicitly represent the 
impact of both protective measures and decisions for their interventions during the time evolution of 
accident scenarios. The results of the simulation and the defense of its underlying safety case allow 
for a traceable procedure for compliance with risk curves acceptance criteria. Thus, PSA may be 
viewed as a computer aided protection-engineering methodology, based on simulation. As of today, 
a substantial body of theory, in rapid evolution during the last decade, is providing a sound scientific 
basis and identifying improvement areas as well. We use to call it Protection Theory, by analogy with 
Control Theory2. However, this conception extends the usual scope of PSA as currently understood, 
and integrates the regulatory evaluation of the deterministic transient analysis. It is in this broad and 
integrated sense that our PSA approach is used.

2.2 Problem Description. Key issues and requirements.

The basic problem is how to optimize the protection of a complex facility such as a Nuclear 
Power Plant. Optimization is needed in order to assure intervention if necessary and prevent it 
if unnecessary; a requirement derived from the often-aggressive nature of the safety measures. 
Decision for interventions ought to be automatic in the short term after an accident and concurrently, 
and interactively manual, soon after. Time scales vary from seconds to days or even months and 
very complicated phenomena may appear as a result of the interaction between the plant and the 
automatic systems. It paves the way for scenarios that easily escape individual’s mind capability to 
predict behavior and requires carefully planned emergency instructions. 

The need of decision-making, automatic and manual, forced to be fast, reliable, feasible, concrete 
and complete, poses very serious challenges for analysis. While a de-coupled treatment of different 
aspects is inevitable to simplify and structure at different stages, it makes room for possible holes in 
the overall approach. For example, as the TMI accident showed, magnifying an initiator, say a large 
LOCA, as a way to design enveloping protections does not lead necessarily to an optimal protection 
because milder events, say a small LOCA, may then go inadvertent to the protection detectors. 
Verification of this enveloping character of the design is a major objective of safety assessment.

The design of envelopes cannot be avoided, due to the infinity of possible events, and to ensure 
the completeness of the spectrum of selected design basis scenarios becomes a touchy and subtle 
analysis problem. In all cases simulation is required due to obvious limitations to test protections with 
real accidents.

Nuclear applications are today concentrated in PSA studies. The typical setup of the problem 
assumes a given initial steady state (including different status and configurations of key active and 
standby systems) of a nuclear facility that experiences an initial stochastic failure and induces a time 

2 Conrol theory specialists are also starting to discuss similar issues [37],[38]
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evolution followed by subsequent conditioned events. The overall time window is broken-up by the 
potential occurrence of core melting and/or reactor coolant boundary failure or containment bypass 
(PSA level I). If such is the case, PSA level II covers the potential for large radiological sources 
outside containment. It is essential to bound the compound frequency of the different sequences 
that may generate damage in excess of a given value (exceedance curves). Damage is indicated 
by some combinations of process variables, eventually associated to a threshold value below which 
there is no real damage. Typical damage indicators are core melt correlations, fission product 
concentrations or released radiological activity.

The problem is usually subdivided by progression intervals that describe the evolution stages, 
where the efficiency is assessed of the different protection interventions to cope with the sequential 
appearance of degradation phenomena. Unsuccessful scenarios are precursors3 for the next phase 
that filter out the ones where the protection was already satisfactory. For instance, the typical setup 
of the problem in PSA-2, assumes a given PSA-1 set of risk sequences, leading to core damage, that 
act as precursors of a further time evolution that may challenge the containment and/or generate the 
potential for a source term to the outside.

The analysis may be oriented to 

• Identification of vulnerabilities (mainly regarding design features and systems) without taking any 
substantial accident management action within a pre-established time window (typically 48 hours 
after accident occurrence). Bounds to the amount of damage and source terms during this period 
are quantified, without pretending to arrest the accident. In this case PSA techniques may also 
indicate qualitatively the relative efficiency of proposed mitigation measures. The analysis also 
provides information for emergency planning.

• Assessment of capability for accident progression arrest, accounting for management actions. 
As for any success state, a final state not adding further damage is expected. In this case PSA-2 
techniques may be used to confirm adequacy of the detailed emergency guidelines.

In principle, those aspects may be contemplated at any of the progression intervals, verifying the 
adequacy of different aspects of the envisaged protections.

2.3 Regulatory framework. Establishing unacceptable damage. Unified view of deterministic 
(protection design) and probabilistic (risk verification) analysis.

There are many analogies and some differences between the usual deterministic and probabilistic 
approaches, two faces of the same coin. The main reason for the similarities is apparent when 
comparing event trees and design basis transients. Both are representations of the evolution that 
follows an initiating event, and in both cases a frequency is assigned to the initiating event. Both 
of them are risk-enveloping representatives of groups of evolutions with common characteristics. 
Also, the design basis transients can be viewed as particular sequences in a complete set of event 
trees. From a regulatory perspective the differences are mainly related with the region of the risk 
curves where both types of analysis are applied, as seen in figure 1 below. The risk curves may be 
understood by assuming that a complete partition of the space of facility transients has been done 
with the aid of a set of event trees. This results in a set of sequences that include, as particular cases, 
the design basis transients.

3 See comments in section 3.2 
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Figure 1. The regulatory risk curve showing the PSA versus the design regions.

The risk curves represent estimated/acceptable frequency of exceedance of an amount of damage. 
The risk limit, identified in figure 1 as “damage limit”, represents regulatory requirements established 
on selected damage variables with technical, social and environmental criteria. The nature of the 
selected variables and shape of the curves have a deep basis that can not be discussed here (see 
[39] for details).

The actual risk curve of the facility, identified as “plant safety picture” in the figure, can be estimated 
by adding-up the frequency of all the sequences generating damage in excess of each damage 
value.

The “distance” between both curves is a good representation of the safety margin available and 
allows judgment of the impact of any facility change into public safety.

In most cases, the risk limit curve is replaced by a step-wise approximation (see figure 1) that enables 
us to qualitatively describe the focus and objectives of deterministic and probabilistic analyses. Its 
projection on the vertical axis defines the frequency ranges of “design basis” (divided in design 
frequency conditions) and “beyond design basis” transients. For each condition, represented by a 
rather wide interval in the “design basis” region there is a well-defined damage limit. On the other 
hand, the projection on the horizontal axis defines the ranges of PSA-success and PSA-damage; 
the latter divided according to the PSA levels. For each PSA level, there is a well-defined frequency 
limit. 
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The major difference is then that classical PSA is mainly oriented towards lower frequency sequences 
that occur as a result of circumstances “beyond the design basis”, while the deterministic analysis is 
oriented towards higher frequency. As indicated in the figure, damage should be discriminated more 
in the deterministic case, while frequency should be more precisely evaluated in the PSA region.

The complimentarily of the regions of application does not imply independence of methodologies. 
Important interactions between them have been identified [39] and any evaluation of licensing issues 
supported by a safety analysis must consider both aspects of the problem. Even if the problem is 
clearly located in the “design basis region”, i.e., it is supported by a deterministic analysis, there 
should be a check of the assumptions and inputs of the probabilistic analysis. The same is true in 
the opposite way: any licensing issue supported by a probabilistic analysis must include a check of 
the validity of potentially affected assumptions of the deterministic analysis.

This conception of the safety analysis provides the fundamentals to implement the principles 
driving the risk-informed regulation that is today the subject of great regulatory attention worldwide. 
Integrated methods and tools can also be designed to address the safety problem as a whole, 
including both the “deterministic” and “probabilistic” issues.

2.4 Basic features and difficulties of PSA-1 and PSA-2 from the modeling and simulation 
perspective.

2.4.1 PSA-1

An important number of the paths of a PSA-1 system event tree results from automatic or human 
decisions about system interventions. Both types of decisions are conditioned by set points that 
trigger either the initiation of automatic systems or control room alarms. A key point is to explore 
the possible combinations in case of failures of the underlying safety systems. As a consequence 
of the number of headers and branching points, as well as the consideration of human actions, 
the complexity of the resultant dynamics makes very difficult to ascertain the actual activation of 
alarms or set points. Important implicit assumptions, difficult to assess, are inherent in the design 
of event trees. In addition, human actions involve psychological factors proved to be significant and 
influenced by the dynamics of the context.

On the other hand, due to the level of detail of the boolean model required in present day PSA 
models, the frequency estimate is associated with the handling of large fault trees and the size of 
this aspect of the problem is quite formidable. Powerful software is already developed. However, 
the large size, together with the increase in the number of headers, (i.e. increase of the number of 
boolean intersections of large fault trees) places the computational effort to quantify the sequences 
of the tree close to computer limits. It is also worth mentioning that probabilities of basic events 
are time dependent with two widely different time scales, maintenance of equipment in one side 
and the time scale of the accident on the other. Finally, boundary conditions for fault trees are also 
dependent on the dynamics [40] and its implementation in the boolean model also implies dynamic 
assumptions.
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2.4.2 PSA-2

PSA-2 considers protection assessment of a nuclear power plant when we assume the possibility 
of core damage, a possibility necessary to be contemplated after the occurrence of accidents like 
TMI or Chernobyl. Adequate protection is needed in order to “identify and correct potential plant 
vulnerabilities and ensure enough and positive protective intervention measures” to avoid radioactive 
releases to the environment.

PSA-2 applies to the high damage-low frequency risk region, where the estimation of the frequency 
should be made more precise than the estimate of its corresponding damage. Priority is given to 
ruling out non-credible events and distinguish them from credible but of very low frequency. On the 
other hand, a precise estimate of damage is precluded by the uncertainty about phenomena. We 
cannot be sure now that, if the system reaches certain regions of the process variables, a given 
phenomenon will occur. Rather, we only know that it has a higher or lower probability of occurrence. 
Should it occur, our information about its physics may be substandard. In addition, the many 
possibilities of prior to core damage scenarios are to be accounted for, as filtered by PSA level-1 
studies.

In event tree terms, all this translates into a large number of headers, new ones accounting for 
phenomena. This “phenomena” addition to the “systems event tree” is typically called the APET 
(Accident Progression Event Tree). Again, the assurance of the enveloping character of the analysis 
is the big challenge.

Modeling phenomena, once they occur, is often made by means of “parameters” that replace 
unknown functions of dynamic variables. These models incorporate known information and at 
the same time reflect, through the parameter range values, the parametric uncertainty band. 
Comparison with so-called mechanistic models allows to ascertain the degree of representativity 
of the parametric models and its parameter functional dependence. Thus, in PSA-2 there is more 
dependence on dynamics.

Finally, human actions under severe scenarios are organized such that they also involve “out of 
control room” decision making [41]. The need has been created to develop appropriate procedures 
for technical support centers. The simulation of this type of procedures to verify its acceptability 
opens new areas in the domain of procedure computerization [42] and interaction with the dynamics 
of uncertain scenarios.

For these and other reasons, room for improvement is today recognized in the modeling of dynamic 
effects and its influence in a PSA study. These improvements would alleviate the regulatory 
verification of PSA completeness and consistency, particularly event tree delineation. All these 
difficulties are the main frame that justifies the developments described below.
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3 CSN DEVELOPMENTS FOR INDEPENDENT VERIFICATION OF EVENT TREE 
DELINEATION.

3.1 ISA: Integrated sequence assessment methodology and simulation software.

As above indicated, event tree delineation is a critical point in the evaluation of a given PSA. The 
designer task is very complex and to correctly delineate a tree can be considered an art. The 
regulatory task is in a sense simpler as it reduces to check the validity of a given proposal. Within 
CSN, we have developed verification methods [43],[44],[45] through the years.

A set of acceptance criteria was derived from the very definition of an event tree, and from the 
theoretical approach that is at the basis of the method. They imply about ten checks that should 
be satisfied by the proposed solutions. In order to assess a proposed event tree, an automatically 
simulated event tree sequence sampling is performed using the same initiator and the same “as 
proposed” headers with the software package described below. The method has been referred to in 
previous publications as Integrated Safety Assessment (ISA). Since the acronym and the concept 
are similar to the Integrated Sequence Analysis considered by others [46], both denominations can 
be used. More details are given below.

The ISA methodology [19],[20] is a systematic approach to verify a pre-specified set of risk 
requirements characterized by imposed sequence damage limits,  which are decreasing 
functions of the sequence frequency. It can be viewed as a dynamic extension of PSA, based on 
the automatic generation of Dynamic Event Trees (DET). Of particular interest is the case of system 
state transitions which are conditioned by deterministic events induced by the dynamic evolution (set 
point transitions), which give rise to the concept of Deterministic Dynamic Event Tree (DDET) [20].

Operator actions are also conditioned by dynamic events (alarms) but their execution occurs at a 
random time within a time window after the conditioning event. This kind of transitions, that we call 
operator transitions, can also be included in the scope of the method, as briefly described in the 
section on extensions below.

3.1.1 Theoretical basis.

Basic concepts and principles supporting ISA were established during a co-operative work developed 
by the Université Libre de Bruxelles (ULB) and CSN [20]. The formalization of the method was 
afforded with the aid of the Theory of Probabilistic Dynamics[31],[32], which deals with the evolution 
of dynamic systems subject to discrete events that alter the dynamic behavior and whose probability 
depends on the dynamic evolution.

In general, the system dynamics is described by equations of the type:

 (1)

where  is the vector of process variables or dynamic state,  is the vector of initial conditions, 

 is the vector of system configuration or logical state and t is time. The dynamic and logical 
states, considered together, describe the so-called combined state of the system. Damage will be 
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represented by damage variables , which are functions of the dynamic state . In practice, the 
evolution is obtained with continuous thermalhydraulic simulations.

Events consist of transitions of the logical state that, in general, will change the dynamic equations, 
i.e., the dynamic system behavior.

The probability π of being at a combined state  at time t is governed by balance equations of 
the form:

 (2)

where  is the transport operator,

 is the transition rate from state  to any other logical state and 

 is the transition rate from any other state into state .

Solving equation (2) with initial condition  and with the condition that transitions are deterministically 
conditioned by set points (i.e., they only can occur at the time the set point is reached), we obtain the 

expression for the probability of being at logical state , for any dynamic state :

 (3)

 is the probability of the initial state and  is the probability of the initiating event. The index 

Path
n
 indicates any sequence of n transitions starting at state  and finishing at state  and  

indicates the time of the n-th transition. 

Each non-zero term in the right-hand side of equation (3) contributes exactly in the same way as 
each associated sequence in an equivalent static event tree. However, the determination of the 

contributing path is controlled by the step functions θ, switching at times , i.e., when the initiation 
criteria are reached. This way, the influence of protection set points is taken into account. Equation 
(3) describes a Deterministic Dynamic Event Tree and is the main support of the ISA methodology 
[20].

The system failure probabilities that compose the product on the right-hand side of equation (3) are 
also varying in time. However, there are two points that should be taken into account. First, they 
refer to standby systems and, therefore, failure probabilities are not likely to depend on system 
dynamics. Second, the time scale of probability variation is much larger than the system dynamics 
scale. The consequence of the first point is that equation (3) reduces to a classical Markov system 
or to the classical boolean intersection of the large front line systems fault trees, typical of PSA-1. 
Probability calculations then become decoupled from dynamic events and, therefore, from damage 
calculations. The second point allows considering that failure probabilities do not change during the 
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accident sequence and its value may be computed, in the large time scale, at the time of the initiating 
event. Extensions to this approach allowing for a stochastic delay in the transitions are now under 
research [47].

3.1.2 Software package.

The application of ISA, requires a set of computational tools [48], as shown in the self-explanatory 
Figure 2, allowing for automatic generation of Deterministic Dynamic Event Trees. The set has been 
applied to some examples [36],[43],[44],[45],[49] that have proved its usability.

It includes:

• Event scheduler: The functions of the event scheduler in the example cases were initially 
performed by DYLAM [50], a code developed at the JRC Ispra for this purpose. A new scheduler 
[51], better adapted to the ISA methodology has now been developed that entirely replaces 
DYLAM. It improves the modularity of the overall system and the parallelisation of the event tree 
generation. 

• The plant model is fully operative and adapted to perform tree simulations under control of the 
scheduler. For PSA-1 applications there are three versions of the plant simulator. TRETA [22], 
[23], [24], [25], [27], [28] for PWR plants, TIZONA [26], [29], [30], [52], [53], [54] for BWR plants 
and BABIECA for general-purpose simulations, including non-nuclear technologies. In addition 
to its own simulation capabilities, the plant simulator provides means to extend the application 
scope by using external codes as simulation modules when needed. For example, both TIZONA 
and TRETA have been coupled with simplified severe accident models to simulate accident 
scenarios going beyond the design basis assumptions. For PSA-2 applications we have linked 
to the set the MAAP code, and we are currently incorporating MELCOR modules as well. 
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Figure 2. Basic elements of the ISA software package.

All those codes are used for the purpose of verifying the completeness of the tree. Once a 
given sequence is identified as conflictive from a safety standpoint, it is reproduced off-line 
with full scope plant models. At present we use RELAP5 [56],[57],[58],[59] and MELCOR 
[section 5.4 of ref. [88] respectively for this purpose. We are currently working in parallel in 
the Consolidated Thermalhydraulic Code USNRC programs [60],[61],[62],[63],[64] to replace 
those with the consolidated versions. These versions contain features that allow direct 
connection to the rest of the system [65],[71].

In-depth post-processing techniques [66],[67],[68],[69],[71],[72], developed to ensure correct 
results of the large code plant model runs, also provide a method to consistently feed the 
simplified models.
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• Emergency procedures and HRA simulation. Two systems to model procedures have been 
considered. A prototype called HOI has been used for those examples where the generation of 
the DDET was fully automatic [43],[44],[45]. For future applications, COPMA-II, a computerized 
procedure system developed at the Halden Reactor Project for operator support, is being adapted 
for simulation [73]. The system has been already used for interactively controlled simulation. 
The human factors and HRA models have not been included in the ISA system used at CSN. 
However, PSA studies include human factors and HRA analyses that are being considered in the 
framework of the methodology. The intended purpose is to provide capability, at least, to assess 
the HRA analysis included in real PSA [42].

• Probability calculations. They have been performed off-line in the application examples. The 
minimal cut sets representation of system fault trees, which is the format used in the PSA study, 
is not adequate for fast on-line probability computation. Alternative algorithms based on the 
representation of fault trees using the Binary Decision Diagrams (BDD) formalism [78] are being 
implemented in a new computational module. Auxiliary programs, as for example RiskSpectrum 
[79] are also being used or developed to convert the minimal cut set representation into BDD 
format.

3.2 SGTR as example of evaluation of event trees in Spanish plants.

A full scale application of this integrated software package to the independent verification of the event 
tree delineation and computation of the steam generator tube rupture initiating event of a Spanish 
PWR plant has been completed at CSN during 1999. The study was preceded by a precursor 
analysis to filter out success sequences. As part of the study, ten acceptance criteria for correct 
event trees were defined, rigorously derived from the very concept of what an event tree means. 
A number of inconsistencies were found in the utility delineation, made with classical techniques 
at high quality level. The inconsistencies were related with details of the emergency procedures 
when combined with the complex dynamics involved and the large number of branches. This is an 
indication that delineation of event trees is very difficult unless proper simulation of the branches and 
operator actions is done, a task that calls for integrated tree simulation.

3.2.1 Precursor study4

A progression interval was chosen characterized by the loss of subcooling margin, a necessary, but 
insufficient condition for core damage. It can be considered a PSA level zero analysis. The software 
package generated tree simulation results like those in figure 3 where success and failure sequence 
branches are numbered according to the status of important valves and pumps. The detailed 
evolution of the subcooling margin is represented in response to the execution of emergency 
procedure steps, also numbered in the right vertical axis.

This precursor study identified sequences with reactor coolant pump trip as candidates apparently 
overlooked in the industry reference study. Most of them were a consequence of the details of the 
procedures involved.

4  In the sequel, the term “Precursor Study” refers to a broader concept than the traditional Precursor Analysis used 
to indicate a Probabilistic Incident Analysis. In general, we call “Precursor Study” to any analysis on the relationships 
between subsequent progression intervals.
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Figure 3. SGTR-ISA precursor study. Subcooling margin event tree simulation results.

Scoping study with automatic techniques:

• Tree simulation capability

• Emergency Procedures

• Dynamics: TRETA/MAAP/HOI/BDDs

• 150 TRETA/MAAP calculations

• Boolean: RISKSPECTRUM pre-processing of BDD´s

Detailed study for significant sequences

• Complex TH codes

• Explore safety issues

• 36 RELAP5 calculations

• Feedback to scoping analysis

• Doubts about results resolved with post-processing

Table 1. Features of the SGTR event tree study
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3.3 Event tree results 

Once the candidate precursor sequences were identified, they were taken as equivalent initiators of 
the event tree for core damage. Prompt versus delayed core damage mechanisms and corresponding 
damage variables were identified. They gave rise to different PSA subproblems each one generating 
a partial event tree. Candidate failure sequences involving deep thermalhydraulic mechanisms were 
revisited with RELAP5. Some features of the study are summarized in Table 1.

From the many results obtained, we select in figure 4 some of the identified sequences, 2, 6, 13, 
where disagreement with the reference industry case was found. The following illustrates the type of 
conclusions obtained:

• Sequences 2 and 6: The header relative to the control of the safety injection system (HPIS), 
should include the manual action of tripping one of the HPIS pumps (steps 18.d and 50.c of 
the emergency instruction). MAAP results showed that with two pumps, the set point of the 
secondary safety valves was exceeded, resulting in a loss of water of feeding storage tanks and 
ultimate HPIS loss. As a result, acceptance criterion 7 relative to the enveloping character of 
those sequences is violated unless the identified action is taken.

• Sequence 13: RELAP5 calculations show that after the feed and bleed operation, as requested 
by the emergency procedure, the primary coolant system portion where the hot leg temperature 
sensors are located, stays vaporized and at high temperature, while the core is maintained 
cooled. As a result, headers representing the operator actions for safety injection control and 
residual heat removal mitigation are not activated, violating acceptance criterion 3.

Figure 4. Event tree of the SGTR initiator showing the identified sequences.
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4 CSN CAPABILITY ON CLASSICAL PSA STUDIES AND APPLICATIONS

As shown in the preceding examples, PSA event tree verification and quantification does identify 
potential protection problems where regulatory action is required. In order to ensure a rational 
dialogue with industry and to precisely understand industry positions, we have also developed a 
complementary approach to assimilate and acquire an independent capability to reproduce portions 
of the classical PSA work. This process took place from the very beginning of our work and it 
continues as a permanent task. 

To this aim, we have taken a unified modeling and simulation point of view that removes ambiguities 
and allows in-house interpretation of the classical methods. First, we have defined what we 
understand by a well-posed PSA problem or subproblem. Second, we have precisely defined the 
process by which the overall problem is subdivided into simpler PSA subproblems and, finally, we 
have collected/adapted/developed simulation tools to resolve individual subproblems.

4.1 PSA problem description. Reference integrated codes. Block diagrams and headers.

To illustrate the approach we take PSA-2 as an example that includes most aspects of this issue. The 
setup of the problem is made with the help of one or more of the so-called integrated codes, able 
to describe all phenomena and the system impact on the dynamic evolution of damage indicators. 
A block diagram is used to describe the interactions between portions of the code equations that 
calculate the damage variable evolution. Arrows in the block diagram represent boundary condition 
variables to the blocks. Many feedback effects among the blocks are expected but only a handful of 
overall boundary conditions will be activated to trigger the simulation of the initiating event.

The essence of the diagram is the completeness of the input-output, feedback and feedforward 
description. These diagrams play an equivalent role to engineering P&ID diagrams and can be 
made more or less detailed. For a given code, the maximum detail is achieved when the number 
of input variables to blocks is minimum. To describe the overall PSA problem, however, a high level 
(low detail) block diagram may suffice. Figure 5 shows the block diagram corresponding to the 
MELCOR code, including as block names the associated code packages. Note that several codes 
may have similar high level blocks, but for a given code the blocks are basically unique, providing 
an unambiguous description of the structure of the dynamics of the systems and phenomena 
considered during a progression interval. Block diagram writing may be aided by modern computer 
technology, generating a traceable engineering process.

Associated with block diagrams and/or part of them, the stochastic events may be represented 
by switches within the diagram. This way, all the event tree header candidates may be explicitly 
identified. When set points or alarm conditions are activated, the sequence of events is launched. 
However, it is difficult to ascertain without simulation the activation conditions and sequences. On the 
other hand, once the stimulus is activated, the system or phenomenon represented by the header 
may or may not come into play, modifying or not the block diagram model and consequently its 
dynamic evolution.
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Once the block diagram that links the output damage variable to the initiators and headers is defined, 
we consider that a PSA problem is well posed if the risk acceptance curve for this variable has also 
been established and the reliability Boolean models of the system and phenomena5 headers are 
available. Of course this includes availability of computing codes to calculate the frequency of the 
Boolean sequence of failed or successful headers, as they arise through the simulation.

4.2 Division in sub problems.

Usually the problem is divided into smaller subproblems, each of them equally well posed, by 
using several techniques that depend on whether we are dealing with a vulnerability or accident 
management problem and the nature of the progression interval.5 

5 The actual treatment of the probability of phenomena is more complex. See reference [46]
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Figure 5. Block Diagram of processes for the MELCOR code.
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Let us exemplify the vulnerability analysis of a PSA-2. The calculation of the sequence frequency 
and its uncertainty band is the main focus in this case. Usual techniques are:

• Analysis by accident progression phases (in-vessel/ex-vessel, early or late), defined by the 
appearance of different phenomena. Each phase generates precursor sequences for the next, 
much like PSA-1 sequences are precursors for PSA-2.

• Subproblems associated with necessary conditions for source term damage (for instance 
different modes of vessel and containment ruptures).

• Subproblems associated with loosely coupled plant system sets, like containment, reactor and 
its cavity, the primary reactor coolant and the balance of plant systems. Boundary conditions 
in between these plant subsystem areas, particularly the core and reactor cavity degradation, 
ought to be addressed.

Each subproblem for the different phases, failure modes and plant areas is characterized by attributes 
that then classify and group partial event trees involving both system and phenomenon related 
events. Common attributes couple the subproblems and allow to synthesize an overall system event 
tree and overall APET. The system portion of the event tree is handled with usual boolean techniques 
and their cut sets grouped by system attributes (plant damage states, PDS). For each damage 
state, the APET subsequences are then grouped again by source term attributes. Techniques are 
necessary to evaluate the APET probabilities conditioned to PDS and their uncertainty band. These 
probabilities along with PDS frequencies and the estimation of the magnitude of the source term as a 
function of the sequence attributes finally provide the exceedance frequency curves with uncertainty 
bands. An example of the MELCOR block diagram and headers for the basemat melt-through failure 
mode subproblem is shown in figure 6.
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Figure 6. Block diagram and headers for basemat melt-through containment failure mode.

The partial APETs for each subproblem are synthesized into a unique APET for each plant damage 
state, and the probability of each branch is evaluated separately [74],[75],[47]. Specific computational 
steps are devoted to clearly represent and interpret the input and output files as for example those 
in figures 7 and 8 for the EVNTREE code that implements the APET quantification. Figure 7 depicts 
the relationships between the questions (branches and cases) for a partial APET. In Figure 8 the 
trajectories leading to the Very Early failure mode of the containment are traced, showing the portion 
thereof that is truncated because of low (conditional) probability.

Figure 7. Input structure and internal relationships of the “Very Early” phase of a PSA-2 problem.
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Figure 8. Output paths and final probability for the “Very Early” phase of a PSA-2 problem.

4.3 PSA applications. Boolean calculations. Probabilistic Incident Analysis (Precursor 
Analysis)6.

By Probabilistic Incident Analysis we understand the revision of the results of a PSA analysis for 
a given incident, be it an initiator, a set of system unavailabilities, or a combination of both. The 
technique maps the incident into the actual plant PSA, by identifying basic events that occurred (or 
modifying the Boolean modeling to be able to do it). It then takes as certain all failed basic events 
during the actual incident and recalculates the affected sequence results. Incident analysis is 
routinely made at CSN, the probabilistic analysis being performed only when recommended after an 
incident screening process [76],[77].

The exercise is substantially a Boolean requantification usually performed with the RiskSpectrum 
tool [79]. CSN has incorporated this type of capability as shown in the following example in one of 
our twin unit plants.

“A bad line-up after a test, left a path connecting the CCW (component cooling water) systems 
of both units. When later on, a test was conducted on the second unit, the CCW system 
behaved abnormally, with several stops and start-ups of the pumps, that also entailed stop 
and start-up of the service water pumps, leaving the RCPs uncooled for some minutes.”

The results for the conditional core damage frequency and probability can be seen in table 2. The 
use of new methodologies (see section V) will also improve the understanding of this PSA application 
[80],[81],[82].

6 As indicated in section III.2 the Probabilistic Incident Analysis, usually called Precursor Analysis, is a particular 
case of our concept of Precursor Study.
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CCDF per year

Loss of CCW 
(sequence)

APS rev. 3
(CDF per year)

Potential IE
(CCDP)

(CCDP)
Real IE

S4 1.68·10-9 n/a n/a

S6 9.34·10-8 n/a n/a

S8 < 10 –11 4.09·10-4· 2.76·10-3

S10 1.57·10-8 1.09·10-8 4.21·10-8

S11 6.20·10-10 1.17·10-9 4.67·10-9

Table 2. Conditional core damage frequency and probability results for the event.

4.4 PSA applications. PSA-2 CSN independent results 

CSN has implemented a NUREG 1150-like PSA-2 methodology [83] with the help of a consulting 
firm [84],[85],[86],[87],[88]. As a result, several software packages have been incorporated into 
the simulation system. They include tools for event tree computation (APET), and separate codes 
for calculation of the probability of containment failure because of laminar combustion and direct 
containment heating, design of the source term envelop and exceedance curves with parametric 
uncertainty estimate. These packages replicate those used by CSN consultants to independently 
assess PSA-2 in all Spanish nuclear units. The assimilation and development of the new packages 
has been made in-house. Some of their results are shown in figure 9 and table 3.

Figure 9 shows the exceedance curve of the Lanthanum release fraction. Note that there is a 
maximum possible Lanthanum inventory and that we are in the high damage low frequency region 
of the risk curve. This explains the apparently different shapes of these results with the risk curve 
shapes shown in figure 1.

Table 3 shows frequency of different release categories (each one associated with different modes 
of containment failure) for each plant damage state. They are a synthesis of the PSA-2 results 
that allow identification of vulnerabilities by relating every number to their main cause through the 
analysis performed.
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Figure 9. Lanthanum exceedance curves with uncertainty for the reference problem.

PDS Frequency 
(per 
reactor-
year) 

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12

1 1.84E-05 <0.001 0.074 0.005 0.443 0.068 0.409
2 2.54E-06 <0.001 0.020 0.003 0.741 0.235 <0.001
3 3.82E-07 <0.001 0.075 0.004 0.430 0.054 0.436

4 8.55E-07 <0.001 0.070 0.929 
5 4.51E-07 <0.001 0.002 0.061 0.008 <0.001 0.150 0.107 0.670 0.002 
6 2.99E-06 <0.001 <0.001 0.063 0.015 0.194 0.727 
7 7.28E-06 0.998  0.002 
8 1.34E-05 <0.001 0.080 0.455 0.465   
9 7.92E-07 <0.001 0.026 0.003 0.676 0.295  

10 4.43E-06 1.000
11 5.69E-07 1.000
12 3.16E-06 1.000 
13 7.64E-07 1.000 
14 7.93E-07 1.000   
15 2.01E-07 1.000 
16 2.18E-08 1.000 
17 4.36E-08 1.000 
Total 
freq: 

7.49E-9 9.77E-10 2.73E-6 2.74E-8 2.03E-7 1.44E-5 2.71E-6 9.73E-6 1.72E-5 3.94E-6 1.06E-6 5.00E-6

Table 3. Results of release categories for different PDS in the reference problem.
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5 RECENT EXTENSIONS: FROM STATIC TO DYNAMIC PSA

Dynamic Reliability is today a mature approach to risk assessment in environments where the 
dynamic evolution of process variables is of high complexity and discrete stochastic events may 
continuously change the trajectories. Our developments since 1992 have been guided by these new 
ideas in a bottom-up approach that starts from present engineering methods and reinterprets them in 
the context of the general theory. In addition, it provides next step improvements by relaxing some of the 
restricting assumptions within traditional methods, and establishing a closer link between the dynamics 
of the sequences, the calculation of their frequencies and the human interaction through appropriate 
simulation environments.

Recent extensions have been oriented to:

• New developments in sequence dynamics. Generalization of the transfer function concepts for 
sequences of events. Its potential for PSA application as generalized dynamic release factors is 
under investigation [89].

• New developments in computing phenomenological probabilities for sequences of events. A new 
approach of Probabilistic Dynamics based on stimulus driven, random activation-time events 
has been recently derived. By using it, combined with cell-to-cell dynamic reliability techniques, 
a feasible, closer to present techniques, dynamic method is giving new insights [47]. 

• New developments about classical PSA aspects. They include rigorous definitions for concepts 
like available time for operations or plant damage states.

• New modeling algorithms to simulate standard PSA, correcting for dynamic effects.

6 CONCLUSIONS

We have presented an overview of CSN methods and simulation packages to perform independent 
safety assessments to judge nuclear industry PSA related safety cases. It has been shown that this 
approach is excellent for an objective regulatory technical support to CSN decision-making.
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Assessment of the periodic safety review related to the third ten yearly 
outage of the French 900 MWe nuclear power plants

C. MAYORAL
J.-M. MATTEI

Nuclear Safety and Radioprotection Institute
77-83, avenue du Général de Gaulle – 92140 CLAMART

ABSTRACT: The periodic safety review (PSR) related to the third ten-yearly outage of the 900 MWe 
nuclear power plants was launched in 2002. This PSR will have the same main objectives as the 
previous PSRs related to the second ten-yearly outages of the 900 MWe and 1300 MWe nuclear 
power plants :

• To verify the conformity of the nuclear power plants to their current safety requirements, by 
means of standard safety studies valid for all the 900 MWe nuclear units and of a conformity 
verification performed at each 900 MWe nuclear unit;

• To enhance the 900 MWe nuclear power plants safety level taking into account more recent 
safety requirements.

The first step of the work consisting in defining the program of the PSR has been completed. From 
November 2002 technical discussions took place between the radioprotection and nuclear safety 
general directorate (DGSNR), IRSN and Electricité de France about the scope and objectives of the 
PSR. In June 2003, IRSN presented to the standing group of experts the assessment of Electricité 
de France PSR program proposal. This text presents the main conclusions of this assessment and 
of the standing group of experts meeting. 

INTRODUCTION: In relation to the continuous analysis of operating experience feedback, a periodic 
safety review (PSR) makes it possible to assess the areas for which only little information can be 
learned from this feedback.
The position of the radioprotection and nuclear safety general directorate (DGSNR) is to require that 
the nuclear operator performs a PSR of its installations approximately every ten years. One of the 
objectives of the regulator is the nuclear operator to improve the safety of existing nuclear power 
plants.
The PSR related to the third ten-yearly outage of the 900 MWe nuclear power plants (900 MWe VD3 
PSR) was launched in 2002. At the request of DGSNR, IRSN evaluated the Electricité de France 
900 MWe VD3 PSR program and presented its evaluation to the standing group of experts (12th and 
18th of June 2003) in order to get its advice and recommendations concerning the safety studies to 
be performed and the safety objectives to be reached. 
The following gives an overview of the process that will be followed to perform this PSR and also of 
the main topics that will be analysed in this framework.
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1 OVERALL PSR PROCESS

The 900 MWe VD3 PSR is the fourth PSR that will be performed in France by Electricité de France if 
the on-going PSR related to the second ten-yearly outage of the 1300 MWe nuclear power plants is 
taken into account. The PSR general process is well established and has shown its efficiency. This 
process has not been put into question since either by Electricité de France or by IRSN / DGSNR 
and has been approved by the standing group of experts (meetings of June 2003). 
The main steps of the PSR illustrated by figure N° 1 are given in more details in the following 
paragraphs.

1.1 Build-up of the program and objectives and identification of the safety referential   to be 
used for the safety conformity examination

The build-up of the program and objectives of the PSR is strongly influenced by the knowledge 
and safety practice evolution as well as by the operating experience feedback analysis. This PSR 
first step is very important to avoid any misunderstanding between the nuclear operator and the 
Regulator during its performance and is also a strategic phase because it must define the scope 
of the studies to be performed as well as the safety level to be reached. The assessment of the 
program and objectives started in 2002 and was completed in June 2003 which led to two meetings 
of the standing group of experts. The conclusions of these meetings will be summarized further on 
in the chapter describing the scope of the 900 MWe VD3 PSR. 

The identification of the set of reference safety requirements (called “safety referential in the following) 
constituted by the rules, criteria and specifications applicable is also a significant phase of the PSR. 
It is important to notice that for the first French PSRs, this phase led to long debates between the 
Safety Authorities and Electricité de France. It highlighted the importance of having before the start-
up of a PSR an updated and approved version of the safety analysis report. The safety requirements 
referential is constituted by a number of regulatory documents and accompanying texts that follow a 
hierarchy (regulatory pyramid) that places the following documents at the top of the list :

Ø Laws, decrees,
Ø Approved safety analysis reports,
Ø Approved general operating rules and associated documents (internal emergency plans),
Ø Surveillance rules of operating mechanical equipment. 

1.2 Conformity examination 

The conformity examination consists of a comparison of the safety level of the installations with their 
initial level, i.e. the level for which the operating licence was initially granted, which makes it possible 
to check that this level has not changed and that therefore, the requirements of the operating licence 
are still being met. This examination is intended to identify any deterioration of the installation, and to 
examine the weak points of the safety evaluations that require additional analysis or justifications.
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Therefore the conformity examination is split in two parts:

Ø The verification of the conformity of the reference safety studies, as described in the safety 
analysis report, with the applicable safety requirements (conformity studies),

Ø The verification of the actual state of the nuclear power plants against the reference state 
given by the safety analysis report (nuclear power plants conformity check).

In addition to the verification of the actual state of the nuclear power plants against the reference 
state, a complementary investigation program is put in place. The objective of this program is to 
check the conformity of equipment not included in the preventive maintenance programs and 
eventually to identify maintenance domains to be completed. The investigations are implemented on 
site at the time of the ten-yearly outages.

The scope of the conformity examination (in all its aspects) is defined on the basis of the operating 
experience feedback analysis (national and international), of the expertise evolution in safety 
analyses and of the feedback of the previous periodic safety reassessments. 

1.3 Safety referential reassessment

The objective of the safety referential reassessment is to bring the safety of the units up to a 
higher level than that of the initial design and that achieved by continuous analysis of operating 
experience feedback, taking into account, as much as possible, progress resulting from the changes 
in knowledge.

Safety reassessment applicable to the nuclear power plants to be examined differ somewhat from 
those applicable to the newest nuclear power plants in operation and from those planned. Therefore, 
to launch the safety reassessment studies the identification and analysis of such differences must be 
conducted in the most exhaustive possible way. 

Then, the need to fill the identified gaps must be examined on a case-by-case basis, in order to 
evaluate the importance of each gap in terms of the global safety level of the installation. The 
advantage of changing the safety referential and eventually the installations must be examined 
taking into account on one hand the potential safety benefit and on the other hand the technical and 
economic feasibility. 

1.4 Definition and implementation of the ten-yearly modification batch

After completion of the safety reassessment studies (safety referential reassessment and 
conformity examination), the operator sends the Safety Authorities a document that describes all the 
modifications (hardware and document) to be performed in order to satisfy the conclusions of the 
safety studies. A need for additional modifications may appear beyond the framework of the PSR as 
for example modifications deemed necessary to be implemented through the analysis of operating 
experience feedback. 

The PSR process is designed as to enable the operator to plan the modification implementation 
during the ten-yearly outages. However some of the modifications can be implemented earlier if they 
are selected as very high in terms of safety or address generic discrepancies detected on the units. 
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1.5 Safety analysis report

The main objective of the safety analysis report is to present to the Safety Authorities, the nature 
of the installation, its intended use, the safety evaluations performed to check that there is no 
unacceptable risk to the health or safety of the population. The safety analysis report is a contractual 
document between the nuclear operator and the Safety Authorities, which has to be fully respected 
by the operator.
Within the framework of the PSR the operator has to write a new edition of the safety analysis 
report. This new edition must be sent to the Safety Authorities early enough for it to be assessed and 
approved before the ten-yearly outages. 

Figure 1 : Periodic Safety Reassessment  process
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3 SCOPE OF THE STUDIES 

The scope of the studies that will be performed covers the following topics: applicability of the 
European pressurized reactor (EPR) safety requirements to the 900 MWe reactors, external and 
internal hazards (explosion hazards inside and outside the nuclear island, seismic design verification 
according to the 2001-01 fundamental safety rule, fire protection…), systems and civil engineering 
design, accident studies and radiological consequences (SGTR, severe accidents…), probabilistic 
safety assessment, operation.

2.1 Applicability of the EPR safety requirements to the 900 MWe reactors

As a guideline for the safety requirements reassessment, IRSN proposed to consider the safety 
objectives associated to the EPR project. To this purpose IRSN examined the technical guidelines 
for the design and construction of the project of nuclear power plant with pressurized water reactors 
adopted during GPR/German experts plenary meetings held in October 19th and 26th 2000. For 
each safety requirement given in this document IRSN evaluated the possibility to adopt it in the 
re-assessed 900 MWe VD3 safety referential. Obviously, because of design differences between 
the 900 MWe reactors and the EPR project this work has been done in a realistic way in order to 
balance, as much as possible, for each safety requirement the safety benefit and the possibility of 
its application.

As a result of this work, IRSN proposed to include in the VD3 900 MWe PSR program additional 
safety reassessment topics. Through technical exchanges and discussions Electricité de France 
agreed to consider some of these topics in its PSR program, others have been recommended by the 
standing group of experts. 

To give examples, some of the EPR safety objectives which evaluation led to ask Electricité de 
France to perform additional safety studies are given below :

• To consider internal hazards at shutdown states. In general the consequences of internal 
hazards are only evaluated against design operating conditions. Given that for the 900 MWe 
reactors operating conditions at shutdown states were not considered in the original design, 
internal hazards at shutdown states have never been properly taken into account. The scope 
of this topic being very large it has been decided to border the study and to ask Electricité 
de France to verify that rooms which contain equipment required to assure safety functions 
at shutdown states have been considered in the studies related to high energy pipe ruptures 
and internal flooding,

• To consider the links between internal and external hazards. The scope covered by this 
safety objective is also very large. After discussion it has been considered feasible, during 
the 900 MWe VD3 PSR, to evaluate the consequences in terms of internal flooding of the 
simultaneous rupture of all the non-seismically designed tanks located in the nuclear auxiliary 
building,

• Steam generator tube rupture. In order to limit radioactive releases after a steam generator 
tube rupture (SGTR), the EPR safety objective is to avoid steam generator over flow during 
the transient. It is also required that the transient calculations take into account conservative 
assumptions. Following long discussions about mechanical robustness of main steam 
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lines (after SGTR) DGSNR already requested (January 2003) Electricité de France to find 
technical solutions to respect the objective of no steam generator over flow during a SGTR 
transient - the calculations being performed without single failure criterion. In order to make 
a step further towards the EPR safety objective the standing group of experts recommended 
Electricité de France to examine technical solutions that would increase the grace delay 
given to operator in the safety studies to perform its actions.

2.2 External and internal hazards 

Concerning external and internal hazards the following gives examples of topics that will be 
covered:

• Seismic design verification. The first part of the studies to be performed consists of 
recalculating the seismic spectrum of the safe shutdown earthquake for each nuclear site. 
These new calculations will have to be done following the methodology given in the 2001-
01 fundamental safety rule put in force in 2001 by the Safety Authorities. If the new seismic 
spectra are more penalizing than the design seismic spectra, Electricité de France will 
have to evaluate the consequences of this exceed. The second part of the studies consists 
of verifying the seismic resistance of some nuclear island buildings taking into account 
parameters that were not originally taken into account in the calculations, as building torsion 
effects and flexible floors vibrations. Moreover, in order to apply (as for the 1300 MWe and 
1450 MWe reactors) the “seismic event approach” to the nuclear island buildings, Electricité 
de France will analyse the risk of aggression, in case of earthquake, of the electrical building 
by the turbine hall building.

• Risk of explosions due to explosive gas on site. For risks of explosion outside of the 
buildings, Electricité de France will record the possible sources of explosions and analyse 
their potential consequences. For risks of explosion inside the buildings Electricité de France 
will check the measures taken to reduce the risk of explosion taking into account operating 
experience feedback. If the studies put in evidence unacceptable risk, Electricité de France 
will have to take appropriate actions to improve the safety level. 

• External hazards due to extreme weather conditions. Electricité de France will examine 
the following hazards: winds, tornadoes, fires (forest), snowfalls, drought, high heat sink 
temperatures (cooling water), and high air temperatures. For each hazard, robustness 
analyses of the installations must be performed according to the following steps:

o Data acquisition and reassessment of the climatic loads,

o Statement of the actions taken on site regarding the potential climatic loads and 
analysis of the recorded experience feedback,

o Analysis of the safety impact of the potential climatic loads and, if necessary, study of 
prevention means improvements or management of the hazards consequences.

Moreover, Electricité de France will evaluate the capability of the nuclear units of a same site to cope 
simultaneously with external hazards that can have a common cause (earthquake, floods, snowfalls, 
winds…). This evaluation will concern in particular situations like “total loss of heat sink” or “total loss 
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of heat sink cumulated with loss of external electrical power supplies”. 
2.3 Systems and civil engineering design

Concerning systems and civil engineering design the following gives examples of topics that will be 
covered:

• Design review of the safety injection system. Following the standing group of experts 
meeting related to the study of the loss of primary coolant accident (intermediate break) that 
took place in 2002, Electricité de France was asked to include in its 900 MWe VD3 PSR 
program the assessment of the safety injection system functional capacities. The objective 
of this review is to perform a global evaluation of the safety injection system performances in 
order to check existing margins. On IRSN proposal, Electricité de France agreed to review 
the methodology followed to determine the safety injection flow rates taken into account in 
the safety studies. The review will have to consider:

o The safety injection system periodic tests (safety injection circuit configurations, 
periodic test criteria coherence and associated uncertainties)

o The methodology used to calculate the safety injection flow rates in accident 
operating conditions (hydraulic circuit calculations, uncertainties associated to the 
verification of the periodic test criteria…)

o The search of possible cliff edge effects in design basis accident studies.

• Debris impact on emergency coolant recirculation. IRSN considered that, in case of 
primary coolant circuit or secondary circuit ruptures, the risk of reactor building sumps clogging 
can impact simultaneously the safety injection system (SIS) and emergency containment 
spray system (ECSS) availability. Taking into account this risk the standing group of experts 
stated that this phenomenon had to be studied in priority and for all the French PWRs. It 
has also been stated that the debris impact on emergency coolant recirculation assessment 
must take into account all the different sizes of primary or secondary pipe breaks inside 
containment. All the studies to be performed will have to evaluate the risk to loose SIS and 
ECSS pumps due to head loss or by air ingestion as well as the consequences on the SIS 
and ECSS equipment and on the reactor core.

2.4 Accident studies and radiological consequences 

Concerning accident studies and radiological consequences the following gives examples of topics 
that will be covered:

• Severe accidents studies. The examination of the topics related to severe accident 
studies is a continuous work supported by research and development actions. Since 1994 
five standing group of experts meetings dedicated to severe accident studies took place. At 
the request of DGSNR, all the adopted conclusions must be gathered in a “severe accident 
safety referential” that will be examined by the standing group of experts (by the end of 
the year 2003). The work to be done by Electricité de France in the framework of the 900 
MWe VD3 PSR is to build a safety file that will demonstrate the robustness of the 900 MWe 
nuclear power plants against the set of safety requirements constituted by the “severe 
accident safety referential”. The build-up of this safety file leads in particular to perform 
additional studies about: reactor vessel thermal shocks, reactor building sumps clogging, 
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massive heterogeneous dilution…
• Operability of equipment required during beyond design operating conditions. The 

examination of the operability of equipment required to cope with accident beyond design 
operating conditions was performed in the framework of the periodic safety review related 
to the second ten-yearly outage of the 1300 MWe nuclear power plants (1300 MWe VD2 
PSR). Taking into account the important results of this examination and the similarity between 
the 900 MWe and 1300 MWe nuclear power plants regarding these operating conditions, 
Electricité de France will address this topic and study the transposition of the 1300 MWe VD2 
PSR conclusions to the 900 MWe nuclear power plants. 

2.5 Probabilistic safety assessment

• Level 1 probabilistic safety assessment (PSA). IRSN already sent Electricité de France 
and DGSNR the results of the updated level 1 900 MWe PSA. New sequences leading to 
direct bypasses of the containment (in particular through the thermal barrier of the primary 
pumps) or to primary circuit dilutions have to be investigated in detail by Electricité de 
France.   Moreover, Electricité de France will update the level 1 900 MWe PSA to build a 
900 MWe VD3 reference model (reliability and operating data update, taking into account 
second ten-yearly outage modification batch, state oriented procedures, better considering 
risks at shutdown states…). Its use in the framework of the 900 MWe VD3 PSR will have to 
follow the prescriptions of the 2002-01 fundamental safety rule related to the development 
and utilisation of probabilistic safety assessments. Moreover, for the first time Electricité de 
France will develop a PSA model specific to the first series of French 900 MWe nuclear power 
plants (CP0 series that concerns Bugey and Fessenheim nuclear power plants).

• Level 2 probabilistic safety assessment The objective of Electricité de France is to build a 
reference level 2 PSA model in a time frame compatible with the milestones of the 900 MWe 
VD3 PSR to be used for severe accidents assessments. The study will consider accidents at 
power and specific studies at shutdown states. Moreover, it will take into account the most 
important physical phenomena and present numerous sensitivity studies, in accordance with 
international practices. 

• Probabilistic safety assessment related to internal/external hazards. Concerning fire 
hazard probabilistic safety assessment, IRSN pointed out the interest that Electricité de 
France evaluate the importance, regarding the core melt frequency and possible early 
radioactive releases, of the critical rooms highlighted by the fire hazard PSA performed by 
IRSN. This evaluation should allow focusing on some fire zones and safety volumes having 
common mode causes or equipped with fire protection devices participating to the safety 
demonstration.
Concerning other external/internal hazards PSA, it has been stated that the introduction 
of earthquake and flooding studies in the PSA models would be profitable. Nevertheless, 
taking into account the difficulty and complexity of such studies the standing group of experts 
considered that these studies could be performed, at the earliest time, in the framework of 
the 1300 MWe VD3 PSR.



122 123

3 MILESTONES OF THE PSR 

The milestones of the 900 MWe VD3 PSR are directly linked to the PSR process itself and to the 
third ten-yearly outages planning. The main PSR steps are shown in figure 2.

3.1 Conformity studies and safety referential reassessment

The minimum time needed by Electricité de France technical departments between the time of the 
modification batch definition and its implementation in a nuclear power plant is about three years (time 
period necessary to perform the detailed design studies and the implementation files). Therefore, 
given that Electricité de France planned the first third ten-yearly outage in 2008 (at Fessenheim 1 
unit) the definition of the 900 MWe VD3 modification batch must be completed by 2005. Ten, all the 
safety analyses to be performed (presented in the paragraphs here above) that are supposed to lead 
to hardware modifications must be completed by 2005.

The assessment by IRSN of the studies performed by Electricité de France will be presented to the 
standing group of experts in different meetings planned in 2004 and beginning of 2005. 

Different safety studies, because of their importance, will lead to specific standing group of expert 
meetings as for example severe accident studies, probabilistic safety assessment or debris impact 
on emergency coolant recirculation. Therefore, the workload during the years 2004 and 2005 will be 
important and the different parties involved highlighted that they will have to pay attention to respect 
the PSR milestones in order to be able to take into account the conclusions of all the safety studies 
in the definition of the 900 MWe VD3 modification batch.

3.2 Nuclear units conformity check 

Electricité de France plans to submit its program proposal by the end of 2003. This timing should 
allow sufficient time for IRSN/DGSNR to assess this program and then for Electricité de France to 
launch it in the different 900 MWe nuclear units.
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Figure 2 : Milestones of the PSR
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1  OBJECTIVES

The European Validation of the Integral Code ASTEC (EVITA) involves 19 partners from eight 
European countries plus JRC. It started in February 2000 and ended in July 2003. The main 
objective is to distribute the severe accident integral code Accident Source Term Evaluation Code 
(ASTEC), jointly developed by “Institut de radioprotection et de sûreté nucléaire” (IRSN, France) and 
“Gesellschaft für Anlagen- und Reaktorsicherheit” (GRS, Germany), to European partners in order 
to apply the validation strategy issued from the VASA project (4th European Community Framework 
Programme). 
Severe accident management (SAM) measures are currently being developed and implemented 
at Nuclear Power Plants (NPP) worldwide in order to prevent or to mitigate severe accidents. This 
needs a deep understanding of processes leading to severe accidents and of phenomena related 
to them. As greater account of severe accident measures is taken in the regulation of plants, there 
will be the need to show a greater degree of validation of codes and a better understanding of 
uncertainties and their impact on plant evaluations.
The EVITA evaluation of ASTEC code capabilities and the corresponding feedback towards the code 
development is an important step towards the intention to provide end-users (like utilities, vendors 
and licensing authorities) with a well validated European integral code for the simulation of severe 
accidents in NPPs.

2  CHALLENGES TO BE MET

To fulfil the objectives nearby described, systems of computer codes, so-called “integral” codes, are 
being developed to simulate the scenario of a hypothetical severe accident in a light water reactor, 
from the initial event until the possible radiological release of fission products out of the containment. 
They couple the predominant physical phenomena that occur in the different parts of the reactor and 



4

simulate the actuation of safety systems by procedures and by operators. In order to study a great 
number of scenarios, a compromise must be found between precision of models and calculation 
time. This search of compromise is a real challenge for such integral codes. Such codes have been 
developed in the United States (MAAP4, MELCOR) and are used worldwide. 
In France and in Germany, experimental and analytical work in the field of severe accidents were 
successfully performed in a distinct manner. It is evident that French and German organisations did 
not want to use severe accident codes as ‚black boxes‘ without detailed knowledge of what is going 
on inside the code. Consequently, the French IRSN and the German GRS decided to co-operate 
in development and validation of a new integral code ASTEC that would contain the best available 
modelling.
The needs for such a code are: source term determination studies, PSA level 2 (PSA-2) studies, 
accident management studies, as well as detailed analyses of particular phenomena to improve the 
understanding of the phenomenology.
As the great number of users has significantly increased especially the level of MELCOR, IRSN and 
GRS - learning from this - opened the ASTEC use for extended validation and generic application to 
a wide spectrum of European organisations, first realised in EVITA. The objective was also to get an 
evaluation of the code capabilities, especially its user-friendliness.
Following the complementary dualism of risk- and phenomenon-oriented validation strategies, 
experiments and severe accident plant sequences have been selected for the ASTEC validation and 
application process:
− Validation on high-quality experiments such as International Standard Problems (ISP) of 

OECD,
− Plant applications on different types of NPP (PWR, VVER) with activation of safety systems 

(spray, venting, etc..).
Each case included a comparison with internationally used codes which should represent the State 
of the Art in modelling: detailed codes for validation, integral codes for plant applications. Some 
examples of results are given below.

3  EXAMPLES FOR ASTEC-V1 RESULTS

3.1 ASTEC-V1 validation against experiments 

Out of the large validation matrix for the modules of ASTEC-V1 on numerous experiments the 
validation of the recently introduced module DIVA (for core degradation) is shown in a stand 
alone version on the QUENCH-05 experiment and in a coupled version with CESAR (for circuit 
thermalhydraulics) and  ELSA (for fission product release) on the experiment Loft-FP-2 .

3.1.1 ASTEC-V1 validation on the QUENCH-05 experiment 

The QUENCH-05 experiment was designed to study the cool-down behavior of pre-oxidized cladding 
at high temperature (2000 K) by injecting cold steam from the bottom at 50 g/s. The test assembly 
consists of a central unheated rod and twenty fuel rod simulators, electrically heated over a length 
of 1024 mm, disposed in a square array of 14.3 mm pitch. The cladding of the fuel rod simulators is 
identical in material and dimension to PWRs. The test bundle is surrounded by a Zircaloy shroud.
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A calculation of the QUENCH-05 experiment with DIVA from the heat-up phase to the quenching 
phase has been performed, with a particular interest on the hydrogen production. 

The test can be divided into 4 phases. The warm-up phase (heating the bundle to a steady state of 
900 K), the heat-up phase (raising the temperature up to 1500 K)  the pre-oxidation phase (stabilizing 
the temperature at 1500 K for 3500 s) and the transient phase. An oxidation excursion starts in the 
rod bundle at 5985 s at 850mm when the temperature reached 1870 K. At t = 6003 s significant 
hydrogen production is measured, the maximum cladding temperature is around 1900 K. At t = 6010 
s the quenching of the bundle by steam starts. The steam injection leads to a rapid cooling of the 
rods: within 1 second all rod cladding temperatures start to drop. Around 200 s after the beginning of 
the quenching, the test bundle temperature is below 700 K. 

The DIVA model consists of the test section from -250 mm up to +1350 mm, which includes the 
heated part of the rods from 0mm to +1024 mm. The total axial length is divided into either 10, 20 
or 45 meshes of equal height to allow an investigation of the influence of the discretisation. In radial 
direction, the bundle is represented by four rods: the central unheated rod, one equivalent rod for the 
eight mid-radius heated rods, one for the twelve outermost heated rods and one for the four corners 
Zircaloy rods. The influence of the oxidation model on the temperature evolution was studied using 
the URBANIC, CATHCART and PRATER correlations. 

Figure 1:  QUENCH-05, ASTEC-V1 results for shroud and cladding temperatures at 550 mm (solid 
lines) compared to ATHLET CD results (dashed) and experiments (dots)
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Figure 2:  QUENCH-05, ASTEC-V1 result for the H
2
-production (solid line) compared to ATHLET 

CD result (dashed) and experiment (dots) 

The overall agreement between the experimental data and the DIVA calculation is very good. The 
results presented in Figure 1 give an example for a nodalisation with 20 axial meshes using the 
URBANIC correlation for a height of 550 mm of rod nr. 5 and the shroud. The solid lines are the DIVA 
predictions and the dots represent the experimental results. The hydrogen production predicted 
by the URBANIC model ( Figure 2) is in a very good agreement with the experimental data up to 
t = 5500 s. From t = 5500 s to t = 6000 s, the experimental results show a sharp increase in the 
hydrogen production (almost 10 g). This is not well captured by the URBANIC model which tends 
to under-predict the rod temperature at higher rod level and, as a consequence, the rise in the 
hydrogen production. It appears that the temperature at which the kinetics of the chemical reaction 
changes (T = 1853 K) is too high. The URBANIC model predicts a total hydrogen production of 22 g 
in the case of the 20 axial meshes while the experimental value is 27 g. The agreement between the 
experimental data and the CATHCART and PRATER models is not as good with 19 g. These models 
tend to underestimate the hydrogen production at low temperatures. The dashed lines in Figure 1 
and 2 show the ATHLET-CD results. ATHLET-CD trends to overestimate the temperatures in the fuel 
rods and the shroud. The integral hydrogen production is slightly overestimated as a consequence 
of the higher rod temperatures. The tendency of ATHLET CD to overestimate the rod temperatures 
correspond also with the results of the ISP45. However a part of these deviations could be caused 
by the different adjustment modes of the inlet temperatures in DIVA and ATHLET.

3.1.2 ASTEC-V1 validation on the Loft-FP-2 experiment 

The modules CESAR (for circuit thermalhydraulics), DIVA (for core degradation) and ELSA (for 
fission product release) of ASTEC-V1 were used. The results of the calculation are compared with 
measured values of the experiment and with calculations performed with the code ATHLET-CD. 
The calculated circuit pressure in Figure 3 agrees qualitatively very well with the experimental 
pressure progression during the simulated test phase of 1800 s. Only the period between 200 s and 
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400 s, when the pressure gradient is greater in ASTEC than in the experiment, is responsible for an 
underestimation of the primary pressure until the end of the Transient Phase.
Hydrogen was produced by the oxidation of the rod claddings, the guide tubes and the shroud inner 
and outer surface. Although no detailed measurements exist, it is supposed that 205 ± 11 g were 
generated during the Transient Phase. But this does not include the mass stored in the circuit before 
the reflooding of the system. 
Figure 4 presents the accumulated hydrogen production for ASTEC and ATHLET-CD. Both codes 
over predict the assumed 205 g. An older version of ATHLET-CD calculated more than 500 g before 
reflooding whereas ASTEC calculates 272 g. The simulation with an improved ATHLET-CD Version 
amounts to 266 g.

Figure 3: Loft-FP-2, Primary Pressure

A comparison of the released elements masses is only possible at the end of the Transient Phase 
since only the experimental values for the final state are available. Figure 5 depicts the accumulated 
values for Kr, Xe, Cs, I and Te for the ASTEC calculation compared to the experiment. The released 
mass of Kr was 0.0174 g in the experiment compared to 0.026 g in ASTEC. Regarding the noble gas 
Xe, 0.26 g were calculated and 0.19 g measured. For Cs 0.218 g was the simulated release mass 
and 0.108 g the experimental one. Hence, regarding absolute values the calculated values reach 
the range of the experimental ones. But if the calculation results are related to the measured ones 
the deviations are notable. Common to all elements is the start of release at about 1050 s. For other 
elements like Ba, Sr or La, for example, the released masses are in the range of 10-6 g and therefore 
not observable in the diagram. The greatest amount of it is released immediately after 1050 s. 
A small amount comes from the escalation after 1600 s.
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 Figure 4: Loft-FP-2, Total hydrogen Figure 5: Loft-FP-2, Fission product 
 from the core release

The results of the Loft-FP-2 post-test calculations are very encouraging for ASTEC-V1, even if a 
considerable effort was necessary to meet this high quality of calculation.

3.2 ASTEC plant applications 

At the end of the project more than 10 plant calculations on different types of NPP (PWR, VVER) 
with comparisons to other codes have been presented. The quality of these application calculations 
showed a large variety. One calculation of each reactor type has been selected for presentation, a 
PWR calculation on a KONVOI plant of GRS and a VVER-440/V-213 application of UJD. 

3.2.1 PWR 1300 Mwe

The ASTEC code has been applied to a German PWR 1300 MWe for a SBLOCA (200 cm² leak in the 
hot leg of the pressurizer loop).  The ASTEC-V1 modules CESAR, DIVA and CPA (for containment 
behaviour) are activated. The containment is modelled with 25 nodes corresponding to the MELCOR 
nodalization. The event is a 200 cm² leak in the pressurizer hot leg. The results are compared to 
MELCOR 1.8.4 and to a former calculation with the previous code version ASTEC-V0. After a steady 
state calculation of 300 s the event starts at 0.0 s with the opening of the break. Scram occurs at a 
pressure drop of 132 bar and feeding starts at 110 bar with the HPSI followed by the accumulator 
injection at 26 bar and the LPSI at 10 bar. When the water supply is finished the heat up of the core 
starts. DIVA is started at 4450 s shortly before the beginning of cladding oxidation. During core 
degradation hydrogen is released to the containment and slump of part of corium into the vessel 
lower head takes place. The calculation stops at 7240 s with an error in the energy balance in the 
corium. The agreement between ASTEC-V1 and MELCOR in the investigated time span is good. 
The pressure agreement in the primary system is good until the oxidation phase starts (Figure 6). 
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Figure 6: PWR 1300, Primary pressure compared to MELCOR and ASTEC V0

Then a faster heat up of the core and an earlier H
2
-production is observed with ASTEC (Figure 8). 

The coincidence of the containment pressure is good until the release of the fission products at 
about 6000 s (Figure 7). In the further course of the event the pressure is underestimated in ASTEC 
because the MELCOR pressure increases due to decay heat of the fission products, which is not 
considered in this ASTEC-V1 calculation. The integral H

2
-release to the containment (Figure 8) is in 

a better agreement with MELCOR than for ASTEC-V0 (let us remember that the front end of ASTEC-
V0 was taken from tables of MELCOR results). The temperature in the core is higher in ASTEC and 
cladding oxidation occurs earlier. Discrepancies in the results between the two codes are mainly 
caused by a lower pressure decrease of ASTEC-V1. The start of the cold sided accumulator within 
500 s is disabled. The release of water and steam through the break is significantly lower in ASTEC-
V1. The continuation of the calculation until complete melt down of the core and the failure of the 
reactor vessel could not be achieved because of convergence problems in the CESAR/DIVA coupled 
calculation. 
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 Figure 7: PWR 1300, Containment pressure Figure 8: PWR 1300, Hydrogen
 compared to MELCOR and ASTEC V0 production compared to MELCOR and
  ASTEC V0

3.2.2 VVER-440/V-213

The analyses are performed with the ASTEC-V1 modules CESAR and DIVA. The accident sequence 
analysed was a Station Blackout (SBO) with manually opening of the pressurizer valves. Only 
passive systems, i.e. accumulators, are available. 
When the core exit temperature exceeds 550 ºC, the operator opens the pressurizer safety valve to 
depressurise the primary system, allowing the accumulators to inject. A parametric study with four 
ASTEC-V1 calculations differing in the number of hydro-accumulators (2, 4), the model of SG steam 
dump stations to atmosphere and the starting time point of DIVA (which can be selected by the user) 
were performed in order to compare the influence of the changes with the MELCOR results.
After the PRZ-valve is opened, the pressure in the primary decreases rapidly. When the primary 
pressure is below 6 MPa, the accumulator injection begins (at 21400 s in MELCOR, and at 22110 s 
or 22121 s in ASTEC-analysis), leading to a rapid core recovery. The agreement between ASTEC-V1 
and MELCOR in the primary pressure evolution is good (Figure 9). There is a difference in the initial 
water inventories of the circuits in the ASTEC input deck, comparing to the MELCOR data: not very 
high for the primary circuit (about + 2.3 % in ASTEC with respect to MELCOR) but substantial for the 
secondary circuit (about + 21.4 % with respect to MELCOR). The ASTEC data correspond to the real 
situation in the plant. Whereas the model of the SGs is not very well prepared in the MELCOR input 
deck, it was necessary to decrease the initial water mass on the secondary side artificially. Due to 
lower water inventory, the SGs in the MELCOR analyses are depleted earlier by about 5000s. This 
earlier loss of the secondary heat sink in MELCOR leads to the earlier heat up and pressurization of 
the primary circuit followed by the earlier cycling of the PORV and loss of primary system inventory. 
In the ASTEC analyses, sufficient heat removal through the secondary side and unchanged primary 
inventory are maintained, practically until the manual opening of the PORV. After the operator action, 
the primary inventory is lost through the opened PORV. The trend of water mass decreasing is very 
similar in the both codes. The general behaviour of the systems and the trends of the calculated 
parameters are in a good agreement.
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 Figure 9: VVER 440/V213, Primary pressure Figure 10: VVER 440/V213, Hydrogen
 comparison with MELCOR production comparison with MELCOR

Differences are mainly caused by differences in the input decks of ASTEC and MELCOR models 
(e.g. initial water inventories, identical power profiles, etc.).
After permanent core uncovering, the fuel rods in the upper regions of the core are heated up and 
the oxidation of cladding starts, around 34110 s in ASTEC and 36200 s in MELCOR. The primary 
inventory is continuously decreasing and the core is very soon completely uncovered (34510 s to 
35580 s in ASTEC and 36915 s in MELCOR). By the end of the ASTEC calculation, about 153 kg 
of hydrogen were produced. As seen in Figure 10, the hydrogen production in MELCOR at this time 
point is almost the same.
Difficulties with the ASTEC-V1 code were observed in the operation of the PRZ-valve. The triggering 
of the set point with the core exit temperature is not possible, because before switching to DIVA this 
value is not available. Furthermore the operation of the valve that is defined by a hysteresis function 
seems to be not correct, because the maximum and minimum zone pressures regulated seem to be 
oscillating within a range higher (see Figure 9) than defined by the hysteresis function. 
It was impossible to calculate the accident sequence with ASTEC-V1 up to any deeper core 
degradation and failure of the vessel. Further improvements of the code robustness are seen to be 
necessary. 
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4  ACHIEVEMENTS

ASTEC versions V0 and V1 were installed successfully on the partners’ platforms. The extensive 
portability check concluded that the ASTEC user should not fear portability effects. One of the 
partners’ conclusions was that the level of ASTEC models was near the state of the art in most 
domains. Of course understanding and thus adequate modelling is still missing, like in all other 
codes, in some domains: reflooding of a degraded core, MCCI, iodine behaviour in RCS, etc… 
Obviously recommendations were made to continue efforts of validation and plant application. The 
new version V1 allows simulating complete scenarios including the front-end phase. Both developing 
organisations, GRS and IRSN, which will continue to assure the code maintenance beyond EVITA, 
ensure that the EVITA outcomes will be respected for the future ASTEC development. Some of 
the above needed improvements are already foreseen, as well as the extension to Boiling Water 
Reactors. 
Further recommendations are given to improve:
• Management of input decks: tools for automatic check, standard inputs for generic plant 

applications;
• Visualisation / post-processing (remark: actually the GRS visualisation tool ATLAS will be 

coupled to the next code version);
• Users’ support, including: continuous training courses (not only for beginners, but for experienced 

users too), wish for faster response of the ASTEC Maintenance team, more complete and 
detailed code documentation.

The plant applications with the first version of ASTEC V1 showed that the code is still not so robust 
that a sequence is calculated up to a foreseen end. Suggestions are made especially for increasing 
the robustness of the coupling of the two new modules CESAR-DIVA that calculate the circuit thermal 
hydraulics and the core degradation.
With respect to computing time, the EVITA users - researchers, licensing authorities and industry 
- accepted the definition elaborated in the VASA project as target, that a full sequence calculation 
(incl. post-processing) should not need more than 12 hours.
The progress since the beginning of the project where only a preliminary code version was available 
is important. The actual version allows to simulate the entire sequence of events during a severe 
accident. Besides, a first level of validation was attained successfully within the project. As EVITA 
has very successfully made the first step into the intention to provide end-users (like utilities, vendors 
and licensing authorities) with a well validated European integral code for the simulation of severe 
accidents in NPPs, the EVITA partners strongly recommend to continue validation, benchmarking 
and application of ASTEC. This work is foreseen in SARNET (Severe Accident Research Network) in 
the 6th Framework Programme where ASTEC will play a key role as the reference European integral 
code.
The backbone of SARNET will be provided by the integral computer code ASTEC. IRSN and GRS 
commit, within their capabilities and financial availabilities, to make their best efforts to provide the 
necessary maintenance and developments for satisfying the Network users. In particular, actions 
will be taken to integrate in ASTEC the current knowledge and all the future knowledge generated 
by research activities performed within SARNET. Most of the ongoing research activities will have 
the ultimate objective to provide ASTEC with appropriate physical modelling. In addition, the tool 
will be adapted, through mostly co-operative actions, so as to be used for any reactor application in 
Europe. 
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5  PARTNERSHIP

19 partners from eight European countries plus JRC, all having an excellent expertise on severe 
accidents and code use, were involved in the project, including researchers, licensing authorities 
and industry. Significant progress on evaluation of ASTEC code capabilities by partners was made 
possible thanks to a close cooperation inside the project between code users and the IRSN-GRS 
code development team.
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ABSTRACT: The problem of forced computer codes development and validation became an 
urgent task in Russia due to some practical requirements. To solve this problem a 
coordination centre was established in Minatom of Russian Federation in late 1990s. Now 
new  best-estimate code KORSAR and containment code KUPOL-M are brought into 
practice.  
 
 
 
1  INTRODUCTION 
 
 
Safety analysis thermalhydraulic and containment computer codes for NPP simulation have 
found widespread application in nuclear power engineering in Russia. Moreover, the design 
of modern NPPs of advanced safety is possible only with the use of such codes; they 
describe behavior of NPP systems under nominal, transient and emergency conditions. The 
analysis of transient and emergency conditions by means of computer simulation is the basis 
for substantiating the safety of the NPPs in operation and those being developed. The 
constant growth of the level of the requirements for the quality of this substantiation goes 
hand-in-hand with the necessity of continuous enhancement of the codes used for prediction 
of complicated interrelated unsteady phenomena; here, we mean the relationship between 
neutron-physical, thermalhydraulic, thermomecanical, and other processes in the reactor 
installation. 
 
In the 19990s, due to the growth of accumulating knowledge and also the progress in the 
field of computer technology in Russia, the objective prerequisites were formed for creating 
computer codes of a new generation for comprehensive simulation of the dynamics of 
reactor installations. The following requirements of practice also enhanced initiation of this 
process: 

(i) The necessity for reconstruction and prolongation of the operating period 
of in-service NPPs in view of depletion of their design resource; 

(ii) The construction of NPPs abroad on the basis of Russian projects; 

(iii) The development of NPP projects of new generation with passive safety 
systems. 

The solution of these practical problems requires an in-depth computer analysis of transients, 
design basis and beyond design basis accidents at NPPs. And the level of substantiation of 
the NPP safety must meet not only the Russian but also the international requirements.  



 
Analyses of these requirements as well as practice of international scientific cooperation with 
western countries, first of all with GRS (Germany), IRSN (France), US NRC, - made it 
possible to review the Russian in-home computer base used for RBMK and WWER 
calculations with comparison to western ones. It appeared in mid 1990s that while Russian 
neutron-physic 3-D codes (SADCO, STEPAN, BIPR, BARS, etc.) were in step with the 
western standards in general, the thermalhydraulic, containment and severe accidents codes 
were well behind. In some cases western codes came into practice of reactor safety 
analyses in Russia, for instance codes RELAP5 and ATHLET are used for RBMK type 
reactors in RDIPE (RBMK designer) and in Kurchatov institute, code ATHLET became one of 
the main thermalhydraulic codes in SEC NRS of GAN RF. But on the other hand for example 
in case of WWER-1000 construction abroad western codes couldn't be used in design 
project. For this reason Minatom of RF decided to speed up the development of system best-
estimate thermalhydraulic, containment and SA codes in Russian institutions. 
 
 
 
2  PRINCIPLES OF CODE DEVELOPMENT AND VALIDATION IN MINATOM      

ORGANIZATIONS 
 
 
To coordinate the code development the Minatom Centre of Software Development for NPPs 
and Reactor Facilities (OCRK) was established in 1998. One of the main ideas of the Centre 
establishment was the concentration of MINATOM resources on the better-prepared codes 
(and code developers) to further development and to accomplish them to a mature state. 
 
The main objectives of the Centre activities are the following: 

− Development and support of software for safety analysis of operation regimes and 
accidents (including beyond design basis accidents and hypothetical accidents) for 
different NPP types, 

− Selection of institutions for code development on competitive basis, 

− Participation in computer analyses on physics, dynamic and safety of reactor facilities 
under operation and design, 

− Development of experimental data bases, material property bases etc. 

To meet these objectives the Centre performs the following: 

− Organization of tenders to select the most skilled teams of code developers, 

− Organization and management of research and development works, 

− Performing examination of codes under development on different stages of the work, 

− Competent acceptance of the software developed based on its validation in 
accordance with Ministry requirements, 

− Maintenance and support of methods and codes for coupled studies of dynamics 
and safety of reactor facilities, 

− International cooperation in the field of nuclear safety. 

The Centre interacts with state authorities, research institutions, industrial firms, NPPs and 
utilities. 
 
The Centre distributes necessary Minatom budget resources among organizations and 
experts. The following organizations are involved in the Centre activities and projects: 



Atomenergoproject, EDO Gidropress, OKBM, NITI, IPPE, VNIIAES, EREC, RDIPE, RRC 
“Kurchatov Institute”, NSI RAS, VNIIEF, IHT RAS, SEC NRS and others. 
 
The teams of scientists and engineers are established to perform the projects financed by 
the Centre. 
 
The main directions of the Centre current activities are the following. 
 
2.1. Development of computer codes for NPPs and nuclear facilities in the following areas: 

− Thermalhydraulics, 

− Containment processes 

− Severe accidents 

− Probabilistic Risk analysis  

− Neutron Physics 
 
2.2. Development of experimental database on thermalhydraulics 
 
2.3. Development of data base on NPP equipment reliability 
 
2.4. Investigations and code application for justification of designs and upgrades of VVER, 

RBMK, boiling and other types of reactors 
 
2.5. Validation and certification of computer codes in cooperation with the Russian Nuclear 

Regulatory Body through establishment of joint Code Validation Committee (CVC). In 
accordance with the Minatom policy the software for safety analyses must be certified by 
CVC 

 
The Minatom supports these activities via projects, which are coordinated and managed by 
the Centre 
 
 
 
3  OCRK PROJECTS 
 
 
Below there are some examples of the Centre projects that are under execution 
 
 
3.1 Development of Russian best-estimate thermalhydraulic code 
 
 
The code KORSAR (KOmpleksnyi RaSchet Atomnykh Reaktorov) of NITI (Sosnovy Bor) 
was chosen as a basis for further development of Russian best-estimate thermalhydraulic 
code. This was done through the tender among T/H codes from several nuclear industry 
organizations held in 1999. Work on creating this code begun as a NITI initiative in 1996 on 
the bases of earlier R&D activities (codes DJIP and PARNAS). After the tender KORSAR's 
development was pushed on by involving specialists from many organizations of Minatom, 
the Russian Academy of Sciences and universities (RDIPE, IPPE, RRC KI, EREC, SPbAEP, 
MEI, OKB GIDROPRESS, IVT RAN etc.) to code validation and testing on one hand, and for 
the models development on the other hand (for example together with the OKBM specialists 
the comprehensive model of noncondensable gases behavior was developed in the last code 
version). The development of code KORSAR goes on according to the roadmap approved by 



OCRK. The first basic thermalhydraulic version of the code was validated and certified in 
GAN RF in October 2003. The second version will be coupled with the 3-D neutron-physic 
code and the third enhanced version (including the abovementioned model for 
noncondensable gases) will comprise all the experience with the code verification and 
practical use and will incorporate the tools for best-estimate analyses. 
 
For verification of the first version of the computer code, Russian experiments were 
employed, along with experiments conducted on the basis of the technology of international 
standard safety problems (ISP) at foreign integral facilities PACTEL (Finland), BETHSY 
(France), and PMK-NVH (Hungary). In Russia, for verifying the computer codes as applied to 
WWER reactors, several Russian standard problems (RSP) were organized from 1993 to 
2001 with pre- and post-test calculations. Among these RSPs were three LOCA experiments 
carried out on the ISB-VVER facility (at EREC in the city of Elektrogorsk) and three reflood 
experiments conducted on the SVD-1 facility (IPPE in the city of Obninsk). 
 
Today, the base integral facility intended for simulating emergency and transient conditions 
in WWER-1000 reactor is the PSB-VVER facility (EREC). For verifying the KORSAR code, 
experiments conducted at this facility starting from 1999 were used. 
 
The cross-verification procedure to evaluate the adequacy of the code KORSAR as applied 
to power units was used by comparative calculations with the OKB GIDROPRESS code 
TRAP on the basis of full-scale reactor calculations. Very interesting results were obtained 
and some even more attractive are promising to be reached in next future in the frame of the 
ongoing cross-verification with the known advanced best-estimate code ATHLET (GRS, 
Germany) on the basis of Russian (PSB-VVER) and German experiments. The quality level 
of some KORSAR models was discussed with the ATHLET code developers; the GRS best-
estimate procedure of uncertainties evaluation is now implemented into code KORSAR. 
 
Code KORSAR is now officially used in the design project of the WWER-1000 being 
constructed in INDIA. Code KORSAR has been intensively used by specialists of OKB 
GIDROPRESS (the city of Podolsk) for other WWER projects either. 
 
 
3.2 Development of containment code 
 
 
Code KUPOL-M was chosen as the main MINATOM containment code as a result of winning 
the corresponding tender in 2000. KUPOL-M code has been developed for lumped 
parameter analysis of thermodynamic parameters of medium within full pressure 
containment for NPPs with WWER under LOCA conditions. The code covers 
thermalhydraulics, release and transport of fission products, hydrogen burning. The analysis 
takes into account the effects of non-stationary heat-mass transfer of gas-drop mixture in 
containment compartments with natural convection, volume and surface steam condensation 
in the presence of incondensable gases, heat-mass exchange of compartment atmosphere 
with water in sumps. The model for hydrogen deflagration is capable of evaluating gas 
temperature and pressure in specified containment compartments. Direct heating of walls 
and equipment is simulated at sedimentation of fission products on their surfaces. 
 
The same OCRK procedures to push on the development and verification of the code 
KUPOL-M with involvement of the leading specialists of other MINATOM institutes and 
Russian Academy of Sciences were used. To verify KUPOL-M 1.10 code the results of the 
experiments performed at the following integral test facilities were used: HDR (Germany), 
BMC (Germany), BC/V-213 EREC (Russia), VKM IPPE (Russia); as well as obtained at SET 
test facilities: STL IPPE (Russia), SS IPPE (Russia), ZuGres (Ukraine), TBK SPA TYPHOON 
(Russia), BAK SPA TYPHOON (Russia). The code KUPOL-M developers participate in 



ongoing ISP-47. In future the large-scale facility KMC (NITI) will be used as the main source 
of experimental data for code validation. KMC facility is at final stage of construction and has 
passed hydraulic tests recently. 
 
Cross-verification of KUPOL-M code was performed against MELCOR, CONTAIN, RALOC 
and WAVCO codes on basis of different physical problems. 
 
KUPOL-M code has been used for justification of NPP designs with WWER-640 and WWER-
1000. 
 
 
3.3 Development of integral severe accident code 
 
 
Two codes are being developed. The KIT code is based on BAGIRA code (best-estimate 
thermal hydraulics) and SVECHA code (in-vessel SA processes). The code SKAT has been 
developed in IBRAE (Russian Academy of Sciences) in association with Kurchatov institute, 
SPbAEP, VNIIEF and others. The work started in 1999. All available experiments on SA 
phenomena were used for SKAT validation including experimental data obtained in the frame 
of RASPLAV and MASKA OECD projects (Kurchatov institute). 
 
 
3.4 Development of computer codes for RBMK type reactor 
 
 
The RELAP5 and ATHLET codes have been used for RBMK safety assessment for last 12-
15 years, all RBMK units were simulated by the RELAP5 code by RDIPE specialists in the 
frame of SAR preparation. These calculations were revised within number of international 
projects: Ignalina NPP, Smolensk-3, Leningrad-2 and ongoing Kursk-1. The general level of 
these calculations appeared to meet the main regulatory requirements and the main safety 
issues were addressed. But all international experts outlined the need for continuous 
expansion of the RBMK related thermalhydraulic database. Some international projects were 
fulfilled to address this problem; among them is the extra budgetary IAEA program that 
involved Japanese PNC experiments at test facilities SEL and HTL. 
 
This problem is clearly understood in Russia. The new large-scale test facility PSB-RBMK is 
under construction in EREC, the program of experiments to be held there was developed 
and approved by leading RBMK specialists. The discussion of needs for best-estimate 
method development as applied to RELAP5 calculations posed a problem of continuous 
switch to KORSAR code with its inherent procedure of uncertainties evaluation for RBMK 
safety analyses. 
 
Moreover, Minatom and Russian Concern ROSENERGOATOM agreed upon the systematic 
development of the RBMK set of computer codes needed for safety justifications and the 
expansion of the appropriate experimental data base. It should be mentioned that along with 
the PSB-RBMK facility another large scale RBMK facility is under final phase of construction 
in EREC – the TKR facility aimed to gain data for the evaluation of all consequences of 
RBMK fuel channel rupture. In parallel, the code U-STACK has been developed in EPPI and 
RDIPE to simulate thermalhydraulic and thermo-mechanic phenomena in RBMK reactor core 
cavity. 
 
 



3.5 Establishment of requirements to the Validation Report for T/H codes. 
 
 
The work is being performed in cooperation with SEC NRS. OCRK has developed its own 
requirements, which support the code development and validation with certification in GAN 
RF. One of the main GAN requirements to the verification report is the clear formulation of 
the verification matrices used as a compass in the V&V process. For this purpose OCRK in 
2000 started a project on creating verification matrices. Thermalhydraulic matrices for 
WWER were developed on the basis of the OECD WWER matrices, which are developed 
since 1995. Russian WWER matrices in comparison with the OECD ones contain enlarged 
matrices of recommended experiments for the best-estimate thermalhydraulic codes 
verification as applied to WWER reactors. These Russian matrices were approved as a 
standard for Minatom organizations involved in the WWER thermalhydraulic assessments 
and code validation and verification. It should be mentioned that the work with the matrices is 
continuously developed since for example the matrix of large-break LOCA is incomplete and 
PSB-VVER experiments on large-breaks should be performed to fill in these gaps. 
 
Another direction of the OCRK V&V Matrices project was the creation of recommended 
verification matrices for containment codes. This was an original work. Matrices were divided 
into three groups: 

1. Thermalhydraulic processes in WWER containment during LOCA accidents, 

2. Distribution of combustible gases, 

3. Fission products transport in containment and all associated thermal physical 
phenomena. 

 
For each group two types of matrices were developed: 

1. Physical phenomena – test facilities, 

2. Recommended experiments. 

The current version of the containment V&V matrices  also became a standard for Minatom 
specialists involved into OCRK projects of containment codes development. 
 
 
4  CONCLUSIONS 
 
 

1. The principles of forced code development and validation under circumstances of 
limited time adopted in Minatom have shown their efficiency: lumped parameter 
containment code KUPOL-M and best-estimate thermalhydraulic code KORSAR were 
developed and validated in a rather short time. Now these codes meet all the GAN 
RF requirements and correspond to the known international level. These codes are 
being used in practice of safety assessments of WWER type reactors; results of these 
calculations form the basis of the WWER Safety Analyses Reports.  

2. One of the main directions of the thermalhydraulic codes validation is expanding of 
the available experimental database. This problem is urgent for WWER large-break 
LOCA accidents and for RBMK thermalhydraulics. To solve this problem the large 
scale facilities are being constructed in EREC, the program of corresponding 
experiments was developed. The code U_STACK developed for the RBMK accidents 
analyses with the fuel channel rupture (including multiple ruptures) has been 
developed and waiting experimental data from the TKR facility for final validation. 



3. The need of best-estimate method implementation into the practice of safety analyses 
leads to the best-estimate codes application with the inherently developed methods of 
uncertainties evaluation. This problem is especially urgent concerning RBMK safety 
assessments.  

4. Cooperation between different groups of code developers in form of codes cross-
verification and discussions of code models adequacy appeared to be fruitful. 
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ABSTRACT: An overview is given on the nuclear codes and data libraries that are applied at GRS 
for reactivity and nuclide inventory calculations. The programme system KENOREST was developed 
for reactivity and burnup calculations by coupling the 3d Monte Carlo code KENO with the 1d burnup 
code OREST. The capability of this code system will be presented together with results for typical 
applications. In addition, results of calculations for critical experiments will be presented that have 
been performed with Monte Carlo codes MCNP and KENO as well as with deterministic neutron 
transport codes for the qualification of these codes and the nuclear data libraries generated on the 
basis of JEF-2.2.

1  INTRODUCTION

The safety analysis of the nuclear reactor core design needs analytical methods for several steps 
from the fuel assembly design up to the evaluation of accident conditions. 

The fuel assembly design should be evaluated for the reactivity condition (k
∞
), the nuclide inventory 

and the power generation of each fuel pin during the burnup. At present, new aspects are defined 
mainly by increasing the burn-up and by using MOX-fuel. The analysis of core loadings for each 
cycle of operation needs calculation of the reactivity condition (k

eff
) during burnup for all operating 

conditions and the calculation of the power density distributions with a capability to reconstruct the 
power generation for each fuel pin.

The accident analysis needs calculations of the behaviour of the whole plant including the reactor 
core conditions. Relevant nuclear design accidents are the reactivity initiated accidents (RIA), e.g. 
the rod ejection in PWR, the rod drop in BWR or boron dilution conditions in PWR, and the reactor 
core sub-cooling during a main steam-line break accident. Under these accident conditions the fuel 
rod behaviour and the margins to fuel rod damage criteria should be determined. The development 
of coupled codes with the integration of 3D reactor core models into thermal-hydraulic system codes 
was a topic of international code development. These coupled codes allow to apply nuclear design 
methods, which are commonly used for steady-state and operational conditions, in the same manner 
for accident conditions. GRS has contributed to this field by coupling the thermal-hydraulic system 
code ATHLET with different 3D reactor core models for LWR and VVER conditions.
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The objective of this paper is to give an overview on nuclear codes and data libraries that are applied 
in GRS for reactivity and nuclide inventory calculations. An important step to complete the GRS code 
system for burnup calculations was the development of KENOREST, which couples the Monte Carlo 
code KENO with the GRS burnup code OREST. The capability of the code system KENOREST 
will be presented together with results for typical applications. Another great effort was related to 
the qualification of nuclear codes and nuclear data libraries, which were generated on the basis of 
JEF-2.2, by the analysis of critical experiments. Nuclear codes like the Monte Carlo codes MCNP 
and KENO and deterministic neutron transport codes like TWODANT/THREEDANT or DORT/TORT 
have been applied for problems of the International Handbook of Critical Experiments and critical 
experiments like KRITZ-2 and VENUS-2. Representative results will be presented in this paper. A 
complete list of nuclear codes applied in GRS and also a list of GRS participation in international 
benchmark activities in this field are given in tables included in the Appendix.

2  THE GRS REACTIVITY AND INVENTORY CALCULATION SYSTEM KENOREST

Reliable prediction of the characteristics of irradiated light water reactor fuels is needed for many 
aspects of the reactor operation and the nuclear fuel cycle. The criticality and the inventory distributions 
are strongly coupled during burnup. Therefore, two main problems must be solved: the simulation 
of all isotopic nuclear reactions in the fuel and the accurate simulation of the spatial and energy 
dependent neutron fluxes setting the reactions in motion. In state-of-the-art computer techniques, a 
combination of specialized codes for reactivity search, for cross section generation and for burn-up 
calculations is preferred to solve these cross-linked problems in a time step approximation. 
In the following, an overview of the calculational methods of KENOREST is presented and results for 
assembly multiplication factors, isotope inventories of spent fuel, pin power distributions and safety 
parameters are compared with experimental data or OECD benchmark results.

2.1 Modelling Aspects of the Code System KENOREST

The 3d programme system KENOREST version 2001 [1] is developed for reactivity and inventory 
calculations of LWR fuel, both with square and hexagonal assembly grids. In KENOREST, the 3d 
Monte Carlo code KENO [2] and the 1d GRS burn-up programme system OREST [3] comprising 
the 1d spectrum code HAMMER [4] and 0d depletion code ORIGEN [5] are directly coupled to the 
3d reactivity and inventory calculation system. The objective is to achieve a better modelling of 
plutonium and actinide build-up or burnout for advanced heterogeneous fuel assembly designs. 
Further objectives are directed to reliable calculations of the reactivity behaviour during burn-up, 
the pin power distributions and the reactor safety parameters for such fuel assemblies. The stand-
alone-codes KENO-Va and KENO-VI versions are used without any changes in the programme 
source. The OREST system in the version 2001 within KENOREST was extended to solve multi-
rod problems and additional burn-up dependent moderator conditions. A simplified diagram of the 
programme structure and the data transfers are shown for KENOREST in Fig. 2.1.
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Fig. 2.1: Programme Loops (thick lines) and Data Transfer (thin lines) in KENOREST-2001
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From a neutron physical point of view the coupling of KENO and OREST is obtained by the 
transfer of the 3d KENO results (neutron fluxes and fission densities, Fig. 2.1, line 4) for each 
fuel rod position to the 1d spectrum code HAMMER (fuel lattice simulation) and to the 0d burn-up 
code ORIGEN by keeping the reaction rate balance. After a short OREST burn-up step, the cross 
sections and inventories (Fig. 2.1, lines 7,8,9) for up to 1000 local positions are transferred back to 
KENO (Fig. 2.1, line 2). Initially, the system starts from a problem independent infinite-dilution cross 
section library (Fig. 2.1, line 3). After some KENOREST iteration steps without burn-up, the hot and 
resonance shielded cross sections together with the rod temperatures and the rod power densities 
are generated for all rod positions in their specific environment. The user defined irradiation history 
will now be started using the same iteration procedure. An 83-group energy structure is used by 
both codes OREST and KENO to avoid differences between libraries. Therefore, both cross section 
libraries - based on JEF-2.2 [6] - agree in the ‘infinite dilution’ starting point.
During burnup calculations, the lattice cell calculation is performed by HAMMER, using resonance 
parameters [7] for Nordheim resonance treatment at each burn-up step. Resonance shielding and 
cross section calculation is treated by our Flux Equivalent Cell (FEC) method at each position of the 
rods. The burnout of the fissionable nuclides, the build-up of the fission products and the depletion of 
isotopes like gadolinium including all decay and transmutation processes are calculated by ORIGEN 
with stepwise feedback to HAMMER and KENO. 
The programme features are the following: the system KENOREST starts an input data processor, 
which only needs the description of geometric input, fresh fuel composition data, and the irradiation 
history. The code system runs in a fully automated way in a UNIX environment controlled by shell scripts. 
The code allows up to 99 different fuel mixtures and up to 99 different axial positions to be specified. In 
the current version the user can choose between 6 different modes of KENOREST calculation: 

1. Checking of data input only;
2. Start-up calculation only;
3. Burn-up calculation only;
4. Total run, which includes the modes 1, 2 and 3;
5. Restart calculation;
6. Generation of table works and plots for results.

In mode 1, the input data processor generates all input files for KENO, for OREST and for a series 
of additional interface modules used for programme coupling. In mode 2, the system starts from the 
infinite dilution status and repeats the KENO/OREST code loop without burn-up. In mode 3, the loop 
is repeated till the end of irradiation history. In mode 4, all these steps are performed sequentially. In 
mode 5, the system starts automatically from the last finished burn-up step.

Furthermore, at each of the burn-up steps, the user can restart with new full inventory branching 
calculations, when some of the reactor conditions should be changed. These investigation could 
concern the effects of partially insertion or removal of a control rod with absorbers, or the withdrawal 
or exchange of some fuel rods, or even the exchange of a whole assembly in a four bundle 
calculation.

2.2 Nuclear Libraries

The development of a new KENO library started with a 292 group library based on JEF-2.2, which 
was collapsed to the HAMMER 83 group structure. For each KENOREST application, this library 
is available in the ANISN format in the problem independent <infinite dilution> condition without 
resonance shielding or Doppler broadening. During the iterations of KENOREST, this library is 



19

overwritten by problem dependent resonance shielded and Doppler broadened OREST data for each 
rod position. Additionally, we have developed a set of new HAMMER (THERMOS-HAMLET) libraries 
called <01STANDARD> starting from libraries [8] based on the prototype library <99STANDARD>. 
The THERMOS 30 group upscatter cross sections for light and heavy water have been enlarged 
for finer temperature steps to allow a better description of temperature effects e.g. for stretch-out 
operations, for calculation of moderator temperature coefficients or other reactivity and burn-up 
effects. The moderator temperature range is now described from room temperature up to hot reactor 
conditions in constant steps of 10 Kelvin.
For the future ORIGEN, OREST and KENOREST development and improvement we now are 
preparing a complete updated cross section set for all nuclear neutron reactions of JEF-2.2 and 
ENDF/B-VI available in [23] in the 83/84 group structure for KENO/OREST and in the known three 
group structure of ORIGEN. 

2.3 The Convergence Behaviour in the KENOREST System

In KENOREST, the 2d/3d KENO results influence the 1d OREST cross section generation, which in 
turn have a strong feedback on the KENO calculations. Those feedbacks can only be stabilised by 
an appropriate number of iterations, until user defined convergence criteria are fulfilled. 
The need of improved convergence treatment was found especially for modern heterogeneous 
fuel assemblies. Then, it is not possible to generate proper broad group cross section without 
the knowledge of proper spatial neutron fluxes and vice versa. A simple example concerns the 
temperature distribution in such an assembly: OREST calculates the pin wise fuel temperature 
to generate pin wise Doppler corrected cross sections. But for this goal OREST needs the pin 
power distribution previously calculated by KENO, which was obtained with not yet corrected cross 
sections. An analogous problem concerns the heterogeneous distribution of the moderator in modern 
BWR assemblies, which influence the cross section generation for each pin. If the reaction rate 
conservation law should be obeyed between the 2d/3d results (here KENO) and pin wise with the 
1d spectral code calculations (here HAMMER), the moderation conditions in the 1d spectral codes 
have to be pin wise adjusted until the same neutron fluxes are achieved to generate pin wise cross 
sections corrected for the moderator influence in the neighbourhood. But also these adjustments are 
done with the flux distributions previously calculated by KENO which had still used the uncorrected 
data. 
It should be noticed that these feedback effects mentioned above are not restricted to KENOREST, 
but are already inherent in other programme systems where broad group cross sections for multi-
dimensional transport codes are generated by lower-dimensional modules.
To overcome this convergence problem in KENOREST the user has to specify a certain number of 
desired start-up iterations. KENOREST starts with a problem independent infinite-dilution KENO 
cross section library, which is overwritten in the next iteration after a step without burn-up, where the 
OREST generated cross sections and inventories for all local positions are reloaded to the KENO 
code. After some further KENOREST start-up iterations according to the programme loops in Fig. 
2.1, the resonance shielded cross sections together with the calculated rod temperatures and the rod 
power densities are generated for all rods in their specific environment for the operation point begin 
of irradiation (BOI). 
The convergence effect on the multiplication factor as a global value was studied in [9]. On the other 
hand, the feedback effects on the pin power distributions are of point wise character: If consecutive 
KENO loops are analyzed pin by pin, the real scattering of the KENO results can be remarkably 
higher than the 1σ-data the code had estimated. For the next KENOREST version we will develop 
a convergence controlling procedure similar to the ANISN global and point wise convergence 
methods. 
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At the moment, this control procedure only works in the start-up loops of the prototype system 
KENOREST-hex, but will be extended in future to the burn-up loops. There will be great advantages 
of such a control procedure. The scattering of multiplication factors and pin power distributions will 
be suppressed below certain accuracy limits, set by the user at begin of calculation, and numerical 
oscillations in some 3d problems should be damped effectively during the burn-up calculations. 

2.4 Improved Burn-up Calculations with OREST-2001

During the burn-up calculations in KENOREST we use all build-up and decay chains inside ORIGEN 
with updated GRS decay libraries based on ENDF/B-V for 800 structural isotopes, 144 actinides 
and over 800 fission product isotopes according to OREST. The ORIGEN cross section data for 
the most important isotopes are overwritten with updated 83 group results from HAMMER at each 
OREST step. The remaining isotopes are treated with the known ORIGEN three group procedure 
using problem dependent spectral indices. All capture and fission cross sections of all isotopes are 
sampled in the POISON module with feedback to HAMMER and KENO. 
A flow diagram of the OREST system is shown in Fig. 2.2. Some code improvements had been 
implemented since OREST-96. OREST-2001 takes into account variations of coolant properties 
during burn-up (e.g. for stretch-out processes and varying steam contents). The HAMMER code 
now treats up to 50 materials and 1500 resonance lines simultaneously (14 and 300 previously). In 
addition, the code GRS-ORIGEN is numerically stabilized to treat high fluency irradiation problems 
with a maximum of 25 fission yield sets and 200 irradiation steps, which were previously limited to 
5 and 10 steps. Current work on GRS-ORIGEN refers to the implementation of this version into the 
KENOREST system and the extension of further activation reactions based on a full update of cross 
section libraries JEF-2.2 and ENDF/B-VI [23] mentioned above. 
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Fig. 2.2: OREST Flow Diagram (Thick Lines) and Data Transfer (Thin Lines)
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2.5 Applications for Reactivity and Inventory Problems

2.5.1 Inventory Calculations

Reliable predictions of actinide concentrations and of fission product activities are one of the most 
important features of a full inventory burn-up system. Results of OREST/KENOREST are presented 
in comparison with published isotopic analyses data for irradiated PWR fuel rods with UO

2
 and MOX 

fuel. 

2.5.1.1 Inventory Calculations for UO2 fuel

Table 2.1 shows measured and calculated isotopic concentrations for UO2-fuel of a German PWR 
reactor [10], [11]. The enrichment was 3.13% U235; the burn-up was 28.3 GWd/tHM. The table 
includes experimental data of various fission product and actinide concentrations and the deviations 
of a set of four calculations: A first <infinite grid> calculation (only for comparison, because the 
presence of 20 water filled control rod guide tubes is neglected), the older OREST-96 pin cell 
calculation (with an adjusted pitch found in a 2d KENO calculation according to [10], table I), the 
most recent OREST-2001 using the same procedure and as a fourth set the explicit 2d KENOREST 
calculation for the real assembly. Bold black data indicate deviations over 10 percent, bold red data 
over 20 percent. 
It is clearly seen that the <infinite grid> calculation fails for the build-up of plutonium, which is over 
predicted by 7%. The OREST-96 version with the neutron physically adjusted pitch shows satisfying 
results, which are inside or near the experimental scatter. Some isotopes (the krypton relation KR84/
KR86 and the curium isotope CM242) are out of experimental uncertainties and should be studied 
further. Many but not all results become better with the newer OREST version 2001, in spite of more 
recent libraries JEF-2.2 and improved calculational methods. For instance, the U236 concentrations 
are now 6% too low against the experiment. Similarly, the curium concentrations are underpredicted. 
In a detailed 2d KENOREST calculation modelling the centre part and the outer part of the assembly 
together with the control rod positions, practically the same results are achieved as in the fast 1d 
calculation OREST-2001 using an adjusted pitch. 
For one or two of the calculated isotopic data (CM242, CM244) the deviations exceed 20%, but 
the experimental scattering is of the same order. Analogous behaviour is found for PU238. At the 
moment an underestimation of PU238 and of the curium isotopes is found, without knowing the real 
causes. Both isotopes are relevant, because PU238 is important for the self heating of plutonium after 
recycling, and CM244 is the most important neutron emitter for the neutron dose in the environment 
of storage casks with spent UO2 or MOX fuel, and therefore the knowledge of precise concentrations 
would be of great interest.
The OREST-2001 result with the adjusted pitch p=1,475 cm [10] and KENOREST with the burn-up 
variable FEC procedure for rod power and grid modifications show nearly the same results. The slight 
variations between OREST-2001 and KENOREST are mainly caused by an additionally simulated 
gap of 1 mm between the UO2 assemblies, which would lower the plutonium concentrations by 
1%. 
In summary, the table shows that inventory calculations of standard UO2 fuel can be performed in a 
satisfying manner with appropriately applied 1d- or 2d-calculations.
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Table 2.1: Comparison of measured and calculated inventory concentrations OREST-96/-2001 and 
KENOREST-2001 in spent Obrigheim UO2 fuel

KWO, spent UO2-fuel, 

28.3GWd/tHM

Experimental 

Concentrations

[11], [10], table I

One and two-dimensional theoretical predictions 

(Differences C/E – 1)

Isotope Unit Value Un-

certainty 

%

1-d Diff

 % 

OREST-

2001

infinite Grid:

p=1.43 cm 

for test only

1-d Diff 

%

OREST-

96

ENDF/B-V

Adj. Grid:

p=1.475 cm

1-d Diff 

%

 OREST-

2001 

JEF-2.2

Adj. Grid:

p=1.475 cm

2-d Diff 

%

 KENOREST-

2001 

JEF-2.2

Assembly 

FEC-method

KR84/KR83 atoms 2.69 ~3 -6 -7 -5 -5
KR84/KR86 atoms 0.65 ~2 -10 -11 -10 -10

XE132/XE131 atoms 2.41 ~4 -2 -3 -4 -4
XE131/XE134 atoms 0.30 ~3 0 1 2 2
XE132/XE134 atoms 0.72 ~2 -1 -2 -2 -2
XE136/XE134 atoms 1.51 ~2 0 2 0 1
ND146/ND145 atoms 0.97 ~1 2 1 1 1
ND143/ND148 atoms 2.37 ~2 1 -1 0 0
ND144/ND148 atoms 3.59 ~1 -1 1 0 1
ND145/ND148 atoms 1.92 ~1 0 1 1 1
ND146/ND148 atoms 1.86 ~1 2 2 2 2
CS134/CS137 activity 1.20 ~18 14 12 2 9

U235 G/THM 9753.00 ~1 2 -3 0 -3
U236 G/THM 3721.00 ~1 -7 -2 -6 -6

CM242 G/THM 20.45 ~20 -23 -27 -26 -29
CM244 G/THM 15.40 ~20 -16 -17 -24 -29
PU238 WT% 1.40 ~16 -13 -15 -15 -16
PU239 WT% 58.17 ~2 3 -1 1 0
PU240 WT% 23.16 ~3 -6 5 -1 0
PU241 WT% 12.68 ~3 4 -2 4 3
PU242 WT% 4.59 ~3 -13 (!) -3 -8 -8

PU-TOTAL G/THM 8432.00 ~2 7 (!) 2 1 0
Summary Analysis

<Good> data 0-9 % #=20 #=16 #=17 #=18 #=18

<Bad> data 10%-19% #=2 #=5 #=4 #=2 #=2

<Worse> data 20%-100% #=2 #=1 #=1 #=2 #=2
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2.5.1.2 Inventory Calculations for MOX Fuel

Table 2.2 shows the comparison of measured and calculated concentrations in spent MOX fuel 
for a single rod of the same reactor type (BS-425, [10], table V). The enrichment was 3.2% fissile 
plutonium, the burn-up was 36.9 GWd/tHM. In four columns OREST and KENOREST results are 
given. For comparison, the first column describes the results assuming an <infinite grid> model with 
the grid pitch. In the second column the OREST-96 calculation is performed with an adjusted cell pitch 
p=1.55 cm [10] for the single rod. The third result applies the adjusted FEC-grid in the OREST-2001 
calculation too, and the most recent 2d KENOREST calculation of the investigated MOX single rod 
BS-425 within the real assembly BE-451 surrounded by UO2 assemblies. Bold black data indicate 
deviations over 10 percent, bold red data over 20 percent. All the calculated differences should be 
compared to the experimental uncertainties, which could reach 10 % for the plutonium isotopes. 

Table 2.2:  Comparison of measured and calculated inventory concentrations OREST-96/-2001 and 
KENOREST-2001 in spent Obrigheim MOX fuel (Assembly BE-251, rod BS-425)

KWO, spent MOX – Fuel, 

36,9 GWd/tHM

Experimental 

Concentrations

[10], table V

One and two-dimensional theoretical predictions 

(Differences C/E – 1)

Isotope Unit Value Un-

certainty 

%

1-d Diff

 % 

OREST-

2001

infinite Grid:

p=1.43 cm 

for test only

1-d Diff 

%

OREST-

96

ENDF/B-V

Adj. Grid:

p=1.55 cm

1-d Diff

 %

 OREST-

2001 

JEF-2.2

Adj. Grid:

p=1.55 cm

2-d Diff 

%

 KENOREST-

2001 

JEF-2.2

Assembly 

FEC-method

U235 G/THM 2844.0 ~1 8 0 2 2
U236 G/THM 1595.0 ~1 1 5 2 2

AM241 G/THM 220.00 ~10 19 (!) 4 8 5
AM242M G/THM 6.44 ~60 7 -34 -19 -19
AM243 G/THM 409.00 ~0 5 5 0 0
CM242 G/THM 89.50 ~10 -9 -8 -10 -10
CM243 G/THM 2.99 ~10 -11 -21 -22 -21
CM244 G/THM 173.60 ~2 5 -3 -13 -13
CM245 G/THM 11.70 ~2 15 -15 -24 -24
CM246 G/THM 1.18 ~10 -17 -3 -34 -36
U234 IMA 4.04E-05 ~5 16 19 22 22
U235 IMA 2.75E-03 ~1 14 (!) 5 7 7
U236 IMA 1.69E-03 ~1 -4 0 -3 -3
U238 IMA 9.32E-01 ~0 -1 0 0 0

PU238 WT% 1.27 ~10 -24 -24 -24 -25
PU239 WT% 37.97 ~10 20 (!) 4 6 5
PU240 WT% 36.64 ~10 -20 (!) -6 -9 -9
PU241 WT% 16.39 ~10 10 6 11 11
PU242 WT% 7.73 ~10 -24 (!) 0 -5 -5

PU-TOTAL G/THM 24353.0 ~2 23 (!) 10 8 8
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Summary Analysis:
<Good> data 0-9 % #=9 #=8 #=14 #=11 #=11

<Bad> data 10%-19% #=10 #=7 #=3 #=4 #=4

<Worse> data 20%-100% #=1 #=5 #=3 #=5 #=5

OREST-2001 with the adjusted constant grid p=1,55 cm and KENOREST with the burn-up variable 
FEC procedure for rod power and grid modifications show nearly the same results.
Furthermore, it is clearly seen that the infinite grid method (p=1.43 cm), which neglects the influence 
of a neighbouring water filled control rod guide tube and the soft neutron fluxes from the neighbouring 
UO2 fuel rods, would overestimate the final U235 contents by more than 10% and the final plutonium 
contents by more than 20%. The isotopic deviations in the plutonium vector are of the same order. 
The improved 1d-calculations with OREST-96 or OREST-2001 and the pin wise detailed 2d-method 
KENOREST can lower these deviations, however not for all isotopes (e.g. PU238 or the curium 
isotopes). 
In a summary analysis, (at the bottom of the table), the older OREST-96 calculations reached 
slightly more accurate isotope concentrations. A comparison of published values for other known 
modern burn-up and reactivity production codes like HELIOS [12], APOLLO2 [13], CONKEMO [14], 
MCU/BURN-UP [15] and OREST-96 gave a relatively wide uncertainty band for the main important 
actinides in the spent MOX fuel case against experimental data [16]. Best results were obtained by 
the French APOLLO2 code because the plutonium vectors could be reproduced relatively well. For 
the americium isotope AM241 e.g. the calculated results scattered between -28 and +20 %. All codes 
underestimated the curium isotopes. For PU238, PU239, PU240, PU241, PU242, code deviations 
were found between <-38% to -5%>, <+2% to +22% >, <-6% to +3 %>, <-3% to +10%> and <-9% 
to +12%> respectively against experimental data. As in the UO2 case a general underestimation of 
PU238 and of all curium isotopes is found in OREST and in published results of other codes, till now 
without knowledge of the real causes. The reasons may lie in the data libraries, in the calculation 
models (a multi region model for the fuel pellet as in APOLLO2 should be preferred for MOX), and in 
the exact assembly or grid model chosen by the user, on the other hand some problems could be in 
the measurement techniques itself. 
In our opinion considering all these uncertainties and deviations listed in table 2.2, the inventory 
calculations for spent MOX fuel at the moment are not really satisfying. Further studying of the 
build-up and depletion chains, improvements in the methods, refinements of the libraries and 
recalculations of well documented isotope analyses of spent MOX fuel are necessary.

2.5.2 Reactivity Calculations of BWR MOX Assemblies with GD-RODS

GRS participated in the OECD BWR MOX benchmark [17] , where a modern 10x10 BWR design 
with large internal water structure was chosen for code comparison. The GRS solution was obtained 
with the prototype version KENOREST-98. About 30 solutions were submitted by approximately 
20 participants, using many different code systems. Infinite multiplication factors for burn-ups to 
50 GWd/tHM and for different reactor/coolant conditions and power density distributions had been 
investigated. The geometry and the fuel rod configuration of the assembly are depicted in Fig. 2.3, 
which is generated directly from the KENOREST input.
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Fig. 2.3:  Design of the BWR MOX 10x10 assembly with the Atrium Channel in the OECD 
Benchmark

K_inf at BOL (uncontrolled, no Xenon) hot 40% void

Fig. 2.4: BWR MOX Multiplication Factor at BOL hot 40% void [17]
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Figure 2.4 shows the multiplication factors of all participants in the fresh hot condition without xenon 
and 40% void. The averaged <OECD> results can be found together with our recalculation with 
KENOREST-2001 in the rightmost columns. Both data are in good agreement.

Figure 2.5 shows the assembly multiplication factor during burn-up for the prototype version, the 
recalculation with the actual KENOREST-2001 version and averaged OECD results. The scattering 
of the OECD results lies between 0.50% and 0.75 %. The behaviour of the curve between 0 and 10 
GWd/tHM is caused by the xenon poisoning and the gadolinium burnout. The solution by the new 
version shows a slight underestimation of the assembly multiplication factor value during gadolinium 
burnout, but after 10 GWd/tHM a remarkably better behaviour than the older version. The most 
important difference between the versions is that KENOREST-2001 now can treat up to 50 isotopes 
with up to 1500 resonance lines simultaneously. The previous version was limited to 14 isotopes 
and 300 lines respectively. But it can be recognized that especially for the gadolinium burnout in 
KENOREST-2001 an improved calculation model should be developed, it is planned to implement 
a multi region model for the fuel. The data after 10 GWd/tHM are lying in the range of the other 
participants. 

In Fig. 2.6 only the deviations of the both versions during burn-up at the burn-up points 5, 10, 30 and 
50 GWd/tHM are shown for comparison with the 1s scattering of all participants. The results of the 
older 1998 version leaves the <OECD> 1s range at 30 GWd/t. The new version remains inside or 
near the range of the participants. 

Fig. 2.5: BWR MOX Multiplication Factor against Burn-up hot 40% void [17]
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Deviation KENOREST und scattering <OECD> during burnup

Fig. 2.6:  Deviations KENOREST-98/ 2001 from the averaged OECD-Results versus Burn-up 
for the BWR MOX Benchmark [17] 

2.5.3 Power Distribution BWR-MOX Assemblies with GD-RODS

In the same BWR MOX Benchmark [17] the pin power distributions and the peaking factors had 
to be calculated for various coolant and burn-up conditions. Figures 2.7 - 2.10 show the peaking 
factors of all participants in the fresh cold and hot condition with and without steam contents. The 
averaged <OECD> results (black-white shaded column) can be found together with our recalculation 
KENOREST-2001 in the rightmost columns. Both data and the results of the older version 98 are in 
good agreement. In Fig. 2.11 only the deviations of the both versions during burn-up at the burn-up 
points 5, 10, 30 and 50 GWd/ttHM can be seen, and can be compared with the 1σ scattering of all 
participants. It is good to see that the pin power distributions of KENOREST are reliable, as already 
shown in a detailed validation report [18].
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Peaking factor at BOL (uncontrolled, no Xenon) cold 0% void  

Fig. 2.7: Peaking factor at BOL (uncontrolled, no Xenon) cold 0% void

Peaking factor at BOL (uncontrolled, no Xenon) hot 0% void  

Fig. 2.8: Peaking factor at BOL (uncontrolled, no Xenon) hot 0% void
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Peaking factor at BOL (uncontrolled, no Xenon) hot 40% void

Fig. 2.9: Peaking factor at BOL (uncontrolled, no Xenon) hot 40% void

Peaking factor at BOL (uncontrolled, no Xenon) hot 80% void

Fig. 2.10: Peaking factor at BOL (uncontrolled, no Xenon) hot 80% void
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BWRMOX: Peaking factor: Deviation KENOREST and Standard
Deviation <OECD> during Burnup

(hot 40% void, uncontrolled, Xenon equilibrium)

Fig. 2.11:  Peaking Factor Deviations KENOREST-98/ 2001 from the averaged OECD-Results 
versus Burnup for the BWR MOX Benchmark [17]

2.5.4 Safety Parameter Calculations of PWR-MOX Grids

In the year 1995 GRS participated on the WPPR Benchmark [19] for repeated plutonium recycling 
with the OREST-96 code. One part of the benchmark concerned the calculation of important 
safety parameters in a full MOX core. GRS now had worked out recalculations with the new data 
library <01STANDARD>, which are published in [20]. Instead of the KENO code with the statistical 
uncertainties due to the Monte Carlo treatment, the burn-up dependent libraries by HAMMER-
OREST were fed in the known deterministic SN code ANISN. Good results could be achieved. 
One example of this recalculation is shown in Fig. 2.12. The newly generated results are named 
<ANITOR-01>; the previous results are signed as <OREST96>. 
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Fig. 2.12: Moderator Temperature Coefficient in a highly moderated PWR

Another benchmark for determining safety parameters was the PWR void reactivity problem [21]. 
The objective was to calculate the void reactivity effect for pin cells and macro cells of Uranium 
and MOX fuel with varying Pu content. The KENOREST calculations obtained quite good results, 
describing correctly the changes of the void reactivity effect for the different configurations.

3  REACTIVITY CALCULATIONS FOR VALIDATION OF CODES AND DATA LIBRARIES

Reactivity calculations are performed with the 3d Monte Carlo programmes MCNP-4C [24] and 
KENO-Va/VI from the SCALE-4.4a package [25], and with the 2d/3d deterministic S

n
 codes 

TWODANT/THREEDANT from the DANTSYS [26] package, and DORT/TORT from the DOORS 
package [27]. While MCNP uses nuclear point data, for KENO and the deterministic codes, cross 
section data in multigroup form are required. 
In this section, the generation and present status of the nuclear data libraries used at GRS for 
reactivity calculations is briefly described, and results of various benchmark calculations are given, 
which served for validating the cross section data together with the available transport codes.
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3.1  Generation and Status of Nuclear Data Libraries for Neutron Transport Codes

All problem independent nuclear data libraries were generated with the data processing code 
NJOY [28] from JEF-2.2 data [29]. The point data for use with MCNP were generated with a 
uniform reconstruction accuracy of 0.1 %, with temperatures up to 3000 K on fixed grid points. 
For temperatures between the grid points, an interpolation procedure can be applied. The JEF-2.2 
based library is quite comprehensive, with approximately 40 actinides, 180 fission products, and 70 
structure, absorber, and moderator materials. From other basis data (ENDF/B-VI, JENDL-3.2, JEFF-
3), only data necessary for particular benchmarks were generated.
For calculations with MCNP and point data, no further cross section processing is necessary. For 
calculations with transport codes using multigroup data, the processing sequence starts from a 
master library with an energy structure of 292 groups, with 127 thermal groups below 3 eV, covering 
the upscatter energy range. For the unresolved resonance region, Bondarenko factors are available 
and the module BONAMI of the SCALE package is applied. For the resolved resonance region, 
the cross sections are stored on a hyperfine energy grid (up to 26 000 energy points); by directly 
solving the transport equation with the help of collision probabilities within the 1d code RESMOD [6], 
problem dependent weighted cross sections with 292 energy groups are generated. For the use with 
2d or 3d deterministic transport codes, these fine group cross sections are normally collapsed to a 
broad group structure and, for some problems, homogenized in space over certain regions of the 
considered arrangement (e.g. pin cells), to keep the computing times within reasonable limits.

3.2 Calculations for Critical Experiments and Benchmarks

The specifications of most of the benchmarks which were used for validating our reactivity calculation 
methods, were taken from the “International Handbook of Evaluated Criticality Safety Benchmark 
Experiments” [30]. We recalculated a large number of homogeneous and heterogeneous systems 
with respect to the multiplication constants, mainly with MCNP, to validate the basis libraries and 
the point data processing method [31-34]; due to the point data Monte Carlo method and the 
capability to describe almost arbitrary geometrical arrangements, practically no approximations are 
necessary with MCNP. These calculations are complemented by Monte Carlo and S

n
 calculations 

with multigroup data for selected systems, to check the quality of the resonance processing, energy 
condensation, and/or spatial homogenization methods.
The homogeneous systems comprise highly enriched uranium solutions, plutonium solutions, 
mixed uranium/plutonium solutions, and highly enriched uranium metallic fuel. The heterogeneous 
systems, which we are most interested in dealing with light water reactors, comprise UOX fuel 
pin assemblies, both with square and hexagonal lattices, and MOX fuel pin assemblies. These 
benchmark calculations are supplemented by calculations for TRX (metallic uranium), an ANS 
LWR benchmark (UOX lattices) [35], the VENUS-2 [36] and KRITZ-2 [37] experiments (UOX and 
MOX LWR lattices), as well as purely computational benchmarks like the VVER-1000 Assembly 
Benchmark [38] and the C5G7 MOX Fuel Assembly Benchmark [39] to compare results obtained 
with different transport codes and nuclear data which are internationally used.
First, an overview on our calculations for homogeneous and heterogeneous systems is given, and 
then the calculations for some recent benchmarks are presented in detail.
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3.2.1 Homogeneous systems

In Fig. 3.1, MCNP results obtained with various nuclear data libraries for homogeneous systems 
are shown. The results of all calculations are combined in four groups (HEU-SOL: highly enriched 
uranium solutions, PU-SOL: plutonium solutions, MIX-SOL: MOX solutions, HEU-MET: highly 
enriched uranium metallic fuel). Each group represents the average values of all calculated single 
benchmarks of the corresponding type. The averages of the corresponding experimental values are 
all very close to 1.0, with uncertainties of ~0.4%.

Fig. 3.1:  Comparison of k-eff values calculated with MCNP and measured values for homogeneous 
benchmarks.

In all cases, the JENDL-3.2 results lie higher than the JEF-2.2 and ENDF/B-VI values. The 
multiplication constants of the highly enriched uranium and the mixed U/Pu solutions are slightly 
underestimated with JEF-2.2 and ENDF/B-VI, but well reproduced with JENDL-3.2. For the 
plutonium solutions and the experiments with metallic fuel, the JENDL-3.2 results are somewhat 
high, while JEF-2.2 and ENDF/B-VI agree well with experiment. In total, the JEF-2.2 data, which are 
regularly used in GRS production calculations, are well suited for the neutron physical description of 
homogeneous systems.

3.2.2 Heterogeneous systems

Figure 3.2 gives an overview of the MCNP results with various nuclear data libraries for heterogeneous 
LWR systems. It covers average results for LWR arrangements with LEU (LEU-LWR: square lattices, 
HEX-LEU: hexagonal lattices) and MOX (MOX-LWR) as fuels, and additionally average results for 
the TRX and ANS LWR benchmarks. The averages of the corresponding experimental values are 
all 1.0.



35

Fig. 3.2:  Comparison of k-eff values calculated with MCNP and measured values 
for heterogeneous benchmarks.

Except for the hexagonal assemblies, the experimental averages are slightly underestimated by the 
results obtained with our standard JEF-2.2 library. This is due to details in the capture cross sections 
for U-235 and U-238 in the basis data, which is currently under discussion among the nuclear 
data evaluation groups. Nevertheless, the results obtained for the systems representative for LWR 
conditions are very satisfactory.

3.2.3 The VENUS-2 Benchmark

One of the systems studied in detail is the VENUS-2 experiment [36], a heterogeneous cold LWR 
square lattice consisting of 12 units (4 x 4 with missing corner units) with 15 x 15 pin cells each, with 
a hole of 10 x 10 pin cells in the centre. It contains uranium of different enrichment in the inner part, 
and MOX in the outer zones. In addition to the criticality condition, the radial fission rate distribution 
is known from experiment, as well as the axial fission rate distributions in selected pins inside the 
different fuel zones.
Table 3.1:  Multiplication constants for the VENUS-2 MOX core from MCNP calculations with 
different nuclear data. Standard deviations are 0.0001.

JEF-2.2 ENDF/B-VI.5 JENDL-3.2

k-eff 1.0028 0.9979 1.0037

Table 3.1 shows the multiplication constants calculated with MCNP with various nuclear point data, 
again with a satisfactory result in particular with our standard JEF-2.2 library. The differences are not 
large; the ENDF/B-VI results are somewhat lower and the JEF-2.2 results are somewhat higher, a 
tendency which was already observed for the other LWR systems. 
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Fig 3.3:  C/E ratios of the radial fission rate distribution for the VENUS-2 core from MCNP 
calculations with JEF-2.2. Relative statistical uncertainties are 0.2 – 0.5 % (1 σ). Different 
fuel zones are indicated in different shades.

Figure 3.3 presents the C/E ratios of the radial fission rate distribution, calculated with JEF-2.2 
data. Overall, the deviations from unity are not too large, but there is a localised region near the 
outer boundary of the core (inside the MOX zone), where the values reach unacceptably high 
values of approximately 1.08. This is by far outside the statistical uncertainties of the calculations. 
Furthermore, the Fig. exhibits a systematic tilt in the distribution between the MOX zone and the core 
centre, not only caused by fluctuations. This can be clearly seen from Table 3.2 where the average 
values of the fission rates are displayed for the different fuel zones of the core. This discrepancy 
between measured and calculated values in the fission rate distribution is independent of the nuclear 
data libraries. Qualitatively the same shape of the C/E values was also obtained with other methods 
and data used for the benchmark in 2d representation [36], and 3d Monte Carlo and deterministic 
calculations show a similar behaviour (see Table 3.2 and Ref. [40]).

Table 3.2:  C/E ratios of the average radial fission rate distribution for the VENUS-2 MOX 
core for the different fuel zones. The MOCA and TORT results are from Ref. [40].

MOX U-4.0 U-3.3

MCNP 1.041 0.994 0.986

MOCA 1.055 0.995 0.973

TORT 1.062 0.995 0.970

In Fig. 3.4, the C/E ratios for the axial fission rate distribution at six selected pin positions are shown. 
The discrepancies do not exceed 5 %, indicating a satisfactory agreement of the calculated results 
with the measured values (the experimental uncertainties are reported to be in the order of 3 %). In 
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particular, one recognises that the discrepancies are of a statistical nature, and there is no substantial 
variation of the C/E values with respect to the axial position. 

Fig 3.4:  C/E ratios of the axial fission rate distribution for the VENUS-2 MOX core from MCNP 
calculations with JEF-2.2 for selected fuel pins. The active zone is at 105 – 155 cm. 
Relative statistical uncertainties are 0.9 – 2.7 % (1 standard deviation).

3.2.4 The KRITZ-2 Benchmarks

The KRITZ-2 assemblies are square lattices with uranium or MOX fuel, inside a vessel with light 
water. The arrangements and results of three configurations, denoted as KRITZ-2:1, 2:13, and 2:19, 
are accessible [37]. These are two LEU cores (2:1, 2:13) with different pitches, and a MOX core (2:
19), each in a cold and hot state with a temperature of ~240 °C. Criticality was obtained by varying 
the water level and the boron concentration in the moderator. In addition to the criticality conditions, 
fission rates were measured for a number of fuel pin positions.
We mainly used the KRITZ-2 benchmarks to validate our calculation methods with multigroup data, 
therefore the results all refer to the same JEF-2.2 basis data, and results obtained with other nuclear 
data libraries are not given here. The original 292 group cross sections were collapsed to a broad 
group structure with 18 energy groups (6 thermal) and homogenized over the pin cells of each core 
in an infinite lattice, i.e. without a separate treatment of the edge and corner cells due to the adjacent 
moderator region.
Figure 3.5 shows the multiplication constants obtained with different transport codes. There is 
good agreement between the MCNP and the THREEDANT results for all cases, with maximum 
differences of less than 0.2%. Here, one should keep in mind that the nuclear data representations 
for the two codes are very different (point data for MCNP vs. broad group data with additional steps 
in the generation process for THREEDANT). When comparing the THREEDANT and KENO results, 
which both use the same JEF-2 based nuclear data, the agreement is excellent, with differences of 
not more than 0.05%.
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Fig. 3.5:  Calculated k-eff for the KRITZ-2 assemblies with JEF-2 based data and different transport 
codes.

Concerning the fission rates at the measured pin positions, the agreement between the results 
obtained with MCNP and the measured values is generally satisfactory, with discrepancies ≤ 2% for 
most of the pin positions. Large differences show up for pin positions where the experimental values 
are doubtful according to Ref. [37]. In Fig. 3.6, fission rates for the assemblies with measured fission 
rates calculated with the MCNP and THREEDANT codes are compared. One recognizes that the 
discrepancies lie within a 2% band, with the exception of some positions with differences up to ~ 
6%; these are positions of corner or edge cells. The discrepancies partly originate from the 1d cross 
section processing, which is performed in the same way for all pin cells, and does not correctly take 
into account the edge of the core. Also the nodalisation with mesh widths equalling the cell pitches, 
without further refinement near the core boundary, is responsible for a part of these discrepancies.

Fig. 3.6: Comparison of KRITZ-2 pin fission rates calculated with MCNP and THREEDANT.
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3.2.5 The C5G7 Benchmark

The C5G7 benchmark [39] is made up of two UO2 and two MOX assemblies (three different plutonium 
enrichments) surrounded by a water reflector. With the given boundary conditions, the arrangement 
represents one fourth of a symmetric 4X4 fuel assembly array for the 2d case, and one eighth for 
the 3d case. Each assembly consists of a 17X17 lattice of square pin cells with two different material 
compositions per pin cell. The nuclear data for the different materials were given in the benchmark 
specification. Although recently, this benchmark was extended to more realistic arrangements with 
different control rod configurations, we restrict ourselves here to the original benchmark results due 
to the early stage of the extension benchmark. As mentioned, the C5G7 is a purely computational 
benchmark, so we cannot compare with measurements, and have to refer to Monte Carlo reference 
solutions. 

Fig. 3.7:  DORT results for the 2d C5G7 benchmark with different quadrature orders and cell 
nodalisations. Left: Multiplication constant. The Monte Carlo reference solution is 1.18655. 
Right: Average deviation of pin powers from the Monte Carlo reference value.

Our calculations [22] were performed with the S
n
 codes DORT and TORT. No homogenisation of the pin 

cells was performed; the fuel pin surfaces were approximated by step functions on a Cartesian mesh 
grid. The influence of the number of meshes and, in addition, the quadrature order was investigated. 
In Fig. 3.7, our results for the multiplication constant and the average pin power in the 2d case are 
summarized. While the simple square cell representation of the fuel pin (three nodes per pin cell) 
obviously yields large deviations in the eigenvalue, higher spatial approximations, in particular for 
large quadrature sets, are very consistent. A further spatial improvement is not necessary, however, 
there is a systematic effect on quadrature order. Also with our most elaborate solution so far, we 
observe a small remaining discrepancy in k-eff to the reference solution of ~ 150 pcm.
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4 SUMMARY AND OUTLOOK

A large number of reactivity and burnup calculations were performed with KENOREST Version 2001 
achieving good results in comparison with available experimental data and results from international 
benchmarks. The accuracy of calculated nuclide inventories during burnup of Uranium and MOX fuel 
was discussed, indicating that improvements are necessary for MOX fuel. A version for hexagonal 
assemblies of VVER was developed, and the validation will be extended to such assembly types.
Further development will be directed to model improvements, e.g. implementing a multi region 
fuel model, to further library improvements for high burnup conditions, and on-going validation for 
inventory and reactivity problems. In a prototype version the Monte Carlo code was replaced by the 
deterministic code DORT. In this model, the neutron flux distribution is calculated without statistical 
uncertainties, which has advantages for the calculation of small reactivity charges and the generation 
of homogenized and energy collapsed nuclear data.
The GRS code system for reactivity calculations consists of the Monte Carlo codes MCNP and 
KENO, and the deterministic neutron transport codes TWODANT/THREEDANT and DORT/TORT 
with data libraries mainly based on JEF-2.2. These codes can be applied for reference calculations 
in the whole field of nuclear design problems. Applications are advanced fuel assembly designs, 
fuel rod arrangements of critical experiments, and core configurations. The Monte Carlo codes have 
been applied for full core problems to study reactivity effects during accident conditions, but also to 
demonstrate that spatial neutron flux distributions can be successfully calculated.
The experiences from solving larger fuel rod arrangements of critical experiments and international 
benchmark problems by deterministic S

N
 codes like DORT/TORT are promising to develop a time-

dependent code on this basis. The direct solution of neutron transport equations should improve the 
accuracy of core calculations which are at present mainly performed by nodal codes based on the 
diffusion approximation.
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Appendix

Table A.1: GRS Participation on OECD/NEA Benchmarks

BENCHMARK THEME
GRS USED 
CODE

GRS USED 
LIBRARY

BURN-UP CREDIT BENCHMARKS

BUC Phase I A

Reactivity-Calculation: Examine effects of 7 major 
actinides and 15 major FPs, PWR pin-cell, isotopic 
compositions specified, UO2 3.6 % at 0, 30 and 40 
GWd/tHM, 1 and 5 years cooling time (completed)

KENO Va 
SCALE-4 

ENDF/B-IV

BUC Phase I B
Inventory Calculation: Calculation of nuclide 
concentrations for depletion in a PWR pin-cell model 
(completed)

OREST-84
ENDF/B-V

BUC Phase II A
Reactivity-Calculation: Effect of axial burn-
up distribution for PWR, as a function of initial 
enrichment, burn-up, cooling time (completed)

KENO Va 
SCALE-4 

ENDF/B-IV

BUC Phase II B
Reactivity-Calculation: Repeat study of BUC Phase 
II A for 3-D cask geometry, isotopic compositions 
specified (completed)

KENO Va 
SCALE-4 

ENDF/B-IV

BUC Phase III B
Reactivity- and Inventory Calculation: Comparison 
of computed nuclide concentrations for depletion in 
BWR UO2 fuel assemblies (completed)

KENOREST-98
JEF-2.2+
ENDF/B-V

BUC Phase IV B
Reactivity- and Inventory Calculation: Compare 
computed nuclide concentrations for depletion of 
MOX PWR fuel (in progress)

KENOREST-2001
JEF-2.2+
ENDF/B-V

WORKING PARTY ON THE PHYSICS OF PLUTONIUM FUELS AND INNOVATIVE FUEL CYCLES 

WPPR
Volume VI
PWR MOX

Reactivity and Inventory Calculation: Multiple Pu 
Recycling in Advanced PWRs Calculation of nuclide 
concentrations and reactor safety parameters for 
depletion in a PWR pin-cell model (completed)

OREST-96 ENDF/B-V

WPPR
Volume VII
BWR MOX

Reactivity and Inventory Calculation: Reactivity and 
pin power distributions in a BWR MOX assembly 
model at various coolant conditions and during burn-
up (completed)

KENOREST-98

MCNP

JEF-2.2+
ENDF/B-V

JEF-2.2

WPPR
VENUS-2 
MOX Core 

Reactivity Calculation: Reactivity and pin power 
distributions in the VENUS-2 MOX Core and 
comparision to experimental data 
(2d completed) (3d in progress)

MCNP JEF-2.2

TFRPD
VVER-1000 
LEU and MOX 
Assemblies

Reactivity and inventory calculations: Reactivity, 
pin power distributions, and nuclide compositions in 
VVER-1000 fuel assemblies during burn-up. GRS 
calculations for fresh states only (completed) 

MCNP JEF-2.2

TFRPD
KRITZ-2 LEU and 
MOX Cores

Reactivity calculations: Reactivity and pin power 
distributions in three KRITZ-2 cores (one MOX and 
two LEU cores) at different temperatures (in progress)

MCNP
KENO-Va
THREEDANT

JEF-2.2

EXPERT GROUP ON 3D RADIATION TRANSPORT BENCHMARKS (EG3DRTB)

C5G7 MOX Fuel 
Assembly

Reactivity calculations: Deterministic transport 
calculations without spatial homogenisation for 
reactivity and pin power distributions in arrangements 
of LEU and MOX fuel assemblies (2d and simple 3d 
completed) (3d extension in progress)

DORT
TORT
KENO (only for 
comparison)

Cross 
section 
data were 
provided 
with the 
benchmark 
specification
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Table A.2: GRS used Codes and Code Systems for Inventory and Reactivity Calculations

CODE SUBJECT REMARKS STATUS

ANITOR-2001, 
ANIDORT

1d/2d Code System for 
Reactivity and Burn-up 
Purposes with ANISN, 
DORT and OREST

Deterministic calculation of burn-up dependent 
multiplication factors and reactor safety parameter 
of infinite cell grids

For GRS 
internal use at 
moment

DANTSYS 

(ONEDANT / 
TWODANT / 
THREEDANT

1d/2d/3d-SN Code 
System for Radiation 
Transport and 
Criticality 

1d/2d/3d criticality and radiation shielding 
calculations by means of broad group cross 
sections

Production 
code system 
US-LANL

DOORS 

(ANISN / DORT / 
TORT)

1d/2d/3d-SN Code 
System for Radiation 
Transport and 
Criticality

1d/2d/3d criticality and radiation shielding 
calculations by means of broad group cross 
sections

Production 
code system 
US-ORNL

GRSAKTIV-I / 
GRSAKTIV-II

Multi Region Activation 
System with ORIGEN 

0d system for LWR neutron flux spectra in three 
groups. With effective infinite dilution resonance 
integrals (ENDF/B-V data) or problem dependent 
multi group cross sections

Production 
code system 
GRS

GRS-HAMMER-
2000

1d Spectral Code 
System for 84 groups 
with THERMOS and 
HAMLET 

1d cell calculations with the collision probability method 
to solve the integral Boltzmann equation. Resonance 
treatment Nordheim, GRS extension for up to 1500 
resonance lines and 55 resonance isotopes, mainly 
used for generating problem dependent 84 group 
fluxes and cross sections for OREST

Production 
code, GRS 
version of US-
SRL

GRS-ORIGEN-2001
Nuclide Inventory 
Calculation 

0d inventory calculation for irradiation, burn-up and 
decay, GRS version with 250 time steps and 25 
fission yield sets JEF-2.2

For GRS 
internal use at 
moment

GRS-ORIGEN-96
Nuclide Inventory 
Calculation 

0d inventory calculation for irradiation, burn-up and 
decay, GRS version with 10 time steps and 5 fission 
yield sets ENDFB-5

Production 
code, GRS 
version of US-
ORNL

KENO-Va / KENO-
VI

Monte-Carlo Criticality 
Code 

3d criticality calculations with multi group cross 
sections 

Production 
code US-ORNL

KENOREST-2001
Reactivity and Burn-up 
Code System KENO-
Va / OREST-2001 

3d reactivity and inventory calculations for BWR 
and PWR assemblies with square grids

Production 
code system 
GRS

KENOREST-hex
Reactivity and Burn-up 
Code System KENO-VI 
/ OREST-2003

GRS code system for 3d reactivity and inventory 
calculations for BWR and PWR assemblies 
with square and hexagonal grids. Automated 
convergence control for multiplication factors and 
pin power distributions

For GRS 
internal use at 
moment

MCNP
Monte-Carlo Code for 
Radiation Transport 
and Criticality

3d criticality and radiation shielding calculations 
with point data cross sections

Production 
code 
US-LANL

OREST-2001
Pin Cell Burn-up Code 
System HAMMER / 
ORIGEN 

Deterministic calculation of multiplication factors 
and nuclide concentrations. Extended version with 
burn-up variable coolant conditions. With JEF-2.2-
Data, ENDFB-5-Data and Mughabghab Resonance 
parameters 

Production 
code system 
GRS

OREST-96
Pin Cell Burn-up Code 
System HAMMER / 
ORIGEN 

Deterministic calculation of multiplication factors 
and nuclide concentrations. With END/B-V-Data 
and Mughabghab Resonance parameters 

Production 
code system 
GRS

RESMOD 1d Spectral Code
Cell calculations with the collision probability 
method, mainly used for generating problem 
dependent JEF-2 multigroup data in AMPX format

Production 
code IKE, 
Germany

SCALE-4.3 / 
SCALE-4.4a

1d/3d Criticality Code 
System 

Code system for coupling codes and libraries 
(BONAMI, NITAWL, XSDRNPM, KENO) 

Production 
code system 
US-ORNL
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ABSTRACT: The paper describes the project recently initiated at the Nuclear Regulatory Authority 
of the Slovak Republic (ÚJD SR) to introduce the application of the best estimate methodology with 
the evaluation of uncertainty (BE+U) in the licensing process. The project is included into the long-
term bilateral cooperation between the ÚJD SR and Gesellschaft für Anlagen- und Reaktorsicherheit 
(GRS) in the area of nuclear safety of Russian designed WWER-440 reactors under the financial 
support of the German Ministry of Economy and Labor and presently partially also of Ministry of 
Environment. Within this cooperation GRS provides ÚJD SR with the state-of-the-art computer codes 
and serves as technical advisor. The initial phases of the BE+U project comprise of the methodology 
transfer and pilot application of the methodology to a selected scenario, which is the LB LOCA. In 
the following text the current situation in the area of safety analysis in Slovakia is described, the 
conservative and BE+U methodologies are briefly characterized and compared and the main goals 
and phases of the project are defined. Finally, recent results of the LB LOCA calculation and future 
plans are discussed.

1  CURRENT PRACTICE

According to the regulations, for each nuclear installation within the country safety analysis report 
(SAR) has to be submitted to the national regulator for revision and this document has to be accepted 
by the regulator to issue the license for operation. Typically the largest part of the SAR is devoted 
to the safety analyses, which demonstrate (by the computer simulation) the capacity of the nuclear 
facility to cope with unexpected events, failures, defects, accidents etc. 
To perform the safety analysis clear and rigor state-of-the-art methodology has to be approved 
and well-defined guidelines should be available. Recently the use of best estimate codes is highly 
recommended along with applying conservative input data and initial and boundary assumptions, or 
best estimate initial and boundary conditions - in that case with the evaluation of the uncertainty.
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2  METHODOLOGIES IN THE SAFETY ANALYSES

2.1 Conservative approach 

Nowadays, the conservative approach is typically understood (e.g. in Slovakia or Germany) as the 
application of the best estimate code together with conservative input data and initial and boundary 
conditions, which means the initial plant parameters, availability of safety and control components 
and systems and operator action are selected over the nominal values in the way to aggravate the 
course of the event. This methodology is widely applied in the licensing calculations around the world 
since long, which means that a significantly large amount of knowledge, experience and practical 
recommendations are available to the code users.

2.2 Best estimate approach with the evaluation of uncertainty

On the other hand BE+U approach is characterized by applying the best estimate codes and 
realistic input data along with the nominal (or “best-estimate”) initial and boundary conditions, which 
means the initial facility parameters are defined at their nominal values; availability of safety and 
control components and systems are still assumed in a conservative way. But, the introduction of 
the nominal values implies the evaluation of uncertainty. The major sources of uncertainty in the 
area of safety analysis are represented by the uncertainty of the code (associated with the code 
models and correlations, solution scheme, model options, data libraries or deficiencies of the code), 
representation uncertainties (accuracy of the complex facility geometry, 3D effects, scaling, control 
and system simplifications) and plant data uncertainties (unavailability of some plant parameters, 
instrument errors and uncertainty in instrument response). There are several methods for the 
application of the BE+U approach, however the common feature is that they all highly depend upon 
the extensive experimental database, from which uncertainties can be derived. The comprehensive 
description and comparison of some of BE+U methods can be found e.g. in OECD/NEA report on the 
uncertainty study [1]. In the project mentioned in the following sections the GRS method is applied. In 
this method all identified uncertain parameters are varied simultaneously for each code calculation. 
The number of calculations depends on the required probability content and confidence level of the 
statistical tolerance limits based on the Wilk’s formula (e.g. for two-sided statistical tolerance limit 
with 95% confidence level and 95% probability at least 93 runs have to be performed). The method 
allows for the evaluation of the sensitivity measures of the importance of parameter uncertainties 
for the uncertainties of the results giving the ranking of input parameters. The method is supported 
by the software system named SUSA (Software System for Uncertainty and Sensitivity Analysis) 
providing the user with the easy and automated way to perform the uncertainty calculations. The 
detailed description of the GRS method is given in [2] and SUSA description can be found in [3].

2.3 Conservative vs. BE+U approach

Among the others, major advantage of the BE+U methodology, at least from the regulator point 
of view, is the quantification of the safety margin between the realistic value of the calculated 
parameters and the defined safety limits. Applying the conservative approach analysis is able to 
show that the facility’s parameters are below the safety limits, but without knowing exactly how far. 
Except that, BE+U provides the analyst with several statistical tools to get more detailed evaluation 
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of the calculated results and, thus possibly resolves some hidden issues and phenomena, which 
could be omitted by the traditional conservative methodology. On the other side the data needed to 
perform the BE+U analysis are far more complex than in the traditional conservative approach and 
for some kind of events the required information might not even be available.

3  BE+U PROJECT

The project oriented on the application of the BE+U methodology is a part of the long-term 
cooperation between ÚJD SR and GRS. The bilateral cooperation was initiated back in 1997 under 
the financial support of the German Ministry for Education and is focused on the transfer of the 
knowledge along with the corresponding software in the area of the nuclear safety. Namely in the 
area of the thermal-hydraulic analyses the project started with the basic training and application of 
ATHLET computer code. Under the guidance of GRS this code has been used for the simulation 
of several operational events, integral tests and SAR review calculations [4]. Lately based on the 
mutual interest the cooperation has been extended also on the BE+U applications.

3.1 Main goals and phases of the project

Major goal of the project is the introduction of the BE+U methodology at the Regulatory Authority 
and later, based on the results achieved in the initial phases of the project, possible application of 
BE+U approach in the licensing calculations in Slovakia. Practical use of the BE+U methodology will 
hopefully lead to an increased confidence in the calculated results from the safety analysis.
The whole project is divided into the following five phases:
Introduction of the GRS method by means of the training courses by the method developer GRS,
Pilot application of the GRS method to the large break loss of coolant accident (LB LOCA) scenario 
for VVER-440 reactors,
ATHLET computer code simulation of the SPE-3 test (3rd standard problem exercise of a leak of the 
coolant from the primary to secondary circuit - PRISE) on the PMK-NVH facility and compilation 
of the list of uncertainties for this kind of accidents by comparing the calculated results with the 
experimental data,
Simulation of PRISE accident in VVER-440 reactors with the BE+U approach while benefiting from 
the knowledge and experience gained in phase 3,
Evaluation of the project results and discussion about the further practical application of the BE+U 
methodology, mainly in licensing calculations.

3.2 LB LOCA calculation

Upon the completion of the initial phase of the project a first application of the GRS method has been 
started. LB LOCA was selected to be simulated due to the following reasons:
Relatively large experience with the simulation of these accidents at ÚJD SR,
Dynamic course of the event with quick occurrence of all major phenomena allowing for a short 
calculation time ad thus reducing the necessary allocation of computational time,
Availability of information from a similar calculation for a German PWR types of reactors performed 
by GRS.
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On the other hand, one drawback of selecting the LB LOCA event is that there are practically no 
experimental data for VVER types of reactors and therefore the selection of the uncertain parameters 
is partly based on engineering judgment and some kind of extrapolation from the existing database 
of experiments.

3.2.1 Definition of the scenario

The definition of the simulated event was based on the general rules for applying the BE+U approach 
[5, 6] taking into account the results of the VVER-440/213 LB LOCA sensitivity studies [7]. According 
to these studies the most adverse situation is the instantaneous double-ended guillotine break of 
the inseparable part of the cold leg. Primary loop with the connection to one LPIS is typically chosen 
for the location of the break because a significant part of the water inventory from ECCS is directly 
lost through the break. Where possible the nominal initial parameters are used for the calculation to 
comply with the BE approach.

3.2.2 Definition of the uncertain parameters and input deck preparation

The definition of the uncertain parameters for the LB LOCA simulation is the most predominant 
part of the analysis. The master list containing 56 uncertain parameters was taken from the GRS 
study on the PWR LB LOCA [8]. This list was carefully examined and redefined to fit the VVER-440 
particularities. Finally 50 parameters, listed in Table 1, have been approved – 38 of them representing 
code/model uncertainties, 2 representation uncertainties and 10 plant data uncertainties.

Table 1 List of uncertain parameters for LB LOCA

No. Parameter Description
Nominal 
Value

Range
DistributionMin Max

1 TURB
Turbulence factor for evaporation in 
critical break flow

20 1.0 50.0

Log-normal
µ=2.29
σ=0.65
shift=1.0
truncated over 
[0.0,50.0]

2 FD Weisbach-Darcy wall friction coefficient 0.03 0.02 0.04 Triangular

3 OHWFC
Correction factor for single phase forced 
convection to water (Dittus-Boelter)

1 0.85 1.15 Uniform

4 OHWNC
Correction factor for single phase natural 
convection to water (Mc Adams)

1 0.85 1.15 Uniform

5 IHTC30 Selection of correlation (parameter 6) 2 1 or 2 Discrete 50%-50%

6 OHVFC
Correction factor for single phase forced 
convection to steam (Dittus-Boelter II, 
50%)

1.0 0.8 1.2 Uniform

Correction factor for single phase forced 
convection to steam (McEligot, 50%)

1.0 0.85 1.25 Uniform

7 IHTCI0 Selection of correlation (parameter 8) 1 1 or 2 Discrete 50%-50%

8 OHWFB
Correction factor for film boiling, modified 
Douglas-Rohsenow correlation (50%)

1.0 0.65 1.3 Uniform

Correction factor for film boiling, Condie-
Bengston IV (50%)

1.0 0.75 1.25
Polygonal 0.75-0.8-
1.2-1.25

9 ICHFI0
Selection of the correlation for parameter 
10

0 0 6
Discrete (two values 
0, 6)
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10 OTRNB

Correction factor for CHF, min. value 
(50%)
Correction factor for CHF, Gidropress 
cor. (50%)

1.0
1.0

0.7
0.8

1.3
1.2

Uniform
Uniform

11 OHWNB
Correction factor for nucleate boiling 
(modified Chen correlation)

1.0 0.8 1.2 Uniform

12 OHWPB
Correction factor for pool film boiling at 
natural convection (Bromley correlation)

1.0 0.75 1.25 Uniform

13 OTMFB
Correction factor for minimum film 
boiling temperature (Groeneveld-Stewart 
correlation)

1.0 0.9 1.30 Uniform

14 CQHTWT
HTC of rewetted side, upper quench 
front

5xE5 W/
m2K

2xE4 1xE6 Log-uniform

15 CQHTWB
HTC of the rewetted side, bottom quench 
front

5xE5 W/
m2K

1xE5 1xE6 Log-uniform

16 ZBO Number of bubbles per unit volume(m-3)
5xE9 

1/m3 10xE8 Log-triangular

17 ZT Number of droplets per volume(m-3)
5xE9 
1/m3 10xE8 Log-triangular

18 OMTCON Correction factor for direct condensation 1.0 0.5 2.0
Histogram 0.5-1.0-2.0/
50%-50%

19 ITMPO

Selection of wall friction model, 
ITMPO=1: Use of input wall friction, 
ITMPO=2: Wall friction calculated using 
wall roughness

1 1 or 2 Discrete 50%-50%

20 ALAMO Pipe wall friction (if option ITMPO=1) 0.03 0.02 0.04 Triangular

21 ALAMO
Rod bundle wall friction (if option 
ITMPO=1)

0.03 0.02 0.04 Triangular

22 ROUO Pipe wall roughness (ITPMO=2) -
6.3xE-
6

Polygonal 6.3E-6-
8.0E-6-10.0E-6-
12.5E-6

23 ROUO
Rod bundle wall roughness (if option 
ITMPO=2)

-
1.5xE-
6

2.0xE-
5

Polygonal 1.5E-6-
5.0E-6-1.0E-6-2.0E-5

24 OFI2

Correction factor for two-phase 
multiplier in vertical pipe, Martinelli-
Nelson correlation with constant friction 
factor(ITMPO=1)

1.0 0.2 2.0
Log-normal µ=-0.247, 
σ=0.339

25 OFI2H

Correction factor for two-phase multiplier 
in horizontal pipe, Martinelli-Nelson 
correlation with calculated friction using 
wall roughness(ITMPO=2)

1.0 0.1 2.0
Log-normal µ=-0.545, 
σ=0.411

26
ZFFJO/
ZFBJO

Correction factor for form loss coefficient 
at upper reactor plate (nom. value

1.0 0.5 2.0
Histogram 0.5-1.0-2.0/
50%-50%

27 OIHST
Correction factor for interfacial shear in 
stratified and wavy horizontal pipe flow

1.0 0.2 2.0 Histogram 0.2-1.0-2.0

28 OIBSB
Correction factor for interfacial shear 
in bubbly, slug and churn turbulent 
horizontal pipe flow

1.0 0.35 3.5
Histogram 0.35-1.0-
3.5/50%-50%

29 OIHT1
Correction factor for critical velocity of 
transition from stratified to slug flow in 
horizontal pipes

1.0 1.0 3.0 Uniform

30 OIHDI
Correction factor for critical velocity 
of transition from non-dispersed to 
dispersed droplet flow in horizontal pipes

1.0 1.0 2.0 Uniform

31 OIVPI
Correction factor for interfacial shear in 
non-dispersed vertical pipe flow

1.0 0.35 2.5
Histogram 0.35-1.0-
2.5/50%-50%

32 OIBUN
Correction factor for interfacial shear in 
non-dispersed vertical bundle flow

0.84 0.01 2.5
Histogram 0.01-0.84-
2.5/50%-50%

33 OIANU
Correction factor for interfacial shear in 
non-dispersed vertical downcomer flow

1.0 0.05 3.0
Histogram 0.05-1.0-
3.0/50%-50%

34 OENBU
Correction factor for critical velocity 
of transition from non-dispersed to 
dispersed droplet flow in vertical bundle

1.0 1.0 3.0 Uniform
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35 OIVTP

Correction factor for critical velocity 
of transition form non-dispersed to 
dispersed droplet flow in vertical pipe 
and downcomer

1.0 1.0 1.5 Uniform

36 OIVDI
Correction factor for interfacial shear in 
dispersed vertical droplet pipe flow

1.0 0.8 1.2 Uniform

37 OIHDI
Correction factor for interfacial shear in 
dispersed horizontal droplet pipe flow

1.0 0.8 1.2 Uniform

38 OFRIC
Coefficient k of fraction of water and 
steam to wall friction, correction of 
standard distribution

0.0 -3.2 4.0 Uniform

39 CSA Bypass flow cross section in reactor core 1.0 0.96 1.02 Uniform
40 YHS Two-phase multiplier for head Table Table Table Uniform
41 YTS Two-phase multiplier for torque Table Table Table Uniform

42 QROD00
Correction factor for the reactor power 
(1375MW)

1.0 0.96 1.04 Uniform

43 RPODC Correction factor for decay heat 1.0 0.9 1.1 Uniform

44 QROD00
Correction factor for hot assembly (nom. 
value 3.94 MW)

1.3 1.0 1.51 Uniform

45 QROD00
Correction factor for hot pin (nom. value 
31268.48 W)

1.4 1.0 1.74 Uniform

46 GAP10
Gap width between fuel and clad 
– nominal values

1.9xE-4
1.6xE-
4

2.5xE-
4

Uniform

47 WLFM Uniform
48 HAT Temperature of HA Water 50°C 20°C 60°C Uniform
49 EPS Convergence criterion 10xE-3 10xE-4 10xE-2 Log-triangular

50 CLIMA
Correction factor for lowest local 
absolute error of void fraction

1.0 0.2 2.0 Uniform

Table 2 lists the summary of the main initial conditions of the unit – the third column of the table 
indicates whether the individual parameter was identified as uncertain or not. Availability of the 
systems and components have been considered according the current practice – the safety systems 
have been assumed to be in operation and control systems have been assumed to be in operation 
only if their action aggravates the course of the event [9]. Also the single failure was taken into 
account – the failure of one electrical grid has been considered resulting in loss of one ECCS train 
(HPIS and LPIS).
For the calculation an input deck describing the unit with the VVER-440/213 reactor developed at 
UJD SR was used. This input deck was slightly modified to comply with the BE+U methodology and 
to simulate the LB LOCA event.

Table 2 Main initial conditions of the unit

Parameter Unit Nominal value Uncertain (Y/N)
Reactor power MW 1,375.0 Y
Primary pressure (core outlet) MPa 12.26 N
PRZ level m 5.96 N
Mass flow in core kg/s 9,306 Y
Core inlet temperature °C 267.0 N
HA pressure MPa 5.8 N
HA coolant volume m3 45.0 N
HA coolant temperature °C 40.0 Y
MSH pressure MPa 4.51 N
SG water level m 2.105 N
FW mass flow kg/s 125.0 N
FW temperature °C 222.1 N
Decay heat - ANS-79 Y
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3.2.3 Analysis of the calculated results

93 input decks with varied uncertain parameters and 93 runs have been performed using the 
automated features of SUSA software to fulfill the Wilk’s formula for 95% confidence level and 95% 
probability. Figure 1 presents all 93 achieved results for the maximum cladding temperature. The 
maximum value was reached in the first run – 1,043°C in 158 second of the calculation (for the 
illustration in the SAR for V-2 NPP [7] the maximum calculated cladding temperature peak reached 
940°C). These time histories of the maximum cladding temperature have been statistically evaluated 
resulting in the 95%-95% two-sided tolerance limits (upper and lower bound) - in other words at any 
point of time, at least 95% of the combined influence of all considered uncertainties on the calculated 
results is between the presented upper-lower range, at a confidence level of at least 95%.

VVER-440/213 LB LOCA
Maximum Cladding Temperature

Figure 1: Time histories of maximum cladding temperatures - 93 runs

Together with this tolerance range the reference calculation (e.g. when all uncertain parameters are 
replaced by their nominal or best-estimate values) is depicted – see Figure 2.
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Figure 3 shows the global sensitivity measures using the Rank regression coefficient indicating the 
influence of the uncertainty in input parameters on the maximum cladding temperature. The absolute 
value of each parameter represents its contribution to the uncertainty of the respective parameter 
(e.g. peak cladding temperature) and its sign indicates positive or negative relation (e.g. positive 
sign means increasing input uncertainty values tends to increasing peak cladding temperature and 
vice versa). Thus, conclusion from this picture is, that the most contributing uncertain parameters 
with respect to the peak cladding temperature are hot pin correction factor for the maximum power 
and temperature of the water in hydroaccumulators (positive relation) and nucleate boiling factor for 
Chen correlation and correction factor for single phase natural convection to water for Mc Adams 
correlation (negative relation). Now a more detailed look at the uncertain parameters has to be done 
using the SUSA statistical tools to derive some reasonable conclusions about the influence of the 
uncertain parameters during the course of the event. This evaluation may show where the individual 
parameters are most important and possibly how to improve the knowledge about the calculated 
event.



53

3.3 PRISE calculation

After finishing the LB LOCA evaluation the simulation of the PRISE (primary to secondary leak) event 
is planned. In the first step the SPE-3 (hot collector lift up) from PMK-NVH will be recalculated using 
the ATHLET computer code and the achieved results will be compared to the experimental data. 
Based on this simulation a list of uncertain parameters will be generated and will serve as the initial 
list of uncertain parameters for the PRISE event calculation for VVER-440/213 type of reactor.

4  CONCLUSIONS

Up to now the first phase of the project is completed, the regulatory staff is trained to use the GRS 
method and necessary software was installed and tested. The second and third phases have been 
initiated almost simultaneously. The input decks representing the VVER-440 reactor and the PMK-
NVH facility are compiled. The list of uncertain parameters for the LB LOCA scenario has been 
defined and the event has been running using the ATHLET computer code and SUSA software. The 
achieved results have been discussed with GRS experts and are under the detailed evaluation. The 
similar process is planned for the PRISE event. At the end an overall evaluation of the project will be 
done and the possibility of the introduction of the BE+U methodology in the licensing process will be 
considered.
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ABSTRACT: Thermal-hydraulic and core degradation phenomena play a decisive role for the course 
of severe accidents in light water reactors. Therefore, the simulation of such accidents with computer 
codes requires comprehensive and detailed modelling of these processes. The code ATHLET-CD 
is being developed for realistic simulation of accidents with core degradation and for evaluation of 
accident management measures. It makes use of the detailed and validated models of the thermal-
hydraulic code ATHLET in an efficient coupling with models for core degradation and fission product 
behaviour. The capabilities of the coupled code are demonstrated by means of the calculation of the 
TMI-2 accident.

The first three phases of the accident were successfully simulated in a reasonable computing time. 
The calculated system pressure and pressurizer level after pump trip, during the pump restart, and 
until core slump are in acceptable agreement with the measured data. The calculated hydrogen 
generation before the pump restart is in accordance with the deduced value. Contrary to estimates 
based on the system behaviour, no significant hydrogen generation was calculated during the 
quench phase. Further model improvements regarding the quenching of degraded core material, 
fracture and relocation of solid fuel rods, as well as the simulation of debris bed behaviour are 
necessary for better simulation.

1  COMPUTER CODE ATHLET-CD

1.1 Objectives of code development

The system code ATHLET-CD (Analysis of THermal-hydraulics of LEaks and Transients with Core 
Degradation) is designed to describe the reactor coolant system thermal-hydraulic response, core 
damage progression, fission product and aerosol behaviour during severe accidents, to calculate 
the source term for containment analyses, and to evaluate accident management measures. It is 
being developed since 1990 by GRS (Teschendorff, 1998, Trambauer, 1998, Trambauer, 2002) in 
cooperation with the Institut für Kernenergetik und Energiesysteme (IKE), University of Stuttgart. 
ATHLET-CD includes also the aerosol and fission product transport code SOPHAEROS which is 
being developed by the French Institut de Radioprotection et de Sûreté Nucléaire (IRSN).
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1.2 Model extent

The ATHLET-CD structure (figure 1) is highly modular in order to include a manifold spectrum of 
models and to offer an optimum basis for further development. 
ATHLET-CD contains the original ATHLET models for comprehensive simulation of the thermo-fluid-
dynamics in the coolant loops and in the core (Teschendorff, 1996). The ATHLET code comprises 
(1) thermo-fluid-dynamic module, (2) heat transfer and heat conduction module, (3) neutron kinetics 
module, (4) general control simulation module, and (5) differential equation system solver FEBE. 
The thermo-fluid-dynamic module has two different fluid-dynamics equation systems: (1) a six-
equation model, with fully separated balance equations for liquid and vapour, complemented by 
mass conservation equations for up to 5 different non-condensable gases and by a boron tracking 
model (2) a five-equation model, with a mixture momentum equation and a full-range drift-flux 
formulation for the calculation of the relative velocity between phases. Specific models for pumps, 
valves, separators, mixture level tracking, critical flow etc. are also included in ATHLET. 

The rod module ECORE consists of models for fuel rod, absorber rod (AIC and B4C) and the 
fuel assembly including BWR-canister and -absorber. The module describes the mechanical rod 
behaviour (ballooning), Arrhenius type rate equation for the oxidation of zirconium (figure 2) and 
boron carbide (figure 3), Zr-UO2 dissolution, as well as melting of metallic and ceramic components. 
The melt relocation (candling model) is simulated by rivulets with constant velocity and cross section, 
starting from the node of rod failure. The model allows oxidation, freezing, re-melting, re-freezing 
and melt accumulation due to blockage formation. The different modes are depicted in figure 4. The 
feedback to the thermal-hydraulics considers steam starvation and blockage formation (Trambauer, 
1996). Besides the convective heat transfer, energy can also be exchanged by radiation between 
fuel rods and to surrounding core structures.

The differential equation system of the thermo-fluid-dynamics is solved implicitly (Hofer, 1981). The 
integration scheme is laid out in figure 5. At the begin of the time step, the time derivatives (function 
call f(t)), the Jacobian matrix, and the partial time derivatives over the whole time step are evaluated. 
After that the integration is performed in one step, two sub-steps, and (if necessary) in three sub-
steps, and then the final solution is extrapolated. The modules with strong feedback (ECORE, 
HECU) are integrated accordingly to provide the thermal-hydraulic equation system with the correct 
data at the beginning of each sub-step and to support the proper extrapolation.

The release of fission products is modeled by rate equations or by a diffusion model. The release of 
aerosols is described by rate equations. The release of control rod material (Ag, In, Cd) is based on 
temperature functions. The transport and retention of aerosols and fission products in the coolant 
system are simulated by the code SOPHAEROS.

For the simulation of debris bed a specific model MESOCO is implemented with its own fluiddynamic 
equation system, coupled to the ATHLET-thermo-fluid-dynamics on the outer boundaries of the 
debris bed (figure 6). The transition of the simulation of the core zones from ECORE to MESOCO 
depends on the degree of degradation in the zone. 

The code system ATHLET/ATHLET-CD is coupled to the containment code system COCOSYS. Both 
code systems are the main process models within the German nuclear plant analyzer ATLAS. The 
ATLAS environment allows not only a graphical visualisation of the calculated results but also an 
interactive control of the calculation.
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In the continued developmental planning it is foreseen to implement the 2D/3D fluid module FLUBOX 
for an improved thermalhydraulic simulation in the RPV as well as models for the simulation of melt 
slumping into lower plenum (figure 7) and melt retention in the RPV (figure 8).

1.3 Validation

The code validation is based on integral tests and separate effect tests, proposed by the CSNI 
validation matrices, and covers thermal-hydraulics, bundle degradation as well as release and 
transport of fission products and aerosols. Recent post-test calculations have been performed for 
the out-of pile bundle experiments CORA-13, CORA-W2, QUENCH-03, QUENCH-05, QUENCH-
06 (Erdmann, 2001), QUENCH-07, and QUENCH-09 as well as for the in-pile experiments Phébus 
FPT0, Phébus FPT1 (Erdmann, 2002, Klein-Heßling, 2002), and Phébus FPT2 (see figure 9 with the 
final mass distribution). The TMI-2 accident is used to assess the code for reactor application. 

2  TMI-2 ANALYSIS

The analysis and evaluation of the accident at Three Mile Islands Unit 2 (TMI-2) in 1979 (Tolman, 
1988, Moore, 1989) have been a challenge to all computer codes intending to simulate severe 
accidents. The main events during the first four hours of the accident and the final state of the core 
materials are depicted in figure 10. It provides not only a unique opportunity to compare calculations 
with an event in a real plant but it also demonstrates the importance of reliable thermal-hydraulic 
models. The accident has been thoroughly analysed in the frame of international activities (OECD, 
1992, OECD, 1994). A new international activity to identify the progress made since 1990 in the 
simulation of severe accidents by benchmarking different codes to the TMI-2 accident has been 
initiated recently by CSNI (Royen, 2003).

2.1 Input model for TMI-2 analysis

The nodalization adopted for the ATHLET-CD analysis of the TMI-2 accident is shown in figure 35. It 
consists of the reactor pressure vessel (RPV), the two coolant loops A and B with the once-through 
steam generators (OTSG), four cold legs with main coolant pumps (MCP), four high pressure safety 
injections (HPSI) in the cold legs and one let-down in loop A1, and the pressurizer with surge-line 
(connected to the hot leg of loop A), spray, and pilot operated relief valve (PORV). The RPV comprises 
the downcomer, lower and upper plenum, upper head, and core bypass as well as five parallel 
channels in the core with 22 axial nodes and with cross flow connections to allow flow deflection due 
to fuel rod deformation and blockage formation caused by refreezing of molten material. 

The simplified model of the secondary system consists of two components (loop A and B), 
simulating the riser (16 axial volumes) and steam dome as well as the boundary conditions for feed 
water injection and steam pressure to control the water inventory and steam exit flow. In total, the 
nodalisation comprises 280 control volumes and 400 flow paths.
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The core is modeled by four rings with 22 axial nodes. The three inner rings include control rods (Ag, 
In, Cd). The fourth ring contains only fuel rods. The fifth channel is without rods to avoid complete 
core blockage. The geometrical data, material properties, power distribution and boundary conditions 
are based on TMI-2 data reports (Golden, 1986, McCormick, 1987) and former ATHLET analyses 
(Wahba, 1990).

The main input data relevant for the degradation are 

Start of fuel dissolution by Zirconium 2030 K

Clad failure temperature (δ
ox

  < 0.3 mm) 2250 K

Clad failure temperature (δ
ox

  ≥ 0.3 mm) 2450 K

Start of fuel melting 2600 K

Ceramic melt enthalpy / specific heat capacity 200 K

Relocation velocity 6 - 3 cm/s

Upper limit for steam starvation p
steam

/p
total

 0.1

Correlation for cladding oxidation Cathcart - Urbanic – Heidrick

3  DISCUSSION OF RESULTS

The aim of the calculation was to assess the core degradation models and the quenching during the 
pump restart (174 min). Therefore, special attention has been given to the time from 100 to 220 min, 
i.e. the accident phases two, three and the beginning of phase four up to the time of core slumping 
into lower plenum. The objectives of the phase one simulation was to provide the correct water and 
energy distribution in the system at time 100 min, i.e. the time as the coolant pumps in loop A have 
been stopped. 

3.1 Performance of calculation

The calculation over the whole transient time of 220 min (13200 s) took about 2420 min (145000 s) 
on a DEC-ALPHA workstation and made 97000 time steps. This results in an average time step size 
of 0.14 s and a run time to real time ratio of 11. The first 140 min took only 330 min with a run time 
ratio of 2.4 and an average time step size of 1.67 s. In the remaining 80 min up to the end of the 
calculation, the run time ratio increased to 27 and the average time step size decreased to 0.06 s. 
This indicates a rather good and robust code performance under consideration of the two phase flow 
thermal-hydraulics, presence of one non-condensable gas, and core degradation processes, and it 
is a proof of the coupling technique between the thermal-hydraulics and core degradation models.

3.2 Comparison of global system parameters

Figure 11 shows that the calculated primary system pressure (solid line) reached the measured 
value (dashed line) at 105 min. Calculated and measured data agree up to 150 min. After that time 
the calculated pressure rises faster than the measured data, indicating a too high makeup flow 
(4 kg/s) during this time, which results in more hydrogen and heat generation due to the higher 
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steam availability. The calculated pressure meets the measured value again just before the pump 
restart (loop B2) at time 174 min. Subsequently, the calculated pressure increase is overestimated 
during the quench phase. 10 min later (184 min) the pressure remains higher than the measured 
data with approximately the same deviation as 2 min before the pump restart. After 190 min the 
calculated and measured pressure drop in three steps due to twice short opening of the block valve 
at the pressurizer and due to the injection of cold water (60 kg/s) into the cold legs after the start of 
HPSI.

The hydrogen generation is shown in figure 12. The beginning of the oxidation at about 130 min 
agrees well with the pressure stabilization at this time, short before the pressurizer valve has been 
closed. From the plant data a total mass of about 300 kg has been estimated before the quench 
phase and 400 to 500 kg after it. The calculation results in 380 kg before and 400 kg after the 
quench phase, i.e. some over-estimation before and a high under-estimation during the quench 
phase. The pressure increase and hydrogen generation before the quench phase could be brought 
to better agreement to the plant data by either adapting the makeup flow or by improved cladding 
failure criteria. The low hydrogen generation of 22 kg during the quench phase will be discussed 
later. During the first opening of the pressurizer block valve at time 192 min, 23 kg hydrogen are 
released to the containment. During the main oxidation phase (145 - 165 min) an average hydrogen 
generation rate of 0.25 kg/s is calculated. This corresponds to a steam consumption of 2.25 kg/s 
and a heat generation by oxidation of 34 MW, which is equal to the decay heat at this time. It is also 
remarkable that the total hydrogen generation of 400 kg is equivalent to about 40 % consumption of 
zirconium inventory.

The collapsed level in the core and reflector bypass are depicted in figure 13. After the pump stop 
at 100 min the two-phase mixture collapses and the water is accumulated in the lower plenum and 
lower core region. Continuous loss of coolant results in a slow level drop up to 140 min. The level 
is 1.1 m high at this time and the temperature escalation has started due to the oxidation. The 
sudden level drop at ROD1 indicates the first absorber melt relocation and blockage formation (level 
1.189 m). After this the levels in the five parallel channel develop differently according to the blockage 
formation. The lowest level height of approximately 0.75 m is in agreement with the estimated plant 
data at this time. The pump restart at 174 min results in a sharp level rise, more pronounced in the 
outer rings than in the inner rings. In the following time, after 180 min, the core dries out again. At 
time 200 min core reflooding starts due to the high pressure injection.

In figure 14 the calculated mixture and collapsed level in the pressurizer are compared with the signal 
of the level measurement. This signal is affected with large uncertainties due to the operation beyond 
design limits. The difference between measured and calculated collapsed level is nearly constant in 
the time between 120 and 200 min. The calculated mixture and collapsed level are equal as long as 
the pressurizer block valve is closed. They are different during the time of the valve leakage (before 
140 min) and during the block valve operation after 190 min. These observations indicate that the 
pressurizer behaviour and the sealing effect of the surge line are well captured.

The melt and crust masses are depicted in figures 15 and 16. The metallic melt consists of molten 
cladding and dissolved fuel, and candles down after clad failure. The ceramic melt includes molten 
fuel and molten zirconia from the cladding that relocate after reaching the rod failure temperature 
and complete melting. The metallic melting and crust formation start at 145 min. The sum of melt 
and crust reaches 16 Mg and the amount of melt stays mostly below 4 Mg. The metallic melt mass 
remains unchanged with the beginning of the second quench phase. The ceramic melting starts at 
152 min. The sum of melt and crust approaches 10 Mg before the first quench phase and 11.5 Mg 
before the second phase. The ceramic melt mass decreases after the first quench phase, which is 
in contradiction to the observations made in the plant.



60

3.3 Fuel temperature and cladding oxidation

More detailed information regarding the fuel temperature and cladding oxidation is collected in 
figures 17 to 28 over the time from 100 to 220 min for the core region between 1 and 3 m elevation. 
Below 1 m elevation the rods remain at saturation temperature (< 600 K) except in the innermost 
ring (ROD1) where absorber melt candles downwards to the bottom of heated core (183 min) and 
metallic melt (zirconium and fuel) relocation to the axial level just below 1 m (177 min). Also clad 
oxidation is observed in the innermost ring below 1 m after 183 min but not in the other rings. The 
thermal behaviour in the upper core region above 3 m is similar. The temperature exceeds the 
saturation temperature after the collapse of mixture level in the core at 103 min. In each individual 
ring, the temperature escalation is equal along the rods and the claddings fail at 2450 K with oxide 
layer thicknesses of more than 0.4 mm. Ceramic melting takes place only in the innermost ring at 
about 160 min after reaching the melting or relocation temperature of 2600 K.

Figures 17 and 18 show the fuel temperature and clad oxide layer thickness at level 2.836 m. In 
the following the general degradation process is described on the basis of ROD1 (red line). The 
temperature raise starts with the collapse of the steam water mixture at time 103 min with a heat-up 
rate of 0.6 K/s, in the inner ring (ROD1) slightly faster than in the outer ring (ROD4). The heat-up rate 
decreases to 0.2 K/s at about 1100 K (125 min). At this temperature the oxidation becomes more 
important and the temperature gradient increases again. At 1500 K (140 min) the oxidation power 
reaches the decay power and the temperature escalation commences. The heat-up rate increases up 
to 4 K/s due to heat generation by the oxidation. 270 s later (144,5 min) the temperature increase is 
additionally accelerated by metallic (Zr-UO

2
) melt relocating from the elevations 3.202 and 3.385 m. 

Further 30 s later (145 min) the oxidation is limited due to the steam consumption at lower elevation. 
This can be seen by constant oxide layer growth rate and reduced temperature increase. Additional 
100 s later the cladding reaches the failure temperature of 2450 K while the fuel temperature is about 
100 K below clad temperature. 

The oxide layer thickness has increased to 0.39 mm and remains constant up to 158 min. At this 
time the rod has reached the rod failure temperature (2600 K at 152 min) and has been completely 
molten at the level of 2.836 m. ROD2 behaves similar as ROD1 but it is delayed up to 10 min. 
The oxide layer reaches 0.66 mm thickness due to the higher steam flow in the second ring. The 
clad failures of ROD3 and ROD4 are delayed by 13 and 17 min relative to ROD1 with oxide layer 
thicknesses of 0.88 and 1.06 mm respectively. 

This illustrates that the degree of oxidation in the upper core region depends on the steam availability, 
flow conditions, and the heat-up rate. A lower heat-up rate generally results in more oxidation before 
clad failure. The same behaviour can be seen in figures 19 and 20 for the elevation 2.470 m. At this 
elevation the two inner rods reach the rod failure temperature, but only ROD1 melts completely and 
fails at 153 min, 5 min earlier than at 2.836 m elevation. At both elevations the temperature of the two 
outer rods decrease with approximately 1.2 K/s after the end of the clad oxidation. The intermediate 
temperature increase of ROD4 between 164 and 168 min is caused by accumulation of metallic melt 
relocating from higher elevations.

The next figures 21 and 22 show the situation at 2.104 m elevation. The sharp temperature ramps, 
starting from temperatures below 1500 K, are caused by melt relocation. Likewise at level 2.470 m 
the clad failure temperatures are reached by ROD1, ROD2, and ROD3 but only ROD1 meet the 
rod failure criteria. For all rods, except ROD3, melt accumulation and blockage formation can be 
observed, for ROD1 and ROD2 due to ceramic melt, for ROD4 due to metallic melt at level 2.470 m. 
Loss of flow and high fuel mass lead to superheating of the ceramic melt for ROD1. For this level it is 
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remarkable that during the second dry-out phase ROD1 and ROD2 experience a significant heat-up 
before 200 min.

The next figures 23 to 28 depict the rod behaviour for the level 1.739, 1.372, and 1.007 m, i.e. the 
core region below the core mid-plane. For the upper two elevations dry-out takes place at time 106 
and 126 min. Due to sufficient cooling the temperature rise above saturation is limited to 400 and 
200 K respectively. Therefore, the clad oxidation is very limited and is only significant if melt relocation 
results in temperatures higher than 1500 K and steam has access to the cladding (ROD3 at level 
1.739 m, ROD1 at level 1.372 m, and during the quench phase ROD1 at level 1.007 m). In this core 
region only the crust and melt oxidation contributes essentially to the total hydrogen generation.

The resume of the description of the last 12 figures is, that the oxidation after 168 min is limited due 
to three reasons: 

1.  In the upper, hot core region most metallic zirconium has been lost due to clad failure and 
melt relocation;

2. The steam has no access to the metallic melt due to blockage formation;
3. In the lower core region the temperatures are too low for significant oxidation.

3.4 Pump behaviour and global parameters during the quench phase

The figures 29 to 34 cover the time from 170 to 210 min, i.e. the time between the restart of the main 
coolant pump in loop B2 (MCP-B2) at 174 min and the beginning of the high pressure injection with 
60 kg/s at 200 min.

Figures 29 to 32 show the pump pressure difference, the density at the pump inlet and outlet as well 
as the mass flow into the two hot legs and out of the four cold legs, respectively. The pump head 
during normal operation is 0.67 MPa. The MCP-B2 reaches the nominal revolution speed in 120 s 
after restart. During this time, the density on the suction side first decreases from 200 to 60 kg/m3 
and then increases steeply to 540 kg/m3 at 95 s after pump start. At this time the liquid mass flow 
has been increased from zero up to the maximum value of 1200 kg/s and the pump head reaches 
0.1 MPa. Further 10 s later the pump head reaches the maximum value of 0.15 MPa, approximately 
20000 kg water have been brought into the pressure vessel, and the water inventory in the core has 
been increased by 2700 kg. About 3700 kg steam and 1700 kg water have left the pressure vessel 
via the two hot legs and the three cold legs, respectively. 250 s after the pump restart the collapsed 
level in the core reaches its maximum value. At this time the water inventory in the core has been 
increased by 5000 kg, the liquid and vapour mass flow in the cold legs A1, A2, and B2 are about 
zero, counter-current flow with negative vapour flow (5 kg/s) and positive liquid flow (9 kg/s) takes 
place in cold leg B1 due to the makeup flow. The vapour flow in the hot legs A and B dropped from the 
maximum of 110 and 180 kg/s down to 15 and 9 kg/s. This steam flow is directed to the pressurizer 
or condenses in the steam generators. The pump head is 0.032 MPa and the pump mass flow is 
negligible, i.e. the pressure difference imposed by the pump is compensated by the different liquid 
level heights in the loop seal of the cold legs B1 and B2.

Figures 33 and 34 illustrate the energy distribution in the system. At time 174 min the decay power 
is 25 MW, the oxidation power is negligible, heat addition to the fluid is 34 MW, the stored energy in 
the core is decreasing with 8 MW, and the heat flows to the two steam generators A and B are 3 MW 
and 1.5 MW. 100 s after the pump restart the maximum values of heat flows are reached: the heat 
addition to the fluid and the energy release of the core are 400 MW, and the heat flows to the two 
steam generators are 150 MW (at 106 s) and 400 MW (at 90 s). The high heat addition to the steam 
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generators results in a sharp pressure increase on the secondary side. 250 s after the pump restart 
the heat flows have considerably declined: to 80 MW for the heat addition to the fluid, 60 MW for the 
energy release of the core, 32 and 16 MW for the heat flows to the steam generators (loop A and B). 
About 500 s later the quenching is finished, the heat to the fluid is equal to the decay heat and the 
energy release of the core approaches zero. The core dry-out continues. The steam flow in hot leg A 
dropps to zero, about 6 kg/s steam flows in hot leg B, and the flow pattern in the cold legs remains 
the same as 250 s before. The MCP-B2 is switched off again at time 193 min and the pump head 
declines to zero in about 10 min.

At time 200 min the high pressure injection pumps are started and feed 60 kg/s cold water into the 
primary system. This results in condensation and subsequently in a steep pressure drop as well 
as a second quench phase but considerably milder than the first phase due to essentially lower 
temperatures in the core.

3.5 Rod temperature during the quench phase

At the outer rings, the temperatures are decreasing already before quenching with about 3 K/s. This 
indicates that in these nodes the steam flow is higher than in the inner rings. The slower cool down 
of ROD4 at level 2.104 m is due to the higher mass accumulation and less flow due to blockage 
formation. Blockage has been formed also in the two inner rings between 1 and 2 m, and in the third 
ring (ROD3) between 1 and 1.6 m. The characteristics of the mass and heat flow indicate that the 
fast quenching process takes place between 75 and 120 s after pump restart. During this time the 
rods cool down with 22 K/s in the unblocked zones. The water slug cannot penetrate the hot zones 
in the inner rings from below due to the blockage, which results in a delayed quenching and a lower 
cool-down rate of about 13 K/s. The quench process is practically completed at 180 min except for 
the zones with melt accumulation and flow blockage between 1.5 and 2 m and a small portion of 
metallic fuel melt and crust in the innermost ring between 0.7 and 1.5 m. 

3.6 System behaviour during the quench phase

The spatial distribution of the water in the primary coolant system and of the rod temperatures and 
porosity in the core during the quenching are illustrated in the figures 35 to 46 for the time points 
174, 175.5, 180, and 210 min. The colour scale for the water distribution goes from blue (only water) 
to white (no water) and for the fuel temperature from dark purple (500 K) to light yellow (3000 K). 
Dark blue (0 K) stands for ‘no fuel present’. The porosity is defined by the ratio fluid volume to total 
volume of the mesh (structure and fluid) and varies between one (no structure present, light green) 
and zero (no fluid present, black).

At the time of pump restart a clear separation of water and steam/hydrogen exists. The water level 
in the core is below 1.4 m and is in equilibrium with the level in the downcomer (figure 35). Loop A 
is nearly empty, only 6000 kg remained in the loop seal. The let-down (4 kg/s) is connected to the 
loop seal of this loop (cold leg A1), while the makeup flow feeds the same mass flow into loop B 
(cold leg B1) between pump and RPV. This flow goes into the RPV. The temperature and porosity 
distributions are depicted in figures 36 and 37. The next figures 38 to 40 show the situation 90 s later, 
the time with the maximum pump flow. The water from loop B is delivered to the RPV. The level rises 
in the outer core region, most rapidly in the small fifth ring without blockage. From this channel the 
water spreads radially to the inner rings which results in the fast cool-down of the upper core region. 
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At time 180 s the dynamic process is over (figure 41 to 43). The liquid mass in loop A remains nearly 
unchanged with 7000 kg, in loop B the liquid mass has been reduced by 20000 kg to 8000 kg. This 
mass was delivered into the RPV as described above. The water in the core has been spread out 
over the whole core and the levels are again in equilibrium. With the begin of the second core dry-out 
the temperatures of the uppermost core meshes increase again. The last three figures 44 to 46 show 
the situation at time 210 s. The RPV is refilled up to the loop connections, the pressurizer drains into 
the hot-leg in loop A. The major part of the core is quenched except the blocked region in the inner 
rings. The porosity distribution remains nearly unchanged.

4  CONCLUSION

The performance of the code ATHLET-CD has been demonstrated with this calculation. The first 
three phases and the beginning of the fourth phase of the accident (about 4 h) were successfully 
simulated in a reasonable computing time (40 h). This is a proof of the coupling technique between 
the thermal-hydraulics and core degradation processes. The calculated pressure history after pump 
trip, during the pump restart and until core slump is in good agreement with the measured data. The 
calculated hydrogen generation before the pump restart is in accordance with the deduced value. 
Contrary to estimates based on the system behaviour, no significant hydrogen generation was 
calculated during the quench phase. The debris bed and melt pool formation was underestimated 
due to the lack of a model for embrittlement and relocation of solid fuel fragments. Further model 
improvements regarding the quenching of degraded core material and the fracture and relocation of 
solid fuel rods are necessary for better simulation. 
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Figure 1: Modular structure of ATHLET-CD

Figure 2: Arrhenius correlation for cladding 
oxidation

Figure 3: Arrhenius correlation for B
4
C 

oxidation
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Figure 4: Modes of melt relocation, freezing, remelting, and blockage formation

Figure 5: Integration scheme for ATHLET-TFD and the modules ECORE and HECU
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Figure 6: Simulation of core degradation in reactor pressure vessel

Figure 7: Simulation of relocation into lower plenum
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Figure 8: Simulation of melt retention in RPV

Figure 9: Final mass distribution in Phébus FP Tests 0, 1, and 2, measured and calculated 
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Figure 10: TMI-2 accident progression, actions and final state

Figure 11: Primary system pressure Figure 12: Hydrogen in primary system
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Figure 13: Collapsed level in core region Figure 14: Level in pressurizer

Figure 15: Metallic melt and crust mass of rods Figure 16: Ceramic melt and crust mass

Figure 17: Fuel temperature at elevation 2.8 m Figure 18: Clad oxide layer at elevation 2.8 m
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Figure 19: Fuel temperature at elevation 2.5 m Figure 20: Clad oxide layer at elevation 2.5 m

Figure 21: Fuel temperature at elevation 2.1 m Figure 22: Clad oxide layer at elevation 2.1 m

Figure 23: Fuel temperature at elevation 1.7 m Figure 24: Clad oxide layer at elevation 1.7 m
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Figure 25: Fuel temperature at elevation 1.4 m Figure 26: Clad oxide layer at elevation 1.4 m

Figure 27: Fuel temperature at elevation 1.0 m Figure 28: Clad oxide layer at elevation 1.0 m

Figure 29: Pump pressure difference Figure 30: Density at pump inlet and outlet
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Figure 31: Loop A liquid and vapour mass flow Figure 32: Loop B liquid and vapour mass flow

Figure 33: Heat balance of bundle Figure 34: Heat to steam generators
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Figure 35: Void distribution at time 174 min

Figure 36:  Fuel temperature distribution at 
time 174 min

Figure 37:  Porosity distribution at 
time 174 min

Figure 38: Void distribution at time 175 1/
2
 min
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Figure 39:  Fuel temperature distribution at 
time 175 1/

2
 min

Figure 40:  Porosity distribution at 
time 175 1/

2
 min

Figure 41: Void distribution at time 180 min
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Figure 42:  Fuel temperature distribution at 
time 180 min

Figure 43:  Porosity distribution at 
time 180 min
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Figure 44: Void distribution at time 210 min

Figure 45:  Fuel temperature distribution at 
time 210 min

Figure 46:  Porosity distribution at 
time 210 min
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ABSTRACT: In spite of the accomplishments reached in severe accident research, thanks notably 
to the EU projects carried out during previous Framework Programmes, a limited number of specific 
items remain where research activities are still necessary to reduce further uncertainties that are 
considered of importance for nuclear reactor safety and to consolidate severe accident management 
plans.
Facing and anticipating budget reductions, 52 European R&D organizations, including technical 
supports of safety authorities, industry, utilities and universities, have decided to join their efforts 
in a durable way by networking their research activities in the frame of a Network of Excellence 
proposed as a FP-6 project called SARNET, coordinated by the French “Institut de Radioprotection 
et de Sûreté Nucléaire”. The integral severe accident analysis code ASTEC, developed by IRSN and 
GRS, will provide the backbone of the integration. Actions are proposed to integrate in ASTEC the 
current knowledge and all the future knowledge generated within SARNET. In addition, integrating 
activities will be carried out as the creation of large scientific databases, the elaboration of a research 
priority index, education and training. 

1  OBJECTIVES OF SARNET

The current Nuclear Power Plants (NPPs) existing in Europe are designed with the principles of 
defence in depth. In particular, they incorporate a strong containment and engineering systems 
to protect the public against radioactivity release for a series of postulated accidents. In some low 
probability circumstances, some severe accident sequences may result in core melting and plant 
damage leading to dispersal of radioactive material into the environment and thus constituting 
a health hazard to the public well beyond the borders of the State where the damaged plant is 
located.
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Remarkable achievements have been obtained in the field of Water Reactor Severe accident 
research, thanks in particular to the numerous European actions undertaken within the 4th and 5th 
Framework Programmes. In spite of the accomplishments reached, a limited number of specific 
issues remain where research activities are still necessary in order to reduce further uncertainties 
that are considered of importance and to consolidate severe accident management plans: core 
quenching, iodine chemistry, ex-vessel melt coolability, timing of base-mat failure are examples 
of remaining issues underlined by the Phenomena Identification and Ranking Table (PIRT) action 
conducted within the EURSAFE thematic network of the 5th Framework Programme [1]. It is 
therefore crucial that the best state of knowledge on severe accident phenomenology, qualified 
computer tools and appropriate methodology should be used uniformly throughout Europe, in order 
to evaluate the corresponding risks and update former evaluations, taking into account notably the 
inevitable evolutions in reactor operations (e.g. new type of fuel, higher burn-up, extension of plant 
life). Additional appropriate engineering devices and/or accident management measures may have 
then to be developed and implemented in order to reduce the risks to an acceptably low level.

Up to now, research programmes in Severe Accident are usually decided first at national levels, 
though co-operation agreements are then often concluded around these national programmes, but 
on a case by case basis. Facing the inevitable reduction of the national budgets in this field, it is now 
necessary to coordinate better the national efforts to optimise the use of the available expertise and 
experimental facilities in order to resolve the remaining issues. This coordination will take benefits 
of, and strengthen, the existing complementarities between the different laboratories throughout 
Europe (corium/fission product chemistry experts, small scale/large scale testing, simulants/actual 
materials, experimenters/model developers/code developers).

Therefore, a number of European R&D organizations, including technical supports of safety 
authorities, industry, utilities and universities, have decided to seize the opportunity offered by the 
European Commission in the framework of FP6 to network in SARNET (Severe Accident Research 
and management NETwork) their capacities of research in the severe accident area in a durable way 
in order to resolve outstanding severe accident safety issues for enhancing the safety of existing and 
future NPPs. 

The general objectives of SARNET are to:
- Tackle the fragmentation that exists between the different R&D organizations, notably in defining 

research programmes and developing/qualifying computer tools;
- Harmonize the methodologies applied for assessing risk and improve Level 2 PSA tools;
- Diffuse the knowledge to Associated Candidate Countries more efficiently and associate them to 

the definition and the conduct of our research programmes more closely;
- Bring together top scientists in severe accident to be a world leader in advanced computer tools 

for severe accident risk assessment.

The project was prepared by a Core Group comprising IRSN, CEA, GRS, FZK and VTT, and was 
submitted to the Commission as an offer to the first call of FP6. In overall 52 organizations decided 
to join the project, coming from 11 Member States (Austria, Belgium, Finland, France, Germany, 
Greece, Italy, the Netherlands, Spain, Sweden, United Kingdom), the Joint Research Centre of the 
European Community, from 6 Associated Candidate Countries (Bulgaria, Czech Republic, Hungary, 
Romania, Slovakia, Slovenia), Lithuania and Switzerland.
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2  ORGANIZATION

The SARNET Network shall be organised on the basis of a two levels structure. On the first level, a 
Governing Board involving all members will be in charge of strategic decisions and will be advised 
by an Advisory Committee and an Ad-hoc Scientific Committee. On the second level, a Management 
Team will be entrusted with the task of the day-to-day management of the Network.

The Governing Board
SARNET will be steered by a Governing Board. It will review the progress made by the Network, in 
particular in terms of progressive integration, and make recommendations on future orientations. It 
will decide upon the allocation of the financial contribution of the Commission and approve the Joint 
Programme of Activities (JPA). The Governing Board is composed of:
- 1 member designated by each Contractor;
- 1 representative of the Commission as observer.
Members shall be of high management level and may commit the resources of their organisation for 
performing activities decided by the Governing Board.

The Advisory Committee and the ad-hoc Review Committee
The role of the Advisory Committee will be to provide the Governing Board with advice on strategic 
orientations of the research activities of SARNET. It will involve managers of end-user organisations, 
including Vendors, Utilities and Regulatory Bodies from Europe and Associated Candidate Countries. 
The Governing Board will appoint the participants. The role of the Ad-hoc Scientific Review Committee 
will be to review, on behalf of and at the request of the Governing Board the scientific and technical 
activities performed by SARNET and the knowledge acquired. 

The Management Team 
The Management Team shall be in charge, on behalf of the Governing Board, of the day-to-day management 
of SARNET. The JPA is divided in subdomains (scientific subdomains, as corium, containment, source term, 
plus ASTEC, Level 2 PSA, Education and training, Databases, Information system).

The Management Team is composed of the Coordinator heading the Team, of Scientific Coordinators, 
who will coordinate, in concert with the Coordinator, the scientific activities of the project leaders in 
a subdomain (corium, containment, source term), of an Education and Training Coordinator, of a 
Database Manager, and of an Information System Manager. Administrative experts will assist the 
Management Team.

The Management Team shall notably monitor the progress made in the JPA, examine any difficulty, 
which may arise and examine with the corresponding project leaders the possible actions to 
overcome them, examine the new projects, promote collaborations and make proposals to the 
Governing Board for updating the JPA, manage the communication system and the databases of 
the Network, organise the training and education activities, and disseminate information inside and 
outside the network, in particular by organizing annual conferences and topical seminars, and by 
setting a Web site.

The Coordinator acts under the control of the Governing Board, and reports to it on his duety, 
by providing technical and financial reports to the Governing Board, coordinating the annual JPA 
updates for approval by the Governing Board and implementing the decisions of the Governing 
Board, notably the JPA. He will furthermore be responsible for the relations with the Commission. 
IRSN will act as the SARNET Coordinator for the duration of the Contract with the Commission. 
In each scientific sub-domain, a Scientific Coordinator, rotating among members of SARNET, will 
coordinate the work in his sub-domain.
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3  THE JOINT PROGRAMME OF ACTIVITIES

To achieve the objective of SARNET a Joint Programme of Activities has been defined. All the 
organizations networked in SARNET will contribute to the Joint Programme of Activities (JPA), which 
can be, beyond management activities, broken down in 3 elements:
- Integrating activities to strengthen links between organisations;
- Joint research activities to resolve remaining outstanding issues;
- Spreading excellence activities;

The integral code ASTEC will be the main integrating component and will contribute to the diffusion 
of the knowledge efficiently. Activities linked to ASTEC will thus appear as “Integrating activities”, 
whereas some of them contribute also to the range of “Spreading excellence activities”. Furthermore, 
most of the “Joint research activities” will have links with ASTEC as it is one of their ultimate goals to 
provide physical models to be integrated in ASTEC. Furthermore, the exchange of information on the 
detailed models developed by the various experts through interpretation of experiments will lead at 
medium and long term to generic common models used in the different detailed codes (example of 
ICARE/CATHARE and ATHLET-CD). Besides, adequate models will be derived from these detailed 
models and will be included in the common reference ASTEC code.

The R&D needs will be periodically updated and the objectives of future experiments will be defined 
taking into account the outcome of the collaborative work on risk studies. A consensus could be 
reached on closure of some issues and would allow to redistribute competence and manpower on 
open ones in concert with other international projects (e.g. ISTCs, OECD projects…).

The programme, which is described below, may be revised, depending on the results of the 
negotiation with the Commission. The integrating elements of the programme are considered of 
highest importance and will remain the key elements of the JPA.

3.1.1. Integrating activities

Most of the organisations integrated in SARNET are concerned with integrating activities. The 
remaining organizations are only contributing in very specific areas where their scientific competence 
is of very high interest for the network. Furthermore, the major part of the joint research programme 
will consist of the integrating elements introduced in the different national research programmes, in 
order to progressively reach the objective of a full integration of various research strategies. The so-
called integrating activities comprise:
- Implementation of an advanced communication tool for fostering exchange of information;
- Development/qualification/maintenance of the Integral Code ASTEC;
- Harmonization of Level 2 PSA methodology and development of advanced tools;
- Implementation of scientific databases;
- Research priority assessment. 

Advanced communication Tool
Advanced Communication Tool (ACT) is a key concept to achieve SARNET goals. Indeed, ACT is 
the unified support for efficient communication between SARNET partners (at least 30 of them, those 
who are involved in ASTEC and other collaborative work; more later on) to achieve the following 
needs:
- Access, search, publication of documents and codes (concept of knowledge storage),
- Contact and communicating with partners (interactive and collaborative services),
- Joint co-ordination of actions and programmes (co-operative management of the network),
- List of links to satellites community projects (R&D projects, related sites).



83

Re-use or integration of existing similar experiences within community partners should be studied 
to design the target tool. Of interest will be the system SINTER, which was developed in the 4th FP 
and is presently used in the 5th FP projects MICANET, HTR-TN and JSRI-II as well as in the IAEA 
project GHTRN.

Integral Code ASTEC
There are 30 organisations that have expressed their willingness to collaborate on the adaptation and 
qualification of the Integral Code ASTEC. This code, which is developed by IRSN and GRS describes 
the behaviour of a whole NPP under severe accident conditions including SAM engineering systems 
and procedures. It is extensively used by IRSN for Level 2 PSAs regarding 900 MWe Pressurized 
Reactors. It will serve as the main integrator of knowledge in SARNET and contribute to diffuse it 
to all members. At this stage, it is important to note that it is planned to be used in 6 Associated 
Candidate Countries. The ASTEC project is divided into 4 sub-projects, namely: maintenance / users 
support / training, development and adaptation, physical model assessment, reactor application and 
benchmarking. IRSN and GRS will endeavour, in the limit of their financial availabilities, to offer the 
support to the users that such a large diffusion will imply.

Level 2 PSA
Level 2 PSA is a powerful tool to assess plant specific vulnerability regarding NPP severe accidents. 
It aims at evaluating possible severe accident scenarios in terms of frequency, loss of containment 
integrity and radioactive release into the environment. It integrates the results of R&D programmes 
on physical phenomena involved in severe accidents, in a risk assessment perspective. In particular, 
it makes it possible to quantify the contribution of prevention and mitigation measures in terms of 
risk reduction.

Different approaches are used in Europe, derived from what has been implemented in the US. The 
objective of this activity is to compare, to improve and to harmonize the methodologies used for 
developing Level 2 PSA within European countries and to share effort to develop advanced tools, as 
far as they are required. Another aspect is the adaptation of methodologies for their application to the 
reactor types used in the Associated Candidate countries.

Implementation of scientific databases
The objective is to develop and maintain an instrument that insures preservation, easy access 
for codes, exchange and processing of severe accident experimental data, including all related 
documentation.  The data of concern are:
- Existing experimental data that SARNET partners are willing to share with the other partners in 

the network;
- All new data produced within SARNET.

The database system will be an extension of the platform developed in EURSAFE starting from the 
STRESA structure. 

Research priority assessment
The objective of this action is to provide the Governing Board of SARNET with guidelines for defining 
the orientations to give to the research activities of common interest and high priority. It will make 
use notably of:
- The outcome of the EURSAFE action (results of PIRT on severe accidents);
- The results of the qualification/benchmarking activities on ASTEC;
- The outcome of the research performed in the three thematic subdomains of SARNET (corium, 

containment, source term);
- The results of the national Level 2 PSA activities on the identification of knowledge improvements 

(risk-oriented research).
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It will take into account the potential capacities of SARNET and identify the potential experimental or 
theoretical programmes to undertake for resolving the identified issues. This action will be performed 
in close collaboration within participants (those mainly involved in EURSAFE), representing TSO, 
industry and utilities, including organisations of Associated Candidate Countries. The results will 
be circulated to all participants for comment before their release.  Such an assessment will be 
periodically conducted, and  will of course make use of the results from other international projects 
(ISTC, OECD…) in this area.

3.2 Programme for jointly executed research activities

The EURSAFE actions have highlighted a number of remaining important safety issues, which need 
to be investigated experimentally and theoretically. The research programmes and the critical mass 
of competence (experimental facilities, experts) necessary to address these issues were identified. 
This competence was integrated in SARNET with tasks aiming at:
- harmonizing and re-orienting, if necessary, the already decided research programmes linked with 

the issues to be investigated;
- initiating new programmes, to be jointly carried out;
- elaborating a common understanding of concerned phenomena;
- and implementing improved models in ASTEC code.
The integration of this competence led to form promising nuclei of cooperation between some 
participants of SARNET, with a great potential for growing. 

3.3 Activities designed to spread excellence

The objectives of the Education and Training sub domain in the SARNET NoE are to:
- Enhance and maintain competence in Severe Accident Research (SAR), contributing to Severe 

Accident Management (SAM) through education and training of students and young researchers 
in Europe;

- Impart additional skills to the researchers and analysts in the severe accident risk assessment;
- Foster integration of national programmes through sharing of researchers and work 

programmes.

The approach followed to achieve the above objectives during a relatively early part of the SARNET 
NoE will be to:
- Develop educational forums e.g. yearly courses, text (source) books, etc.;
- Develop training forums e.g. laboratory and reactor plant facilities, plant analyzer, etc.;
- Promote personnel mobility between the various European institutions;
- Develop user groups for important computer codes e.g. ASTEC;
- Integrate with other education and training work programmes in other networks;
- Develop links with the NEPTUNO Project in FP6.

The three elements of this sub domain are education, training and mobility.

The education element involves Ph. D. students and researchers, the various activities in the 
education element will be to provide a comprehensive course on Severe Accident Phenomenology, 
develop a text book or source book on Severe Accident Phenomenology, develop and provide a 
course on Level – 2 PSA (with description of codes, mainly ASTEC, for consequence analysis), 
encourage the NEPTUNO Project to set up a course on Nuclear Power Safety, including an 
introduction to the Severe Accidents and to Level – 2 PSA.
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The training element involves both students and researchers but primarily the latter.  The main 
activities will be to provide training in experimental methods and techniques, the operation, checking 
and debugging of computer codes, and workings of plant analysers having severe accident 
algorithms.

The mobility element involves both Ph.D. students and researchers.  This element is of great 
importance towards the integration of the European National Programmes in Severe Accidents and 
in the Probabilistic Safety (Risk) Analysis.  In this context, coordination of the mobility programme of 
SARNET with that developed in the NEPTUNO Project would be very desirable. 

4  MAIN RESULTS EXPECTED 

A very large amount of knowledge has already been obtained in the field of Water Reactor Severe 
accident research, in particular within the 4th and 5th Framework Programmes (corium behaviour, melt 
coolability, hydrogen risks, source term). The proposed long term SARNET activity of permanently 
capitalizing knowledge in the integral computer tool ASTEC as well as in scientific databases, will 
provide the necessary conditions for preserving this knowledge and diffusing it to a large number of 
current and future end-users throughout Europe. 

European end-users are mostly using integral computer codes developed in the United States. This 
results in a strong dependence on the US in code maintenance and development. Furthermore, 
Level 2 PSAs are based on US technology, which has been adapted differently from an organization 
to the other. SARNET, by fostering collaborative work in these two areas of excellence within a 
large number of European organizations, will create the necessary conditions for harmonizing the 
approaches and for Europe to become a world leader in severe accident computer code and risk 
assessment methodology.

A limited number of specific issues remain where research activities are still necessary in order to 
reduce further uncertainties that are considered of importance and to consolidate severe accident 
management plans: core quenching, iodine chemistry, ex-vessel melt coolability, timing of base-mat 
failure are examples of remaining issues underlined by EURSAFE. Whereas up to now, research 
programmes in Severe Accident were usually decided at national levels, it is now necessary to 
better coordinate the national efforts to optimise the use of the available expertise and experimental 
facilities in view of the reductions in the national budgets in this field.

By providing an appropriate forum of exchange of technical and scientific information between 
experts in various fields and by its strong coordination structure involving high management level 
representatives, SARNET will contribute to prioritise the research needed, to favour co-programming 
amongst organizations, optimise the use of the available research capacities and promote the co-
operation between the different members. This will be done by taking benefits of, and strengthening, 
the existing complementarities between the different laboratories.

Thus, it can be expected that SARNET will modify the landscape of research on severe accident in 
Europe in a durable way, even after the end of the Contract with the Commission, as agreed upon 
by the organisation representatives. Indeed, SARNET will become a reference in terms of research 
priorities in the field of severe accident having impact on national programmes and fund allocations. 
Progressively all the research activities in this field will become strongly coordinated by the Network 
and ASTEC will progressively become a federative tool thereby contributing to integrate, preserve 
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and diffuse knowledge. In addition to ASTEC, the proposed joint programme of research activities 
will contribute efficiently to keeping competence and expertise in the area of severe accident 
management for current European water reactors, including those of Russian design, and also for 
future nuclear reactor designs.

An education and training programme will diffuse the excellence and knowledge in the severe 
accident area. This will be completed by a mobility programme under which students and researchers 
will be able to go into different laboratories of SARNET for training. In addition, a large conference 
will be organised every 12 or 18 months on the progress made in SARNET. The audience should be 
international and of the same level as the large conferences organised by the USNRC in this domain 
(CSARP, MCAP). A Web site will advertise the work performed in SARNET and the knowledge 
acquired, giving access to information open to the public. This communication plan will have to be 
approved by the Governing Board.

SARNET may also develop partnerships with other Networks of Excellence, as SAMINE (Network of 
Excellence in Severe Accident Management) and NEPTUNO (Network of Excellence on Education 
and Training in Nuclear Science). In the first case, SARNET will receive from SAMINE the needs 
in terms of research to address severe accident management issues and in return SARNET will 
provide knowledge and tools. SARNET will contribute to some of the NEPTUNO activities by 
providing lectures and support material, and provide some internships for students. 

5  CONCLUSION

By networking most of the European research organisations around a joint programme of research 
activities, SARNET will provide an appropriate frame for achieving within a couple of years a 
sustainable integration of the European research capacities on severe accident. Nuclei of co-
operations already exist around some national research programmes. It is one of the missions of 
SARNET to promote and extend progressively the co-operations to other members of SARNET, by 
disseminating useful information on these programmes to potentially future partners, because they 
may be mutual interest for the Network and these partners.

Most of the research activities of the Network will be focused on integrating activities, as developing 
and validating the existing French-German code ASTEC, so as to make it the European reference 
for any safety studies, in particular PSA-level 2. It will be adapted, so as it can be used for any kind of 
water-cooled NPP existing in Europe (PWRs, BWRs, VVERs, CANDU and RBMK). Other important 
integrating activities will be the elaboration of large scientific databases, the definition of priorities for 
research of common interest to the Network, education and training.
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ABSTRACT : The CABRI REP-Na programme performed in the sodium loop of the CABRI reactor by the French 
"Institut de Radioprotection et de Sûreté Nucléaire", has been devoted to the study of the behaviour of high burn-up 
UO2 and MOX fuel submitted to a RIA (8 tests with UO2 and 4 with MOX fuel).The observed failures of some of the 
UO2 and MOX fuel rods at enthalpy levels ranging from 30 to 113 cal/g enthalpy levels have underlined the need of 
evolution of the present safety criteria. The detailed interpretation of the phenomena together with SCANAIR 
analysis, led to identify the key parameters during the first phase of the transient, without significant clad 
temperature increase, which are the deleterious influence of a high clad corrosion level with hydride concentrations 
on clad failure and the contribution of grain boundary gases on fission gas release and potential clad loading, 
mainly in case of MOX fuel. 
Pending questions still concern the transient fission gas behaviour and the impact on clad loading during the whole 
transient, the rod behaviour with high clad temperature, the high internal pressure effect and the post-failure 
phenomena (fuel ejection, fuel-coolant interaction with finely fragmented solid fuel). 
The CABRI International Programme (CIP) already launched in 2000 (two first tests performed in 2002), will 
provide under typical pressurised water conditions, relevant additional knowledge relative to high burn-up UO2 and 
MOX advanced fuels. 
 
 
1 INTRODUCTION  
 
 
Since the start of the 1990s, the optimisation of the French PWR core management has led utilities to 
consider the use of UO2 fuel assemblies with higher burn-up and to introduce MOX fuel concept in these 
reactors. For instance, in 1998, "Electricité de France" (EDF) was authorised to raise its UO2 assembly 
average burn-up from 47 to 52 GWd/t and is considering further increase up to 62 GWd/t in the near 
future. Additionally, applying similar management scheme to both UO2 and MOX fuel is envisaged so 
that MOX fuel assembly burn-up could also be increased up to 52 GWd/t . 
These long anticipated developments had created the need for new investigation of fuel behaviour under 
design basis reactivity initiated accident (RIA) such as control rod ejection (due to failure of the control 
rod drive mechanism) that leads to rapid energy injection (some tens of ms) in the fuel rods neighbouring 
the ejected control rod assembly. 
 
Within this framework, in 1992, the “Institut de Radioprotection et de Sûreté Nucléaire” (IRSN, formerly 
IPSN), initiated, in partnership with EDF, the CABRI REP-Na research programme [1], [2], [3]. The UO2 
part of the programme was also supported by the US Nuclear Regulatory Commission (NRC). 
The main objectives were to study the behaviour of highly irradiated fuel (UO2 and MOX) under RIAs, 
verify the adequacy of the present safety criteria1 previously defined on the basis of the available 
experimental data base (from SPERT, PBF and early NSRR experiments) that was restricted to fresh or 
                                                
1 These criteria, independent of burn-up level are mainly reflected in an average fuel enthalpy value  
(200 cal/g for irradiated fuel and 230 cal/g for fresh fuel) that must not be exceeded in the calculated 
transient and should guarantee the absence of significant mechanical energy release and preserve core 
cooling capability. 



 
lightly irradiated UO2 fuels (up to about 30 GWd/tM for UO2 fuel). Establishing the necessary basis for 
possible evolution of these criteria and evaluate safety margins were also of concern. 
 
As a first step of investigation in France, the CABRI REP-Na experimental programme has been 
launched in the sodium loop of the CABRI reactor [4] in which consequences of a fast power transient 
applied to an irradiated single rod could be studied in a sodium coolant environment. Due to this last 
point, the investigation was focused on the first phase of the power transient that of strong pellet-clad 
mechanical interaction (PCMI) with limited clad heat-up and was devoted to the study of rod failure 
mechanism and onset of fuel dispersal if any. 
 
In parallel to the REP Na experiments, the SCANAIR code [5] was developed in order to interpret the 
test results, perform sensitivity studies and extrapolate to reactor conditions. The main feature of the 
SCANAIR code is its ability to process closely coupled phenomena such as rod thermics and thermal 
hydraulics, fuel and clad mechanics and transient behaviour of fission gases based on an initial rod state 
derived from base irradiation calculations. 
Separate-effects tests were launched for the study of the cladding mechanical properties (PROMETRA, 
[6]) and the clad to coolant (water) heat transfer under fast transients (PATRICIA, [7]) ; a programme for 
the study of the transient behaviour of fission gases is also envisaged. 
 
In this paper, we will focus on the present understanding of UO2 and MOX fuel behaviour under RIA 
transients and the main outcomes derived from the detailed interpretation of the first ten tests of the 
CABRI REP-Na programme (REP-Na1 to REP-Na10) that is based on the analysis of the experimental 
results (including pre and post-test examinations) and SCANAIR calculations. The objectives and status 
of the new CABRI International Programme (CIP) launched in 2000, will also be presented. 
 
 
2 THE CABRI REP-NA TEST PROGRAMME 
 
 
2.1 The main objectives of the test programme 
 
 
The most immediate consequence of a fast power transient simulating an RIA is fuel heat-up with 
thermal expansion which, associated to fission gas induced swelling, generates strong PCMI (particularly 
during the first phase of the transient, that of fast energy injection) and thus clad straining up to possible 
rod failure. 

Therefore, the objectives of the REP Na test programme were focused on the identification and 
quantification of the main physical phenomena that can lead to rod failure and fuel ejection during the 
first phase of the power transient without significant clad heat-up (consistently with the use of sodium as 
coolant and based on the results of the first Japanese tests in NSRR with irradiated fuel at 20 GWd/tM 
indicating PCMI failure mode at relatively low clad temperature). The next phase of the transient, in 
which clad temperature rises, especially if boiling crisis inducing rod dry-out takes place under reactor 
conditions, was not reproduced and the consequences of fuel dispersal in the fluid after rod failure such 
as pressure increase in the channel, were not representative.  

Some specific aspects of the irradiated UO2  and MOX fuels may influence the transient rod behaviour : 
the high clad corrosion level with hydrogen absorption, possible local hydride concentration (hydride rim 
or blisters due to the spalling of the oxide layer during in-reactor irradiation) leading to clad 
embrittlement, the important fission gas retention, the high burn-up fuel micro-structure developed in the 
pellet periphery (rim zone of UO2 fuel) and in the Pu-rich zones of MOX fuel. 
Based on these considerations, the whole experimental programme aimed at investigating the impact of 
the following parameters on the rod failure risk or mechanism :  

- the UO2 fuel burn-up (maximum pellet value of the test rod) : low value (33 GWd/tM) providing a 
link with the available RIA data base, medium value (52 GWd/tM) corresponding to the maximum 
assembly average burn-up of 47 GWd/t authorised in the early 90s, and high values (60-
64 GWd/tM) corresponding to the target burn-up after four 18 months cycles in PWR with fourth 
core reload, 



 
- the clad corrosion : oxide thickness from 4 µm in REP-Na2 up to 130 µm in REP-Na8, with more 

or less initial spalling of the oxide layer (REP-Na1, REP-Na 8, REP-Na 10), 
- the fuel pellet type : UO2  and MOX fuels, the later being of MIMAS type, 
- the energy deposit, from about 100 cal/g in most experiments to more than 200 cal/g in case of 

low burn-up tests (REP-Na2, REP-Na9), 
- the power pulse width : from 9.5 ms  to larger values (30 to 75 ms) resulting in different energy 

injection rates. 
 
 
2.2 The test conditions and main experimental results  
 
 
From 1993 to 1998, seven REP-Na tests were performed on UO2 fuel and three others on MOX fuel. 
Additionally, in the year 2000, two other REP-Na tests were conducted : one relative to high burn-up UO2 
fuel with M5 cladding, the second one with MOX fuel irradiated during five cycles ; the results and 
outcomes of these latter tests are not included in the present paper.  
Test specimens of about 560mm fissile length consisted of commercially manufactured reconditioned 
rodlets from EDF rods (except for REP-Na2 which was a full length rod from BR3 reactor and REP-Na3 
which was an EDF segmented rod). The test rods were filled with helium at low pressure (0.3 MPa, 0.1 
MPa in REP-Na1 at 20°C) in order to simulate the fuel rod internal pressure balance with the coolant at 
the end of in-reactor irradiation. Fluid flow velocity and temperature conditions (4 m/s and 280°C 
respectively) were those corresponding to reactor hot shutdown. The test rod was inserted into a test 
section located in the sodium loop in the center of the CABRI driver core (80cm height). The power pulse 
is generated and controlled by depressurisation of 3He circuit. 
The CABRI REP-Na test matrix is reported in the table 1 gathering the main characteristics and results 
of the different tests. 
 

TABLE 1 : CHARACTERISTICS AND RESULTS OF CABRI REP-NA TESTS (FLOWING SODIUM AT 
0.5 MPa AND 280 °C). 

 

Test 

(date) 

REPNa1 

(11/93) 

REPNa2 

(6/94) 

REPNa3 

(10/94) 

REPNa4 

(7/95) 

REPNa5 

(5/95) 

REPNa6 

(3/96) 

REPNa7 

(2/97) 

REPNa8 

(7/97) 

REPNa9 

(4/97) 

REPNa10 

(7/98) 

Fuel type UO2 UO2 UO2 UO2 UO2 MOX MOX UO2 MOX UO2 

Initial enrichment ***(%) 
Internal pressure 
(Mpa,20°C,) 
Active length (mm) 
Max. burnup (GWd/t) 
Corrosion 
thickness(µm)** 

4.5 
0.1 

 
569.4 

64 
80-100 

(spalling) 

6.85 
0.101 

 
1004.9 

33 
10 

4.5 
0.31 

 
440.8 
53.8 

35-60 

4.5 
0.301 

 
567.6 
62. 

60-80 

4.5 
0.302 

 
563.5 
64. 

15-25 

5.925 
0.302 

 
553.5 

47 
35 

5.948 
0.3 

 
554.2 

55 
50 

4.5 
0.3 

 
559  
60 

84-126 
(spalling) 

6.559 
0.304 

 
561.2 
28.1 
10 

4.5 
0.301 

 
559 
63 

60-100 
(spalling) 

 
Energy deposit*  (J/g )      
(cal/g) 
Pulse width (ms) 
Peak fuel enthalpy (J/g) 
           (cal/g) 
 
Max.mean hoop strain 
(%) 
 
 
Fission gas release (%)         
Helium release (mm3/g) 
He released/(Xe + Kr)  
formed (%) 

 
463 

110.7 
9.5 

475(2) 
113.7(2) 

 
brittle failure 
H=28-36 cal/g 
 
Gas and Fuel 
ejection (6g or 
2%) 
-Sodium 
pressure 
peaks 

 
865 
207 
9.6 
832  
199 

 
3.5 

 
 
 

5.54 
9.53 
1.28 

 
511 

122.2 
9.5 
516 

123.5 
 

2.2 
oxide 

transient 
spalling 

13.7 
35.7 
2.48 

 
397 
95 

76.4 
355 
85 
 

0.4 
oxide 

transient 
spalling 

8.3 
38.2 
2.27 

 
435 
104 
8.8 
451 
108 

 
1.1 

 
 
 

15.1 
43.1 
2.46 

 
652 
156 
32 
556 
133 

 
2.6 

oxide 
transient 
spalling 

21.3 
34.45 

3. 

 
710 
170 
40 

577(2) 
138(2) 

 
failure  

H=113 cal/g 
 
strong gas 
ejection ---
Pressure peaks 
Fuel dispersal 
 
 

 
430 

102.9 
75 

410(2) 
98(2) 

 
failure (1) 

H=44 cal/g 
crack initiation 
H=78 cal/g ,loss 
of tightness 
-Gas escape at 
H=78 cal/g 
-No fuel 
dispersal 

 
974 
233 
33 
824 
197 

 
7.2 

 
 
 

~33.4  

~66  

~10  

 

 
453 

108.3 
31 

410(2) 
98(2) 

 
failure  

H=81 cal/g 
 
 No fuel 
dispersal 
-Slow gas 
ejection  

 
* for fast ramps at 0.4 s, for slow ramps at 1.2 s    (1) microphone signal at H ≈≈≈≈ 44 cal/g 
** Maximum value        (2) enthalpy evaluation without rod failure consideration 
*** U235/U for UO2, Pu / (U + Pu) for MOX 
Standard Zr4 cladding  except BR3 clad  in REP Na2 and low tin Zr4 in REPNa3 and REP-Na 9. 

 
The most striking results evidenced from the on-line diagnoses and post-test examinations are the 
following : 

- the failure of the 5 cycles UO2 rods with heavily corroded and initially spalled Zr4 cladding (REP-
Na 1, REP-Na 8, REP-Na 10), that occurred at enthalpy level (maximum radial average) ranging 
from about 30 to 81 cal/g, 



 
- the failure of the REP-Na7 rod with a 4 cycles MOX fuel and an a priori sound cladding, at an 

average pellet maximum enthalpy of 113 cal/g, 
- the significant residual clad straining in the un-failed rods (from maximum mean values of 0.4% in 

REP-Na4 to 7.2% in REP-Na9), increasing with fuel enthalpy level, 
- the fission gas release increasing with burn-up and fuel enthalpy, together with significant Helium 

release, 
- an important fuel fragmentation (mainly in the peripheral zones for UO2 fuel), with grain boundary 

opening, enhanced with energy deposit and clad deformation, 
- the transient clad spalling of the Zr4 oxide layer when initial oxide thickness is above 30-40 µm, 
- depending on the rod failure conditions, gas and fuel ejection observed after rod failure. 

 
As a first outcome, the failure of the REP-Na1 and REP-Na7 rods followed by gas and fuel ejection 
clearly confirmed that the current safety criteria were no longer adapted to high burn-up fuel (UO2 and 
MOX fuel). A similar conclusion was drawn from the Japanese NSRR tests which likewise led to failure 
of UO2 rods at 50 GWd/tM and at low fuel enthalpy (60 cal/g), although under different thermal-hydraulic 
conditions (stagnant water at ambient conditions). 
 
 
3 PRESENT UNDERSTANDING OF THE IRRADIATED FUEL BEHAVIOUR UNDER RIA 
 
 
The detailed interpretation of the test taking into account pre-and post-test examinations, transient data 
and studies performed with the SCANAIR code led to the present understanding of the main physical 
phenomena. 
 
 
3.1 Clad straining  
 
 
The clad straining obtained in the un-failed rods is due to strong PCMI loading caused by fuel thermal 
expansion and fission gas induced swelling (mainly intra-granular if sufficient energy injection) and is 
increasing with fuel enthalpy (fig.1) 

 
Under high energy injection leading to fuel temperature above 1800°C (corresponding to maximum radial 
average enthalpy of 110 cal/g), intra-granular swelling is activated by vacancy diffusion mechanism 
linked to bubble over-pressurisation (temperature increase and coalescence). For instance in the REP-
Na2 or REP-Na9 tests, the calculated contribution of intra-granular swelling to the clad deformation is 
about 70% ; it is more limited in REP-Na3 and REP-Na6 due to lower injected energy. Inelastic fuel 
behaviour is also evidenced at high energy injection by the filling of the pellet dishings in REP-Na2 or 
REP-Na9 tests (confirmed by scoping calculations, see figure 1). 
 

Fig. 1. Comparison of calculated and measured cladding plastic hoop strain values 
(UO2 + MOX tests). 
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Cladding ovalizing has been observed in several tests in association with clad oxide transient spalling, 
when the initial Zr4 oxide thickness is above 30-40 µm (REP-Na3) ; this effect has been attributed to an 
azimuthal heterogeneity of the zirconia build-up during base irradiation leading to temperature 
differences within the cladding and ultimately to clad yield strength variations as illustrated on the 
following scheme (fig. 2).  
 
 
 
   
 
 
 
 
 
 
 
 

before the test      after the test 
 

Fig 2 : rod ovalisation in the REP Na 3 and REP-Na6 rods. 
 
Rod ovalizing is also obtained with highly irradiated fuel under rapid transient even without oxide spalling 
(REP-Na5) : in such a case, a non uniform azimuthal distribution of Pu build-up may lead to azimuthal 
variations of energy deposit (whose effect is enhanced by quasi-adiabatic heat-up in fast transients) 
resulting in non uniform clad straining. 
However, using average values of oxide layer and radial power profile leads to a good agreement 
between calculations and average measured cladding deformation (fig 1). 
 
 
3.2 Rod failure mechanism for UO2 fuel 
 
 
The failure of the REP-Na UO2 rods occurred with PWR rod segments that evidenced high corrosion 
level (spans 5) and in-service oxide spalling (REP-Na1 and REP-Na10 were twin rods with mean 
corrosion thickness of 80µm and axially spread spalling, REP-Na8 had 84-126 µm mean corrosion 
thickness and localised spalling). 
In REP-Na1, the detailed analysis of the micro-phones, pressure sensors and flow-meters allowed to 
conclude that the rod failure occurred when the maximum fuel enthalpy was in the range of 28-36 cal/g, 
with loss of tightness at 36 cal/g at the latest. 
In REP-Na8 test, several micro-phone events were detected before evidence of the loss of rod tightness 
that occurred at a maximum fuel enthalpy of 78 cal/g ; however, the correlation between the micro-phone 
event located at 30cm bfc (bfc : bottom of fissile column) and a limited axial crack extension inside an 
hydride blister suggests a possible failure initiation (without gas or fuel ejection) at this level 
corresponding to a maximum fuel enthalpy of 44 cal/g, before the loss of rod tightness at 78 cal/g 
(located in the upper part of the rod). 
On the other hand, in REP-Na10 test, rod failure and loss of rod tightness clearly occurred when the  
maximum fuel enthalpy reached 81 cal/g. 
 
The metallographies performed on the three rods underlined that these failures occurred with no or 
limited plastic deformation (multiple brittle failure in REP-Na1, figure 3, brittle failure in REP-Na10, 
residual strains in REP-Na8 lower than 1% with 0.5 % at 31.5cm bfc, see radial cut RC1 in figure 4). In 
REP-Na8, the larger pulse width may explain the limited plastic deformation linked to the clad 
temperature evolution in comparison to the brittle failure of the two other rods. Those results are fully 
consistent with the results of the PROMETRA programme performed on cladding samples from the test 
rods or father rods [6] that evidenced the brittle behaviour of the spalled claddings. 
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Fig. 3 CABRI REP-Na1 RC8 at 215mm/bfc.  Fig. 4 : CABRI REP-Na8 macrography at 315mm/bfc. 
 
On the basis of these results, the UO2 fuel rod failures are explained by the drastic loss of apparent 
ductility of the Zr4 cladding linked to the high corrosion level with hydrogen absorption into the metal and 
in reactor oxide spalling which lead to formation of large hydride concentrations or hydride blisters 
(blisters are formed by hydrogen migration towards cold points as a result of oxide removal).  
 
Nevertheless, the very early failure of the REP-Na1 rod led to deep investigations in order to clarify 
whether other parameters could have affected the rod behaviour. 
The impact of a fast power pulse has been analysed with the SCANAIR code through the comparison of 
the thermo-mechanical conditions of the failed UO2 tests when the fuel enthalpy reaches the REP-Na1 
failure value : the differences on the strain rates (0.1s-1 in REP-Na8 and REP-Na10, 0.5 s-1 in REP-Na1) 
and on the clad temperatures (30°C difference on outer clad temperature) were not sufficient to explain 
the early failure of REP-Na1 by the low pulse width itself. 
During the pre-conditioning phase of the REP-Na1 test (isothermal state at 380°C during 14h followed by 
slow cooling down to 280°C), the possible generation of stresses on the cladding leading to precipitation 
of deleterious radial hydrides has been suggested, but it was demonstrated that the probability of clad 
failure resulting from that mechanism is very low. 
In consistency with REP-Na8, REP-Na10 and PROMETRA results, the most likely cause of the REP-
Na1 failure is attributed to the presence of a deep initial hydride damage (blister or rim) in the zone 
around peak power level, however not precisely localised mainly because of the lack of neutron-
radiography examination before test ; moreover, due to the small axial extent of an hydride damage, the 
detection of such a damage could have been missed in spite of the numerous destructive examinations 
performed on this rod.  
 
The above results showing UO2 rod failures at different level of maximum fuel enthalpy (radially average) 
underlined that failure prediction of spalled rods, even apparently similar, is difficult. 
 
 
3.3 Fuel microstructure evolution and fission gas behaviour 
 
 
The evolution of the fuel micro-structure under RIA transients is highly influenced by the characteristics 
of the high burn-up fuel, that are closed gap, bonding between fuel and internal zirconia layer and high 
fission gas retention which increases quasi-linearly with burn-up (due to the low gas release in operating 
conditions). Furthermore, there is a strong increase of the fraction of the fission gases stored at grain 
boundaries mainly due to the formation of the typical High Burn-up Structure (HBS) in the rim zone and 
in the MOX agglomerates. This leads to a high gas content in over-pressurised micrometer inter-granular 
pores (for UO2 fuel at 60-65 GWd/t, pore gas content in the rim zone amounts to 8 to 10% of the pellet 
total gas retention) which may contribute to transient fuel swelling and gas release under fast transients. 

 

 

 



 
In most of the CABRI tests (and also in the NSRR tests) fuel fragmentation with grain boundary 
separation and structure changes are evidenced in the external zones of UO2 fuel or in the matrix of 
MOX  fuel, as shown in figure 5). This effect is understood as the result of the high overpressure that is 
developed in the small inter-granular bubbles under fast heating rates and which induces high stress 
fields between the grains ; depending on gas pressure and fuel constraint, grain boundary cracking and 
grain boundary separation may occur and lead to fission gases availability (inter-granular bubbles and 
large pores) for internal solid fuel pressurisation and swelling [8].  
 
        
 
 
 
 
 
 
 

 
     scale=216 µm 

left : ~0.98R    right : ~0.9R  
 Fig. 5 : REP-Na6 radial cut at peak power location. 
 
The contribution of the fuel fragmentation mechanism to the failure of the REP-Na UO2 rods cannot be 
settled with certainty because of the dominant effect of the low clad ductility in the failed UO2 rods ; 
indeed, an evaluation of the contribution of this phenomenon on the clad straining has been performed 
based on one option of the present SCANAIR modelling which simulates equilibrium of the pores and 
inter-granular  gas pressure with the hydrostatic fuel pressure after grain boundary cracking : the effect 
on clad straining was found small in comparison to the final clad deformation. 
On the other hand, with sodium cooling in the REP-Na tests, the grain boundary gas expansion is limited 
during the PCMI phase, with low temperature increase and high clad strength ; this is not the case in the 
NSRR tests [9] where the high clad temperature after dry-out and the low channel pressure allowed 
significant gas driven fuel expansion as evidenced by the high clad straining in  the TK1 test result (10% 
in average and up to 25% locally). Under pressurised water conditions, the possibility and amplitude of 
grain boundary gas expansion are not yet known ; nevertheless, sensitivity studies with SCANAIR 
calculations are foreseen as a first approach. 
 
In case of high energy injection, when fuel enthalpy (maximum radial average) overpasses 110 cal/g 
(REP-Na2, REP-Na9 and most likely REP-Na3 and REP-Na6), the contribution of the intra-granular 
fission gas induced swelling to clad loading and deformation is underlined, in addition to the fuel thermal 
expansion ; such a contribution is confirmed in REP-Na2 and REP-Na9 by the observation of the intra-
granular bubbles precipitation and in REP-Na9 by the measured reduction of the fuel hydrostatic density. 
High energy injection also leads to fuel creep behaviour as underlined by the filling of the pellet dishings 
in the REP-Na2 and REP-Na9 tests. 
 
Significant fission gas release (FGR) is obtained due to RIA transients, consistently with the fuel 
fragmentation and grain boundary separation mechanisms which modify the fuel permeability. 
The different FGR results in REP-Na4 and REP-Na5 (difference not reproduced by SCANAIR, fig.6) 
clearly show a correlation between FGR, clad residual strain and free volume evolution ; this indicates 
that if the cladding permanent strain offers an additional free volume sufficient to induce a significant 
grain boundary opening, an important interconnected porosity network (including the initially closed 
porosity) is created and leads to a significant increase of the free volume available for FGR of grain 
boundary gases. In case of low clad deformation as in the REP-Na4 test, there is no significant opening 
of the closed porosities and only partial release of grain boundary gases occurred, probably from the rim 
zone since there is no significant evolution of the free volume. On the contrary, in case of significant clad 
deformation as in the REP-Na5 test, most of the closed porosities are opened and the corresponding 
part of GB gas was released. The results of the ADAGIO2 measurements performed on REP-Na4, REP-

                                                
2 ADAGIO examinations allow to measure the grain boundary gas inventory based on measured fission gases 
retained inside the fuel after oxidation at low temperature followed by thermal annealing of the samples 



 
Na5 and father rod samples confirmed this understanding with no contribution of the grain boundary 
gases in the inner zone in REP-Na4 while gases from the whole pellet are involved in REP-Na5.  
These results underline that in case of low energy injection in UO2 fuel, with maximum fuel enthalpy 
lower than 110 cal/g (without contribution of intra-granular gas migration, as confirmed by micro-probe 
measurements), the FGR is mainly due to the contribution of the grain boundary gases, with participation 
of the rim zone under slow and fast pulses. 
In addition, the whole set of REP-Na tests shows that FGR increases with burn-up level in relation with 
grain boundary gas content (REP-Na2, REP-Na3, REP-Na5 and MOX fuel compared to UO2 fuel) and is 
correlated to clad deformation and to free volume evolution. 
 

10 20 30 40
exp. results (%)

10

20

30

40
S
C
A
N
A
I
R
c
a
l
c
u
l
a
t
i
o
n
s
(
%
)

Na2

Na3

Na4 Na5

Na6

Na9

Fig. 6 : Fission gas release (REP-Na UO2 + MOX tests). 
 
The FGR results also evidenced a significant amount of released Helium gas (up to 27% of the Xe, Kr 
release) and its potential role on the RIA phenomenology should be considered in the future due to its 
possible contribution to the internal pressure increase, especially after clad heat-up. 
 
 
3.4 Transient oxide spalling 
 
The transient spalling of the cladding oxide layer has been observed in several REP-Na tests with rods 
having a moderate (30-40 µm) or large corrosion thickness as a result of the power pulse and 
subsequent clad straining. As already discussed in 3.1, azimuthal heterogeneity of the initial oxide layer 
leading to deformation with rod ovalization, can activate oxide spalling on the azimuths with less 
corrosion thickness (see fig.2). 
With large oxide thickness (80 µm, REP-Na4), extensive transient oxide spalling has been evidenced 
even with low clad straining (0.4% in REP-Na4, figure 7), which tends to indicate that in case of higher 
residual strains and high corrosion level, the spalling phenomenon occurs early in the transient 
(confirmed by SCANAIR results). 
 
 
 
 
         
 
 

 
Fig.7 : REP-Na4 oxide spalling due to transient. 

 
The SCANAIR calculations of the REP-Na tests, showing a satisfying description of the sodium 
temperature evolution (fig.8) with the assumption of oxide spalling at the beginning of the transient, 
confirms that this phenomenon affects the clad-fluid transient heat transfer. 



 
 

 Without spalling With spalling 
 

Figure 8 : REP-Na3 transient sodium temperatures at top of fissile column. 
 

This underlines that under pressurised water conditions, transient oxide spalling might influence the clad 
to coolant heat transfer and hence the onset of boiling crisis. 
 
 
3.5 Gas and fuel ejection after rod failure 
 
Gas and fuel ejection that occurred in the failed tests REP-Na1 and REP-Na7 (see table 1) is understood 
as a consequence of fuel fragmentation and grain boundary separation with important driving force due 
to the gas pressure depending on the energy injection rate. 
With UO2 fuel, the combined effects of a fast power pulse and cladding brittleness as in REP-Na1,  
favour gas and fuel ejection ; as a matter of fact, the multiple failures occurring early in the transient at 
low enthalpy level allowed additional amount of energy to be injected on a fragmented fuel with HBS 
zones under low clad constraint which enhanced fuel ejection into the coolant channel (6g of ejected fuel 
corresponding to 2% of the fissile mass). On the other hand, the lack of fuel dispersal in the REP-Na10 
experiment can be understood as the result of the late rod failure with loss of rod tightness leading to 
small amount of energy injected after failure. However, if the REP-Na8 rod failure was initiated earlier in 
the zone of the hydride blister at maximum power level (as suggested by the microphone events and the 
radial cut RC1), the limited axial extension and the brittle-ductile shape of the crack could have 
prevented an early gas and/or fuel ejection. 
With MOX fuel, the REP-Na7 post-failure results based on the pressure sensors, flow-meters and 
hodoscope (the later measuring the amount of fuel ejected into the sodium channel), indicated that a 
strong pressure peak (up to 200bar) occurred before the detection of fuel ejection (total ejected fuel 
mass of 17.5g, corresponding to 6% of the fissile mass). This underlined that a strong gas ejection 
contributed to the channel pressure increase, fuel-sodium interaction being a minor effect : it is however, 
to be noticed that a different conclusion is expected in pressurised water conditions where fuel-water 
thermodynamic interaction might be the dominant mechanism. 
 
 
4 SPECIFIC ASPECTS OF MOX FUEL BEHAVIOUR 
 
 
The MOX fuel is characterized by its heterogeneous structure as the result of its fabrication process 
(MIMAS, Micronisation Master Blend) which blends Pu-rich particles into a UO2 matrix (mixture of UO2 

and PuO2 powders with average particle size ranging from several to several tens of micro-meters). The 
presence of these PuO2-rich zones, in which fissile material is initially concentrated and local burn-up 
values exceed the pellet-averaged value, results in generalization of a "rim-type" structure locally 
distributed over the entire pellet. This effect starts at an average pellet burn-up of 30 GWd/tM and raises 
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the question of a possible specific behaviour under RIA transients. Grain boundary gas is in major part 
contained in the porosities of these PuO2-rich zones ; however, only the agglomerates of a significant 
size (higher than the recoil distance of fission gas atoms :7-9 µm) are concerned, the others contributing 
to the increase of gas retention in the MOX fuel matrix and probably to some accumulation of fission 
gases at inter-granular sites. The figure 9 illustrates the estimation of the grain boundary gas fraction 
done on the basis of the few microprobe results presently available and shows an increase of grain 
boundary gas inventory in comparison to UO2 fuel at similar pellet burn-up. 
 

 UO2 and MOX grain boundaries gas concentration 
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Fig. 9 : estimation of the grain boundary gas fraction versus burn-up for UO2 and MOX fuel. 

 
Consistently with this estimation, the REP-Na MOX tests evidenced higher transient FGR than in UO2 
fuel (fig 6) at similar pellet burn-up and under close conditions (ie REP-Na2, REP-Na9). 
 
From the detailed analysis of the three tests performed at different burn-up levels (28, 47, 55 GWd/t ), it 
first came out that no specific thermal effects resulting from the presence of the UPuO2 agglomerates 
have been highlighted under RIA transients (no local fuel melting in spite of the high energy deposit in 
REP-Na9, no clad melt-through). 
On the other hand, the tendency of the MOX fuel to have important creep rates possibly increasing with 
burn-up, is underlined by SCANAIR studies showing that, although the experimental clad hoop strain is 
well reproduced (fig.1) for the un-failed tests, the clad elongation is largely overestimated (better 
agreement is reached when fuel creep is simulated). 
Besides, the comparison of the sodium displaced volume (representing the rod volume change) and of 
the clad elongation in both REP-Na6 and REP-Na7 with similar power pulses and a priori sound 
claddings (fig.10), showed in REP-Na7, a significant increase of the mean clad deformation above a fuel 
enthalpy of 60 cal/g and a decrease of the clad elongation above 85 cal/g : such results and the higher 
gas content in the REP-Na7 rod due to higher burn-up, suggest an enhanced contribution of the fission 
gases to the clad loading together with a visco-plastic MOX fuel behaviour.  

Fig.10 : Compared evolution of sodium displaced volume (left) and clad elongation (right) in REP-Na6 and 
REP-Na7. 
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However the failure mechanism of the REP-Na7 is not fully clarified. Indeed the rod failed close to the 
peak power level (at an enthalpy level of about 113 cal/g) with a low clad straining and an “a priori” 
sound cladding (low corrosion level, oxide thickness of 50 µm).  
On the post-test examinations, the crack propagation with a “zig-zag” shape suggests the possible 
presence of a local brittle site near failure level, which is to be investigated by complementary post-test 
examinations. 
 
 
5 MAIN OUTCOMES FOR THE MODELLING AND CODE DEVELOPMENT 
 
 
The detailed interpretation of the tests led to major improvements of the physical understanding, to an 
improved qualification of the SCANAIR code and to new outlines for future developments.  
Concerning thermal aspects, the correct description of the global thermal rod behaviour with the 
SCANAIR code is confirmed through the good agreement with experimental results on the sodium 
temperature evolution and the absence of fuel melting in the highly energetic tests (REP-Na2, REP-
Na9). The heat transfer to the coolant is satisfactorily reproduced provided that one assumes a perfect 
fuel-clad contact in case of closed gap conditions and an early onset of the transient oxide spalling, 
when the latter is to occur, that is for oxide layer above 30-40 µm with standard Zr4. However, fuel-clad 
heat transfer during the late phase of a RIA transient in water conditions (after significant clad heat-up, 
gap re-opening and under lower fuel-clad contact pressure conditions), might be different and should be 
determined. The effect of clad oxide spalling on the onset of boiling crisis, if any, should also be checked 
and evaluated under pressurised water conditions. 
 
With regards to mechanical aspects, in case of moderate energy injection with UO2 fuel, the clad plastic 
hoop strain and the fuel and clad elongations resulting from PCMI loading are well described by the 
SCANAIR code. In case of high energy injection with UO2 fuel, the overestimation of the clad plastic 
hoop strain and axial elongations confirmed the need of a fuel creep modelling together with the 
simulation of the dishings filling. In case of MOX fuel, the modelling of an apparent macroscopic fuel 
creep is also needed, taking into account the influence and evolution of the large porosities of the Pu-rich 
zones and a possible additional contribution due to the swelling of over-pressurised porosities. 
Concerning clad failure mechanism, the major influence of hydride concentration on the rod failure risk 
has been pointed-out. A first approach based on fracture mechanics is underway for PCMI loading and 
should be extended to imposed pressure loading. In parallel, an evaluation of the failure risk in case of 
ductile-brittle cladding has been developed on the basis of PROMETRA results. A detailed modelling of 
the crack initiation and propagation is needed in order to derive a robust failure criterion, taking into 
account the non-homogeneous structure of the cladding material. 
 
The present understanding of the phenomena has underlined the important role of the grain boundary 
gases under RIA transients with its contribution on fuel micro-structure changes, fuel swelling, FGR, gas 
and fuel ejection after failure. The importance of a precise knowledge of the initial rod state and spatial 
distribution of fission gases at the end of in-reactor irradiation has been confirmed. This is particularly 
underlined in case of MOX fuel in which fuel micro-structure seems to play a significant role on fission 
gas behaviour and mechanical loading of the clad. The difficulty of the present SCANAIR modelling to 
reproduce the FGR results of REP-Na4 and REP-Na5 confirms the need of an improvement of the 
modelling taking into account the onset and extension of grain boundary cracking and the evolution of 
the fuel permeability for short and long term phases. 
A support experimental programme devoted to the study of fission gas transient behaviour has been 
defined with the objectives of quantification of the phenomena for loading mechanisms and kinetics of 
FGR. In addition, the potential contribution of Helium has to be evaluated. 
 



 
 
6 THE NEW CABRI INTERNATIONAL PROGRAMME 
 
 
Despite the major findings obtained from the CABRI REP-Na programme, some aspects of the high 
burn-up fuel behaviour under RIA require additional investigations. Pending questions still concern the 
transient fission gas behaviour and the impact on clad loading during the whole transient, the rod 
behaviour with high clad temperature, the high internal pressure effect and the post-failure phenomena 
(fuel ejection, fuel-coolant interaction with finely fragmented solid fuel). 
Moreover, the further burn-up increase for UO2 and MOX fuel as foreseen by the utilities, led IRSN to 
initiate the CABRI International Programme (CIP) under OECD auspices with a broad international 
cooperation and partnership of EDF. 
The objectives of the CIP are to provide, under typical pressurised water reactor conditions, the 
necessary knowledge for assessment of new RIA related criteria for advanced high burn-up UO2 and 
MOX fuels, and evaluation of safety margins. 
The CIP will consist of twelve tests as a whole, gathered in six series with the following objectives : 

- CIP0 : two reference tests in the existing sodium loop with UO2 fuel at 75 GWd/t and advanced 
claddings (Zirlo ENUSA rod, M5 EDF rod) ;  both tests were realised in 2002 [11] 

- CIPQ : qualification test of the water loop (checking of the absence of artefacts) 
- CIP1 : tests in the water loop for comparison with CIP0 tests, using CIP0 twin rods 
- CIP2 : study of very high burn-up rods behaviour (80-100 GWd/t) 
- CIP3 : understanding of the physical phenomena : effect of pulse width, initial power level, post-

failure phenomena, irradiation history 
- CIP4 : study of high burn-up MOX fuel 
- CIP5 : open tests (VVER, BWR fuels ?) 

 
These integral tests will be coupled with mechanical characterisation of the advanced claddings for 
determination of the constitutive laws and failure conditions. 
The first test in the water loop (CIPQ) will be performed in 2006, after renovation of the facility and 
installation of the water loop in the CABRI reactor. 
 
 
7 CONCLUSION 
 
 
The CABRI REP-Na programme and associated studies have provided major improvements to the 
understanding of the high burn-up fuel behaviour under RIA transients. 
The observed failures of the UO2 and MOX fuel rods ranging from 30 to 113 cal/g enthalpy levels have 
underlined the need of evolution of the present safety criteria. 
The present understanding of the phenomena during the first phase of the transient, without significant 
clad temperature increase, underlined the deleterious influence on clad failure, of a high clad corrosion 
level with hydride concentrations ; it also revealed the difficulty of prediction of such rod failures. 
However, for UO2 fuel with moderate or high corrosion level, up to 80 µm thickness, the Zr4 cladding 
shows sufficient ductility to withstand strong PCMI caused by fuel thermal expansion and fission gas 
induced swelling (if fuel enthalpy higher than 110 cal/g) in the conditions of the REP-Na tests. 
Significant changes of the fuel micro-structure such as fuel fragmentation, grain boundary gas expansion 
together with the contribution of grain boundary gases to high fission gas release increasing with burn-up 
level, have been understood as the result of high overpressure in the inter-granular and porosity bubbles 
under fast heating rates. Together with the evidence of a significant Helium release, this underlines the 
possible additional contribution of fission gases on clad loading, especially in case of MOX fuel due to 
the higher grain boundary gas inventory as compared to UO2 at similar pellet burn-up. In addition, high 
burn-up MOX fuel has exhibited a tendency for significant creep rates. 
Important clad oxide spalling during the transient has also been shown with its influence on the clad to 
coolant heat transfer. 
Although a satisfying description of the experiments is obtained with the SCANAIR code, important 
knowledge has been derived for its future development and qualification. 
 



 
Pending questions still concern the transient fission gas behaviour and the impact on clad loading during 
the whole transient, the rod behaviour with high clad temperature, the high internal pressure effect and 
the post-failure phenomena (fuel ejection, fuel-coolant interaction with finely fragmented solid fuel). 
The CABRI International Programme (CIP) already launched in 2000 (first two tests performed in 2002), 
will provide under typical pressurised water conditions, relevant additional knowledge relative to high 
burn-up UO2 and MOX advanced fuels. 
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ABSTRACT: Two International Standard Problems (ISP) have been successfully concluded in 
2003. The ISP-41, performed in three steps, including comparison with experiments and parametric 
calculations, was purely dealing with iodine chemistry in the containment. The integral ISP-46 on 
the Phébus FPT-1 experiment included one part devoted to the same issue. The main outcomes 
from both exercises are first summarised. Then the lessons learnt on modelling and integral aspects 
as well as the implications for plant studies are given. Some weaknesses are still remaining in the 
iodine chemistry models and codes. They have been identified, and improvement is expected from 
the results of newly launched experimental programmes and from modelling effort.

1  INTRODUCTION

From the beginning of nuclear power plant developments, it has been realised that a severe accident 
in which the normal core cooling is lost could lead to fuel elements melting and fission product 
release beyond the plant limits. Nuclear power plants are designed with engineering systems and 
associated operational procedures which provide an in-depth defence against such accidents.

It is now common practice to assess the risks to the population associated with severe accident 
conditions in commercial plants, using computer codes to model the accident progression, core 
degradation, and potential source term to the environment. The source term analysis involves 
calculation of quantity, timing and forms of the fission products (FP) and structure aerosols released 
as well as the activity released into the atmosphere. Indeed, the knowledge of FP release, which is 
closely coupled to the degraded core state and the associated circuit and containment conditions, 
is essential to efficient accident management. Iodine is of particular importance, as it might be risk-
dominant in the short term.

The Committee on the Safety of Nuclear Installations (CSNI) of the OECD Nuclear Energy Agency 
(NEA) is sponsoring a considerable number of international activities - in particular, International 
Standard Problem exercises - to promote the exchange of experience between its Member 
countries in the use of nuclear safety codes.  ISPs are comparative exercises in which predictions or 
recalculations of a given physical problem with different best-estimate computer codes are compared 
with each other and above all with the results of a carefully specified experiment.  A primary goal is 
to increase confidence in the validity and accuracy of analytical tools which are needed to assess 
the safety of nuclear installations, and to demonstrate the competence of the organisations involved. 
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Two ISPs dealing with iodine chemistry have been successfully concluded in 2003: the ISP-41, 
including the comparison of codes with several different intermediate scale experiments and code 
benchmarking, and the ISP-46, an integral exercise on Phébus FPT-1 experiment dealing with iodine 
chemistry, amongst other aspects.
Both ISPs have given rise to a substantial number of detailed conclusions and recommendations, on 
iodine chemistry modelling, code assessments, computing and plant calculations aspects, detailed 
in the comparison reports [1, 2NOTEREF, 3NOTEREF, NOTEREF 4]. The most important ones 
are summarised in this paper.

2  MAIN OUTCOMES FROM ISP-46

2.1 Description of the exercise

The ISP was based on the Phébus FPT-1 experiment, which simulates at large scale (about 1/5000) 
the conditions that would occur during an accident covering core overheating and degradation, 
radioactive releases from the fuel rods, their transport through the reactor coolant system (RCS) 
and their behaviour in the containment building. The tests involved a fuel bundle of twenty fuel rods 
each with a fission length of 1m plus one Ag-In-Cd control rod linked via a 25m-long circuit to a 
containment-simulation tank (see Figure 1). Fuel with a burn-up of 23.4GWd/tU was used, with an 
in- situ re- irradiation in order to create a realistic inventory in short-lived fission products, and thus a 
typical dose rate in the containment. The Phébus containment itself simulates the atmosphere of a 
real containment, its sump and its painted dry and condensing surfaces.

Figure 1: Schematic representation of Phébus-FP facility
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The ISP was conducted as an open exercise, with all the relevant experimental results being 
available to the participants.  It was divided into four phases:

• Fuel degradation, hydrogen production, fission product and structural material release 
(‘bundle’, phase 1);

• Fission product and aerosol transport in RCS (‘circuit’, phase 2);
• Thermal-hydraulics and aerosol physics in containment (‘containment’, phase 3);
• Iodine chemistry in containment (‘chemistry’, phase 4).

An important objective of the experiment was to study the iodine behaviour in the containment vessel, 
in particular the amount and speciation -inorganic vs organic - of volatile iodine in the atmosphere. 
A remarkable feature of the experiment was the presence of volatile iodine very early in the transient, 
which is attributed to the injection of gaseous iodine from the circuit into the containment.  Another 
important feature was the reaction of iodine with silver in the sump water to form non-soluble 
species, leading to a small production of gaseous iodine by radiolytic processes from the sump.  
The main factors governing the volatile iodine concentration in the containment’s atmosphere are 
then the gaseous iodine injection from the circuit and its interactions with the atmospheric surfaces, 
especially the paints.

The ISP was well supported, with participation from 33 institutes, companies etc. in 23 countries and 
international organisations.  The participating organisations included utilities, regulators and their 
technical support organisations, research institutes and private engineering consultancy companies, 
thus providing a good range of backgrounds to the technical work.  Fifteen different codes were 
used: ASTEC, ATHLET-CD, COCOSYS, CONTAIN, ECART, FEAST, IMPACT/SAMPSON, 
ICARE/CATHARE, IMPAIR, INSPECT, MAAP4, MELCOR, SCDAP/RELAP5, SCDAPSIM and 
SOPHAEROS, of these 4 are integral codes (ASTEC, IMPACT/SAMPSON, MAAP4 and MELCOR).  
For the base case, 47 calculations were received, with 21 for the optional best-estimate version. Of 
the base case calculations, 14 were integral (at least 3 phases calculated).
There were fewer submissions for phase 4 of the exercise than for the other phases. The calculations 
can be divided in two groups:

• Stand-alone base cases calculations using INSPECT-96 (AEA-T) and IMPAIR3 (JRC). In 
addition to the base case, JRC submitted a best-estimate calculation.

• Integral calculations using ASTEC V0.4 (GRS), ASTEC V1 (IRSN), ATHLET-CD/
SOPHAEROS/COCOSYS (GRS), IMPACT-SAMPSON (NUPEC), MAAP EDF 4.04c (EDF), 
MELCOR 1.8.5 (NRI and UPM). In addition to the base case, UPM submitted a best-estimate 
calculation. It should also be noticed that the NUPEC submission was not really integral, as 
the release to the containment was not coming from the circuit calculations. For that reason, 
it has been considered rather as a stand-alone calculation in the comparison.

2.2 Modelling aspects

The dominant phenomena for iodine chemistry in the containment during the FPT1 test were:
• The fraction of iodine exiting the circuit as a gas;
• The rapid trapping of iodine by silver in the sump water, resulting in a low influence of liquid 

phase chemistry on the gaseous iodine concentration in the atmosphere;
• The interaction of iodine with painted surfaces, including adsorption, desorption and organic 

release;
• The destruction of iodine species in the atmosphere by radiolytic processes.
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All those influence deeply the gaseous iodine concentration in the containment’s atmosphere, 
which is the most important safety-related parameter. Figure 2 depicts the measured and calculated 
gaseous iodine concentration, whilst figure 3 gives the fraction of organic iodine. From figure 2, one 
may conclude that several codes have a very good predicting capability. When looking at details, the 
reality is more contrasted.

Figure 2: ISP-46 - Iodine in containment gas phase for calculations with injection from circuit 

Figure 3: ISP-46 - Fraction of organic iodine in containment gas phase
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The first phenomenon (iodine transport in the circuit) is discussed in the following sub-section, as 
it deals with integral aspects. Concerning the second one (Ag-I reactions), one may conclude that 
the implemented models are generally good enough in the case of the ISP-46. However, there are 
some differences in the kinetics of the reaction that may play a role in other accident sequences for 
which silver is not so much in excess as compared with iodine. Nevertheless, such uncertainties are 
overwhelmed by those related to the amount of silver reaching the containment and its propensity to 
react with iodine, as discussed in the next sub-section.

The last two phenomena determine the quasi steady-state level in gaseous iodine concentration 
measured in the experiment, before and after the washing phase. The analysis of calculation results 
show that, for codes giving good predictions, there are large discrepancies in the values of influential 
parameters which are used, mainly adsorption/desorption rates on/from painted surfaces (table 1). 
On the basis of Phebus experimental results, it is not possible to determine which set of parameters 
is the most relevant. Such a statement is consistent with the lessons learnt from ISP41 follow-up 
phase1.

INSPECT
AE1

IMPAIR3
EC3

IMPAIR3
EC3BE

ASTEC
IP3

Surface Vdep/m.s-1 Kdes/s-1 Vdep/m.s-1 Kdes/s-1 Vdep/m.s-1 Kdes/s-1 Vdep/m.s-1 Kdes/s-1

Paint in gas 
phase

5 10-4 5 10-5 1.3 10-3 6.6 10-8 1.3 10-3 10-5 10-4 4.5 10-6

Steel in gas 
phase

9.4 10-5 6 10-4 2.0 10-5 0 0 0 10-5 10-6

Table 1: ISP-46 - Adsorption velocities and desorption rates used in selected calculations

2.3 Integral aspects

The calculations of iodine chemistry use the results of release, transport and aerosol behaviour in 
the containment. Therefore, there is a risk of propagation of errors when estimating the gaseous 
iodine concentration in the containment’s atmosphere, which is a key factor for safety studies. We 
will examine successively the various factors having an influence on the final result.

Concerning iodine release from fuel, all calculations give good results for the overall amount. For the 
kinetics, there are some overestimations of release at the beginning of the transient, especially with 
models based on CORSOR. However, the kinetics in the containment being much smaller, this has 
a negligible influence on the final result.

A more important point is the release of silver from the control rod. The results here are very 
contrasted, ranging from rarely good to very poor (figure 4). While some show quite good agreement 
with the data, most disagree regarding both the total amount and the time dependence. A few codes 
have good models, calculating the vapour pressure of silver and the associated release. However, 
there is a strong link with the degradation of the control rod, which needs to be accurately calculated. 
The corresponding models are generally accurate enough for core degradation purposes. Indeed, 
once the liquid Ag-In-Cd flows down from the cladding and the guide tube, it rapidly relocates to cold 
regions of the core to form partial metallic blockages. These blockages are quite well predicted by 
the degradation codes, and this is the important matter for the subject, and a very precise timing is 
not important. However, for release purposes, the time during which liquid Ag-In-Cd stays in the hot 
regions of the core and the temperature of the melt have a great importance. Therefore, it would 
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probably therefore be worthwhile to refine the degradation models of Ag-In-Cd control rods, to help 
improve the calculation of the structural materials aerosol release.

Figure 4: ISP-46 - Silver release for base and best-estimate cases
Bold dotted lines correspond to the measurement - some calculations give a zero release

Much more important is the question of transport of gaseous iodine in the primary circuit. None of 
the codes is able to reproduce what was experimentally observed, even those having a detailed 
chemistry modelling. It should be noticed that the nature of the gaseous iodine fraction experimentally 
observed is not clearly identified, even if it is supposed to be molecular iodine. Indeed, those models 
are based on equilibrium thermochemistry, and it is suspected that non-equilibrium effects may have 
played a role. At the time being, this is just a speculation, and new experiments are needed to solve 
the issue and provide kinetic data, if kinetic effects are confirmed to be important. As the impact of 
gaseous iodine injection into the containment from the primary circuit is very important (see figure 5), 
it would be worthwhile, in the absence of a validated model, to allow the users to specify the fraction 
of iodine transported as a gas. This would, at least, allow the possibility of performing sensitivity 
studies.
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Figure 5:  ISP-46 - Impact of gaseous iodine injection from the circuit on gaseous iodine 
concentration in the containment’s atmosphere

Thermal-hydraulics and aerosol physics in the containment are sufficiently well known, as far as their 
impact on iodine chemistry is concerned for the ISP-46 application. However, a number of Phebus-
specific or generic features can hardly be reproduced by certain codes. This is especially the case 
for the entrainment of deposited iodine-bearing aerosols by water, either due to steam condensation 
(generic feature), or when washing the bottom of the containment vessel (Phebus-specific).

Iodine chemistry calculations have to be fed with a number of other boundary conditions, such as 
mass transfer coefficients from the sump to the atmosphere, water pH evolution, fraction of oxidised 
silver (oxidised silver reacts efficiently with iodide ions), and dose rate. These points were not really 
addressed in the ISP-46 exercise, as the data were provided in the specification report. However, to 
the knowledge of the authors, it is not sure that all these parameters are sufficiently well predicted by 
integral calculations for making precise enough chemistry calculations.

3  MAIN OUTCOMES FROM ISP-41 EXERCISE

3.1 Description of the exercise

The ISP41 exercise on iodine behaviour in a LWR containment under severe accident conditions 
was performed in three steps:

1. Computer code exercise on a simple Radioiodine Test Facility (RTF) experiment;
2. Parametric calculations;
3. Computer code exercise based on complex experiments performed at the RTF and CAIMAN 

facilities.
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The test chosen for the first step was relatively simple in order to ease modelling and to have good 
quality data. The studied phenomenon was the pH behaviour on iodine volatility. The medium-
scale experiment was carried out at a temperature of 25°C, a dose rate of 1.4 kGy/h and a CsI 
concentration of 1.10-5 mol/l. It was not totally representative of severe accident conditions because 
of the low temperature and the absence of painted surfaces. The organisations which took part in 
this exercise were AECL (Canada), NRIR (Czech Republic), IRSN (France), SIEMENS and GRS 
(Germany), JAERI (Japan), SANDIA (USA), CIEMAT (Spain) and PSI (Switzerland).
The second step had the objective of evaluating the sensitivity of iodine behaviour codes to boundary 
conditions such as pH, dose rate, temperature, initial I- concentration, steam condensation, presence 
of silver and organic materials in the aqueous phase.
The range of conditions for parametric calculations is given in Table 2.

pH 4-10

Temperature (°C) 60-130

Dose rate (kGy/h) 0.1-10

[I-] (mol/l) 10-6-10-4

Table 2: ISP-41 - Conditions for parametric calculations

The final step of the ISP 41 exercise was a code comparison exercise against experimental data 
obtained over a range of experimental conditions as large as possible. This comparison aimed 
to allow each of the code users to realistically evaluate the experiments and improve the kinetic 
parameters and organic iodide behaviour sub-models within their codes. The participants were 
AECL (Canada), NRIR (Czech Republic), IRSN (France), GRS (Germany), CIEMAT (Spain) and 
PSI (Switzerland).

Four intermediate scale experiments were chosen for the exercise. The experiments, CAIMAN 97/02 
(cf. figure 6) and the Radioiodine Test PHEBUS/RTF1 (cf. figure 7), were chosen because they are 
representative for selected severe accident conditions (pH 5, sump temperature of 90ºC, presence 
of painted surfaces in gas and aqueous phases and dose-rate of 1kGy·h-1 except in the gas phase 
of the CAIMAN facility). Two additional experiments, the RTF Phase 10 Test 1 and the CAIMAN 
2001/01, were chosen for the validation of organic iodide formation sub-models in particular. They 
demonstrated that organic iodides contributed significantly to the volatile iodine fraction.

In RTF Phase 10 Test 1, the effect of painted surfaces (all surfaces were painted) on pH, iodine 
volatility and organic iodide formation at 60ºC were examined. In this experiment, the pH was 
initially fixed at 10, uncontrolled between 75 and 200 h, and set at 10 again for the remainder of the 
experiment.

CAIMAN 2001/01 used only a painted surface in the gas phase, a dose-rate in the liquid phase equal 
to 3 kGy/h and in the gas phase to 2 Gy/h, higher initial iodide concentration, a pH set to 5 and a 
sump temperature of 110ºC. 
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Figure 6: CAIMAN facility Figure 7: RTF facility

Blind calculations of the four experiments were initially performed to test the predictive capabilities 
of the codes. Subsequently, the experimental results were available to each of the participants and 
a second set of calculations was performed in which user-defined kinetic parameters (such as those 
for the radiolytic oxidation of I− to I

2
, and parameters for organic iodide sub-models) were optimized 

to provide a best fit of all the experimental data. All the modifications proposed had to be justified.

3.2 Main outcomes from the exercise on the radioiodine RTF experiment

This exercise demonstrated that all the codes were capable of giving a reasonable reproduction of 
the test results. However, the choice of some code parameters like the mass transfer coefficient, 
the adsorption/desorption rate constants and the radiolysis rate constants strongly contribute to 
this result. In fact, the sensitivity of the iodine results on the user defined rate constant has to be 
considered in order to estimate the uncertainties of severe accident predictive calculations.
Moreover, it is necessary to consider that the conditions in this simple test were not fully representative 
of severe accident conditions. Some codes are not validated at such low temperatures and their 
performances can be different at higher temperatures [2] 

3.3 Main outcomes from the parametric calculations

The comparison exercise examined the sensitivity of the predictions to the considered parameters. 
The main outcomes are: 

• the codes agree reasonably well regarding the qualitative effects of most parameters on 
iodine volatility;

• the quantitative agreement between codes ranges from excellent too poor.
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A few examples (Figures 8 to 10) illustrate these results. In the three selected cases, the volatile 
iodine fractions are large because of an acidic sump, the absence of silver and  organic material in 
the aqueous phase.

Figure 8:  ISP-41 - The effect of dose rate on the percentage of iodine inventory in the gas phase at 
25h for a solution initially containing 1.10-5 mol/l CsI at 90°C and pH=5

Figure 9:  ISP-41 - The effect of temperature on the percentage of iodine inventory in the gas phase 
at 25h for a solution initially containing 1.10-5 mol/l CsI at pH=5 and dose rate = 1kGy/h

Figure 10:  ISP-41 - The effect of organic impurities in the aqueous phase on the percentage of 
iodine inventory in the gas phase at 25h for a solution initially containing 1.10-5 mol/l at 
pH=5, T=90°C and dose rate = 1kGy/h



113

The largest source of discrepancies between the code predictions appears to be the models for 
the organic iodide formation/destruction process. However parametric calculations cannot show 
the correctness of these models, though they are instructive to evaluate the uncertainties range 
associated to the iodine code calculations. Therefore, the final step of ISP41 is a code comparison 
against four intermediate scale studies [3].

3.4 Main outcomes from the exercise on CAIMAN and RTF facilities

In agreement with the previous points of the ISP-41 exercise, this code comparison exercise 
demonstrated that the iodine behaviour codes predict the correct trends regarding iodine volatility.  
However, in the blind calculations, there was a very large discrepancy between quantitative results 
(between 3 and 5 orders of magnitude for gas phase iodine concentrations).  In the open calculations, 
the quantitative agreement between calculations and experimental data was improved, but there 
were still significant discrepancies between model predictions and experimental results.  None of the 
codes predicted all of the important parameters for all four of the tests.

The Figures 11 and 12 show the gaseous organic iodide concentration as an example for differences 
between blind and open calculations (PHEBUS RTF1 test). Generally, the measured concentration 
is underpredicted, especially for blind calculations.

Figure 11:  ISP-41 - Blind calculations :total gas phase organic iodide concentration for Phebus 
RTF1 as compared to code calculations
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Figure 12:  ISP-41 - Optimised calculations: total gas phase organic iodide concentration for 
Phebus RTF1 as compared to code calculations (no modification for NRIR calculations)

This exercise also showed differences in the prediction of the overall production rate of I
2
 in 

the aqueous phase. Most codes overestimated the overall rate at pH 5, at 90°C and 110ºC but 
underestimated it at higher pH and 60ºC as shown on figures 13 and 14. These conclusions are 
only valid for a given mass transfer coefficient because there is no liquid phase I

2
 measurement. 

The adsorbed iodine on the painted surfaces in the gas phase is proportional to I
2(gas)

 and then [I
ads

] 
depends on the production of I

2
 in the liquid phase.

Figure 13:  ISP-41 - Concentration of I
2
 

adsorbed on gas phase paint 
coupons for CAIMAN 97/02 as 
compared to code calculations 
(optimised calculations except 
for NRIR)

Figure 14:  ISP-41 - Gas Phase I
2
 concentration 

for RTF Phase 10 Test 1 as 
compared to code calculations 
(optimised calculations except 
for NRIR)
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Because of these differences in the predicted overall I2 production rate, it was difficult to assess the 
performance of the organic iodide sub-models in each of the codes. Nonetheless, some general 
observations concerning organic iodide production rates were made. It appears that COCOSYS 
(GRS) slightly underestimates organic iodide production rates, whereas IMPAIR (PSI) and IODE 
(NRIR) overestimate it.  IODE 4.2 (CIEMAT) appears to overestimate organic iodide production 
rates at high pH values, but predicts well at lower pH values.  LIRIC (AECL), IMOD (AECL) and 
IODE 5.1 (IRSN) appear to produce the appropriate amount of organic iodide for a given predicted 
I2 concentration and with a given quantity of organics in the aqueous phase. 
The organic iodides produced by homogeneous aqueous phase processes depend of the reactive 
organic progressively released by the paints. This parameter is defined by a default value but it can 
be a source of uncertainties, especially in the case of reactor applications.  For the ISP calculations, 
it was possible for participants to estimate the relative concentration in assuming that the fraction 
of reactive organic compounds is proportional to the total organics, because there was information 
available on measured total carbon (CAIMAN) or organic impurity concentrations (RTF).  
From the simulations of PHEBUS RTF1, and CAIMAN 97/02, the experiments identified by the 
participants as being most representative of reactor accident conditions, it is clear that there is still a 
certain need for improvement of iodine behaviour codes.

Figure 15:  ISP-41 - Total iodine in the gas 
phase for PHEBUS/RTF1 test 
(Optimised calculations except 
for NRIR)

Figure 16:  ISP-41 - Total iodine in the gas phase 
for CAIMAN 97/02 test (Optimised 
calculations except for NRIR)

Some participants have provided information regarding further code developments that have been 
investigated since the optimization exercises were performed. These improvements demonstrate 
that better agreement between code calculations and experimental data can be achieved by making 
adjustments to the existing codes, and using consistent modeling approaches. It is imperative, 
however, that these modifications be validated over a wide range of experimental conditions [4]. 
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4  LESSONS LEARNT

4.1 Modelling aspects

4.1.1 Organic iodide production

Some codes have models of organic iodide production only from the sump, whilst others also include 
a formation in the gas phase due to the trapping of I

2
 onto the painted surfaces. The first ones give 

better results for tests with acidic pH, no silver and a low dose rate in the gas phase. This is logical, as 
these conditions promote the formation of organic iodide from the sump. However, it is doubtful that 
such a conclusion can be extended to PWR reactor applications, except in some specific cases.

Pressurised water reactor contain a certain amount of silver, of which some will be released into the 
sump water and will trap more or less the iodine in a non-soluble form. The production of organic 
iodide from the sump will then be less efficient and the production in the gas phase becomes more 
important. Indeed it was predominant in the FPT-1 experiment. In that case, current models tend to 
underestimate the organic iodide concentration in the gas phase, typically by one decade or more. 
It has been hypothesised that iodine-bearing aerosols deposited onto paints by phoretic effects 
may play a role. This has still to be investigated as well as other sources of formation such as 
homogeneous reactions in the gas phase. IRSN has launched the EPICUR experimental programme 
to provide new data and help solving the problem.

Generally speaking, the aqueous source of production is probably sufficiently well modelled, but not 
all the sources of production, especially in the gas phase are well understood. 

4.1.2 Reactions involving air radiolysis products

Recent studies performed in the frame of the ICHEMM European project confirmed that I
2
 and CH

3
I 

react rapidly with air radiolysis products. A mechanistic approach indicate that the products formed 
are a mixture of I

2
, I

x
O

y
 and INO compounds, the proportion depending on the conditions in the 

containment’s atmosphere and also on the concentration of I
2
. The oxidation of I

2
 in the atmosphere 

has not been considered in the calculations submitted for the ISPs. It is not possible today to decide 
whether this is justified or not. There is a lack of knowledge concerning the behaviour of these 
species in the containment; in particular, it is not known if a persistent fraction remains present in 
the atmosphere. The PARIS experimental programme, conducted by Framatome-ANP and funded 
by IRSN, currently investigates these phenomena together with the role of surfaces for air radiolysis 
products.

4.1.3 Radiolytic oxidation of iodides in liquid phase

A great variety of models, purely empirical, semi-empirical and mechanistic, deal with the radiolytic 
oxidation of iodide in the liquid phase. As a direct consequence, the I

2
 concentration calculated 

differs from one code to another in the liquid phase and consequently in the gas phase. This has a 
direct impact on trapping onto paints, on organic iodide production either in liquid or gas phase and 
on the free  iodine concentration in the liquid phase.
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4.1.4 Reaction with silver in liquid phase

In the Phébus FPT-1 experiment (ISP-46), the chemistry in the liquid phase is dominated by reaction 
of silver with iodine to form non-soluble species. The implemented models for Ag-I reactions in 
various codes are good enough for this situation, but this cannot be necessarily extended to cases 
where the silver is not so much in excess with respect to iodine.

4.1.5 Mass transfer phenomena

The same modelling for adsorption on and desorption from surfaces is used in all the codes. The 
input parameters (adsorption velocity and desorption rate) depend on the nature of the surfaces 
and thermal-hydraulic conditions. The ISP exercises have evidenced a large spread in the values 
depending on the users. A major improvement would be the definition of an optimum set of 
parameters used as default values in the codes.
For the mass transfer phenomena from sump to atmosphere, all the codes use a double film model, 
the individual mass transfer coefficients in the liquid and the gas sides being user-input parameters. 
An improvement would be to make them depend on results of thermal-hydraulic calculations in 
integrated codes. This modelling should also treat the case of evaporating conditions, for which the 
double film model is not sufficient. The SISYPHE experiments, part of the Phébus-FP programme, 
provide data for mass transfer in such conditions.
Another mass transfer phenomenon is linked to the droplet entrainment from a boiling sump. It will 
be investigated under realistic conditions in the ThAI programme.

4.2 Integral aspects

Concerning the source term evaluation, the accuracy of containment iodine calculations in integral 
treatments is often highly sensitive to results of previous stages (propagation of uncertainties). A 
key feature is the calculation of structural materials release from a Ag-In-Cd control rod. In ISP-46, 
it was often miscalculated or not calculated at all. Iodine speciation and physical form in the circuit 
was poorly predicted - no code reproduced the observed gaseous iodine fraction in the RCS. It is 
expected that the CHIP experimental programme at IRSN will provide the necessary data for model 
improvement.

Given these limitations, it is hard for an integral calculation to predict well the containment chemistry, 
however detailed the modelling for its phenomena – the uncertainty on iodine release from fuel, 
aerosol transport in the RCS and behaviour in the containment is overwhelmed by uncertainties in 
chemistry. This has implications on conduct of plant assessments, for example it may be better for 
the chemistry calculations to be carried out in a stand-alone manner, using a range of sensitivity 
studies, rather than as part of an integral calculation.

A limitation of both ISPs is that all the analysed experiments, although integral or semi-integral, are 
performed in a rather simple geometry, as compared with a real containment. The large-scale ThAI 
experiment will look at iodine mass transfer phenomena in a more complex geometry, and will thus 
enlarge the existing experimental database.
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4.3 Implications for plant studies

A strong user effect is visible in ISP-46, as in previous ones, therefore the user effect in plant studies 
cannot be ruled out.  A major objective must be to limit its consequences on the quality of the study.  
It is recommended that this could be achieved by: checking that previous training has been efficient; 
using adequate procedures for controlling the results and peer reviewing, involving experienced 
specialists in the field; and by checking that enough support is provided by developers when 
necessary. The use of code options or input parameter values differing from default or recommended 
ones might be necessary depending on specific conditions but should be duly justified.

The quality of the models must also be taken into account. A number of necessary improvements 
in codes and models have been identified, the main ones being: a better estimation of structural 
material release, especially for control rod elements, the possibility to take into account the presence 
of gaseous iodine in the RCS; and the definition of optimum parameters for iodine chemistry codes.  
As not all the necessary improvements can be achieved in a short term, users have to be well aware 
of the validation status of codes and must take into account their limitations when performing plant 
studies.

Severe accident codes are difficult to handle, and their validation is not complete. They should not 
be used as “black boxes”, i.e. their results have to be interpreted, according to the goal of the study 
for which they are used. Extensive training of new users should be mandatory, and efficient quality 
assurance procedures for reactor studies have to be used, involving a review of the results by 
experienced experts not directly involved in the work.

Finally, users should not trust automatically the results of their calculation, but make a critical 
analysis! Do the results seem consistent and reasonable (“reality check”)?

5  CONCLUDING REMARKS

Both ISP-41 and ISP-46 have provided useful information about the present situation of iodine 
chemistry models and codes. This allowed to draw conclusions for modelling and integral aspects, 
as well as implications for plant studies. We have now a basis of sound - even if limited - experiments 
internationally available for code validation. The work performed should help code users to better 
know the degree of validation of the tools they use, and to derive meaningful conclusions from the 
calculations they perform. It would be worthwhile to continue the work by repeating the FPT-1 (ISP-
46) iodine calculations with detailed models in a stand-alone mode. In the meantime, research and 
development work is ongoing, with the CHIP, EPICUR, PARIS and ThAI programmes, which will 
allow improving the existing models and developing new ones as necessary.



119

6  ACKNOWLEDGEMENTS

The ISP exercises were carried out under the auspices of the OECD/CSNI GAMA working group 
(and the former PWG-4), and the authors gratefully acknowledge the tireless efforts of its Secretary, 
J Royen, in assisting with managing the ISPs, organisation of the meetings and accurate minuting 
of the discussions. The co-ordination of the ISPs involved two of the authors (B. Clément and C. 
Marchand), and also J. Ball, L. Cantrel, C. Wren for ISP-41 and T. Haste for ISP-46. Writing down 
this paper would not have been possible without their considerable work. The authors warmly thank 
all the participants in the IiSPs for their diligence, enthusiasm and helpful feedback throughout the 
course of exercises. They would also like to thank the European Commission, a major sponsor of the 
Phebus FP programme, for the help provided in the organisation of the ISP-46 under the EC Nuclear 
Fission Safety 5th Framework Thematic Network ‘THENPHEBISP’, including financial support of the 
coordinators and many European partners. Special thanks go to the Commission officer A. Zurita. 
Finally, the contribution of L. Cantrel, through his advices and the review of this paper, is fully 
acknowledged.

7  REFERENCES

[1]  B. Clément, T. Haste: Comparison Report on International Standard Problem ISP-46 (PHE-
BUS FPT1), NT SEMAR 03/021, submitted to CSNI

[2]   J. Ball, G. Glowa, C. Wren, A. Rydl, C. Poletiko, Y. Billarand, F. Ewig, F. Funke, A. Hidaka, 
R. Gauntt, R. Cripps, B. Herrero and J. Royen: International Standard Problem (ISP) N° 41 
- Containment Iodine Computer Code exercise based on a Radioiodine Test Facility (RTF) 
Experiment; NEA/CSNI/R(2000)6

[3]  J. Ball, G. Glowa, C. Wren, F. Ewig, S. Dickinson, Y. Billarand, L. Cantrel, A. Rydl and J. 
Royen: International Standard Problem (ISP) No. 41 Follow Up Exercise: Containment Io-
dine Computer Code Exercise:  Parametric Studies,” Atomic Energy of Canada Ltd. Report, 
AECL-12124. 2001, and Final Report NEA/CSNI/R(2001)17

[4]  J. Ball, C. Marchand: International Standard Problem N°41, Follow Up Exercise : Phase2, 
Iodine Code Comparison Exercise against CAIMAN and RTF Experiments, submitted to 
CSNI



121

Characterisation of the Behaviour of Containment Equipments under 
Mechanical and Thermal Stresses in STARMANIA Facility

L. Bouilloux
S. Artous
O. Norvez
D. Boulaud

J.-C. Laborde

Institut de radioprotection et de sûreté nucléaire (IRSN)
Direction de la sûreté des usines, des laboratoires, des transports et des déchets

IRSN/Saclay, BP 68 – 91192 Gif-sur-Yvette, France

ABSTRACT: Most of the containment equipments used in the French nuclear facilities could be 
considered as construction products, like fire dampers or fire doors. So, to assess their behaviour 
under thermal stresses, these equipments are concerned by fire resistance regulations as French 
regulations on construction products or European standards. However, the realisation of experimental 
tests on fire and numerical simulations, especially at the IRSN, have shown that the development 
of a fire in a contained facility is not only characterised by an increasing temperature but also by 
pressure stresses strong enough to become mechanical stresses. Because of a lack of experimental 
facilities, no data was available on the behaviour of containment equipments under pressure 
stresses representative of facility accidental working conditions. According to this observation, a 
new experimental facility, called STARMANIA, was built at the nuclear research centre of Saclay. 
The main objective of the STARMANIA facility is to determine the mechanical strength which is the 
differential pressure value corresponding to the equipment failure but also to determine the aeraulic 
resistance evolution especially on the unknown working range of the equipment. 

Descriptions of the STARMANIA experimental facility and the presentation of typical results obtained 
during fire dampers and fire doors tests are given.

1  INTRODUCTION

Among the accidental situations, the fire, because of the level of risk, is the phenomenon for which 
the regulation to assess the strength level of the construction products is the best defined one. 
Most of the containment equipments used in the French nuclear facilities could be considered as 
construction products, like fire dampers or fire doors and they are concerned by the fire resistance 
regulations as French regulations on construction products or European standards. All these 
regulations are based on the same plan. Fire resistance tests have been developed to simulate the 
thermal stresses of a fire, using a specific furnace with a standard curve of temperature increase. 
Using data from fire resistance tests, the regulation specifies the procedure for fire classification of 
construction products.
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However, the realisation of experimental tests on fire and numerical simulations, particularly at the 
IRSN, has shown that the development of a fire in a contained facility is characterised by pressure 
stresses. These stresses are due to a competition between the quantity of energy released by the 
fire and the ability of the fire room and the ventilation network to evacuate this energy. Pressure 
stresses characterise fire unsteady states especially during the fire inflammation (over pressure in 
the fire room) or extinguishment (under pressure in the fire room). The pressure range of the fire 
room depends on the fire characteristics and on the size and the thermal characteristics of the fire 
room but also on the aeraulic and mechanical behaviour of the containment equipments used. So, 
the integrity of the containment could be challenged by the behaviour of these equipments and 
it is necessary to know the resistance of these equipments under pressure stresses (mechanical 
strength and aeraulic resistance). Nevertheless, until now, no or few data were available on the 
behaviour of containment equipments under pressure stresses representative of facility accidental 
working conditions. Actually, such experimental investigations have been essentially performed 
on air cleaning systems using HEPA filters. Los Alamos National Laboratory investigated air 
cleaning system response to the stress of accident conditions, especially tornado effects [1]. 
Later, Forschunszentrum Karlshure designed the test facility BORA for the experimental study of 
air cleaning components and phenomena under simulated nuclear facility accident conditions [2]. 
These facilities have essentially permitted to assess the mechanical strength of HEPA filters. In our 
understanding, the mechanical strength of others containment equipments (like fire dampers or fire 
doors) was not investigating in this kind of experimental facilities.

Moreover the mechanical strength which characterises the equipment failure, it is also necessary 
to determine the aeraulic behaviour of the equipment, which characterises the level of tightness. 
The aeraulic behaviour, conditioning the integrity of the containment, is determined by the measure 
of the airflow across the equipment (leak airflow) under specific conditions of differential pressure. 
Some of the containment equipments have tests procedures to measure the leak flow. For instance, 
the European standard EN 1366-2 [3] sets a value of 300 Pa for the differential pressure applied 
to determine the leak airflow of fire dampers. Moreover, European standard is also available to 
determine the tightness of fire doors under 10, 25 or 50 Pa (EN 1634-3 [4]). Nevertheless, the 
level of the differential pressure to investigate the tightness of the containment equipment is not 
representative of accident conditions.

Because of this lack of data, the IRSN decided to start on 1999 a research program to characterise 
the aeraulic and mechanical behaviour of containment equipments under pressure stresses 
representative of accident conditions, especially fires. First of all, the experimental facility 
STARMANIA was designed and put into operation on January 2002 at the nuclear research centre 
of Saclay.

2  OBJECTIVES

The main objective of this research program is to characterise the aeraulic and mechanical 
behaviour of different containment equipments under pressure stresses representative of fires. First 
of all, this research program is defined to determine the mechanical strength which is the differential 
pressure value corresponding to the equipment failure (opening, significant cracks or breakdown), 
but also to determine the aeraulic resistance evolution especially on the unknown working range of 
the equipment. The knowledge of the aeraulic resistance evolution of the containment equipment 
during accident conditions is necessary to properly assess the integrity of the facility containment. 
Actually, the aeraulic resistance characterises the level of tightness of the containment equipment. 
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Moreover, the aeraulic resistance is a basic data for a ventilation code as SIMEVENT [5] to predict 
the consequences of fires on the facility ventilation network. Until now, such ventilation code is based 
on constant aeraulic resistance hypothesis, except for the ventilation network components with 
action (fire damper closing for instance). However, the pressure stresses observed during contained 
fire tests or simulations may be strong enough to become mechanical stresses for the containment 
equipments. In such a case, the level of tightness of the containment equipments could be modified 
due to a modification of their structure. So, the aim of the tests on STARMANIA facility is also to 
determine the differential pressure values characteristic of the change of aeraulic resistance. These 
transition values define the influence of the pressure stresses on the equipment structure and define 
the evolution of the tightness level of the equipment. The aeraulic resistance determination uses the 
flow law (∆P=f(F

leak
)) and needs the measurement of the leak airflow of the equipment (F

leak
) during 

the pressure stresses.

The experimental facility STARMANIA was put into operation on January 2002. Since this date, four 
experimental studies have been led, two on fire dampers and two on fire doors. In the following text, 
descriptions of the STARMANIA facility and the presentation of typical results obtained during fire 
dampers and fire doors tests are given.

3  STARMANIA FACILITY

STARMANIA facility is an aeraulic test bench specially designed to simulate on equipments the 
development of an accidental or disturbed situation. The main purpose is to realise analytical tests 
using all the performances of the experiment in order to determine the equipment behaviour on all 
the range of use (until the failure). The facility was designed to be able to characterise any kind of 
containment equipment.

Three parameters have been chosen to simulate the accidental or disturbed conditions: the 
pressure, the temperature and the relative humidity. The maximal range of these parameters has 
been evaluated in order to be representative of the situation to be simulated. So, the STARMANIA 
facility is able to generate:

- a differential pressure value on the equipment between - 500 and 900 hPa;
- a maximal airflow of 20 000 m3.h-1;
- a maximal air temperature of 400 °C;
- a relative humidity up to saturation at 50 °C, 50 hPa and 3 400 m3.h-1.

To be able to generate all these different stresses, the experimental facility is an aeraulic test bench 
with modular parts. The Figure 1 gives a map of the facility.
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Figure 1: Map of the STARMANIA facility

Two different areas could be distinguished on the experiment: a test area (on the left on Figure 1) with 
the test chamber and an area to condition the airflow (on the right on Figure 1). A by-pass is used to 
separate the two different areas and to regulate the stresses applied on the test equipment.

The test area was designed to respect the constraints for aeraulic measurements. So, straight ducts 
allow established airflow conditions and the well mixing of several tracers used for the leak flow 
measurement. The airflow measurement is realised by gas tracer flowmeter and also by ultrasound 
flowmeter.

The test area is principally composed by a cyclone and by a test chamber specific of the equipment. 
The cyclone was designed to collect equipment fragments, which could be broken during a test. 
The cyclone position in the facility depends on the functioning mode. A differential pressure 
measurement between the upstream and the downstream of the test chamber allows to control 
the pressure stresses applied on the equipment. Two valves on the by-pass and on the test duct 
regulate the airflow on the equipment. According to the working mode and the characteristics of the 
test equipment, the differential pressure increase on the equipment could reach 15 hPa.s-1.

The airflow preparation area is composed of all the components necessary to the facility functioning. 
Two different working modes are available: the first one allows the study of disturbed conditions and 
the second one allows the study of accidental conditions.
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The disturbed mode is operating only in opened configuration using outside air (Figure 2). A standard 
high-pressure fan generates pressure and airflow conditions representative of nominal conditions. At 
the fan inlet, an air cleaning system with heater allows the filtration and the heating of the air (maximal 
air temperature: 50 °C). At the fan outlet, a steam injector allows the relative humidity increase of the 
airflow. A steam boiler produces the vapour necessary to the steam injector and to the heater. The 
main purpose of this working mode is to investigate the consequences of relative humidity on HEPA 
filters (filtration efficiency, clogging and mechanical strength) but also the behaviour of equipment 
with hygroscopic components as fire dampers.

Figure 2: Functioning principle to simulate disturbed conditions

The accidental mode allows to simulate the development of accident conditions in contained facility, 
like a fire. In order to be representative of the contained fire development, the experimental facility 
is able to generate over pressure stresses of a fire inflammation and under pressure stresses of a 
fire extinguishment. These two pressure transitions of a contained fire are generated by two different 
test bench configurations (Figure 3 and Figure 4). However, the functioning principle is the same 
for this kind of pressure stresses. A two-stage blower is necessary to reach the stresses range 
representative of accident conditions (differential pressure between - 500 and 900 hPa ; maximal 
airflow 20 000 m3.h-1). Moreover, increases of the air temperature are only due to compression in 
the two-stage blower, which is sufficient to reach the maximum air temperature level of the test 
bench (400 °C). With a concept of re-circulating flow, it is then possible to eliminate the air heater. A 
cooler, which is an air-water exchanger, is used to control the outlet air temperature. The test area 
is the same as the previous working mode, with a regulated by-pass and a specific test chamber. To 
generate an over pressure stress on the test equipment, the airflow circulating is set to put on the 
test equipment at the blower outlet. To generate an under pressure stress on the test equipment, the 
airflow circulating is reversed to put on the test equipment at the blower inlet.
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Figure 3: Functioning principle to simulate over pressure accidental conditions

Figure 4: Functioning principle to simulate under pressure accidental conditions

The main purpose of the accidental mode of STARMANIA facility is to investigate the behaviour 
on containment equipments especially on the unknown working range. Because of their important 
contribution to the integrity of the containment, the two first experimental studies, realised on 2002 
and 2003, have concerned the behaviour of fire dampers and fire doors under over or under pressure 
stresses representative of fire conditions.
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4  TYPICAL RESULTS OBTAINED DURING STARMANIA TESTS

Four experimental studies have been led: two on fire dampers and two on fire doors. The results 
obtained during these tests have permitted to determine the values of differential pressure 
characteristic of modifications of the aeraulic behaviour of the test equipment. These transition 
values allow to assess the influence of the pressure stresses on the equipment structure and to 
define the level of tightness of the equipment on all the range of use (determination of the flow law 
∆P=f(F

leak
)). Moreover, the differential pressure value responsible for the equipment failure has been 

determined.

Moreover, the investigations on the aeraulic behaviour of fire doors and fire dampers have also 
permitted to define the main influential parameters necessary to consider. 

First of all, some equipments have a different aeraulic behaviour according to the airflow direction. 
This difference, illustrated on Figure 5 and Figure 6, is due to the conception of the equipments, 
which have an opening side. Consequently, according to the airflow direction, the pressure stress 
can open the equipment (nominal airflow) or can close the equipment (reverse airflow).

Leak flow (m3.h-1)

Figure 5: Fire damper differential pressure versus leak flow (RC damper)
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If, during fire dampers tests, the aeraulic behaviour difference is significant for relative high level of 
pressure stresses (up to 50 hPa), it’s not the same for fire doors. Actually, according to the airflow 
direction, the aeraulic behaviour of fire doors is different as soon as the level of pressure stress is up 
to 2 hPa. So, the pressure stress influence is significant as soon as the differential pressure set is 
up to 2 hPa. This influence leads to a decrease of the fire door tightness for the nominal airflow tests 
(airflow direction which could open the door).

Figure 6: Fire doors differential pressure versus leak flow (P1001 and SD doors)

The Figure 7 illustrates the differential pressure influence on the tested fire doors. Actually, for a 
nominal airflow, the aeraulic resistance of the doors decreases when the differential pressure is up 
to 2 hPa, which leads to a divergence from the initial quadratic flow law:

∆P = r ρ F
leak

²

with: 

 ∆P differential pressure set on the fire door (Pa),
 ρ air density (kg.m-3),
 F

leak
 leak airflow (m3.s-1),

 r aeraulic resistance of the fire door (m-4).

On the other hand, for reverse airflow tests, the differential pressure set does not modify the tightness 
level of the fire doors; the aeraulic resistance of each door could be considered as constant on all 
the pressure range investigated (less than 6 or 14 hPa). It is interesting to note that under 6 hPa of 
differential pressure, the leak flow during a nominal airflow test is roughly twice higher than during a 
reversed airflow test.
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Figure 7: Aeraulic resistance evolution of the fire doors P1001 and SD

The temperature increase can also influence the aeraulic behaviour by increasing or decreasing 
the tightness. First of all, intumescent joints increase the tightness level during an increasing air 
temperature (see Figure 8). On the other hand, an increasing air temperature also leads to a 
tightness decrease because of thermal dilatation of the equipment components (see Figure 9).

Figure 8: Air temperature influence on the aeraulic behaviour of a fire damper
with intumescent joint
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Figure 9: Air temperature influence on the aeraulic behaviour of a fire damper
without intumescent joint

The relative pressure value of the test bench is also an influential factor, especially when the pressure 
stresses could deform the equipment external casing. The Figure 10 illustrates this influence on a 
fire damper, which has different level of internal-external tightness according to the relative pressure 
value of the test bench. Moreover, this aeraulic behaviour difference is also significant on the 
downstream-upstream tightness.

Others influential parameters could be considered as the surface of the equipment, the operating 
system of the equipment or the chemical composition of the airflow (steam presence for instance).

The main results have permitted to determine, on all the investigated pressure range, the aeraulic 
resistance of the tested equipments. This aeraulic resistance is an intrinsic data of the equipment 
and characterises the tightness level. Nevertheless, by calculating the aeraulic resistance, generic 
behaviours of the containment equipments were found and separated in two different areas.

The first area is characterised by a maintaining or an increase of tightness level of the equipment 
under the pressure stress. In this area, the pressure stress is not strong enough to modify the 
equipment position (maintaining of the tightness level) or the stress gives an additional support of 
the mobile system (leaf for instance) on the static part of the equipment (frame for instance) and 
increases the tightness level of the equipment (reversed airflow tests).

The second area is characterised, on the other hand, by a tightness decrease of the test equipment. 
In this area, the pressure stress is strong enough to become a mechanical stress and to modify the 
equipment structure or to partly open the equipment.
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Figure 10: Relative pressure influence on the internal-external leak flow of a fire damper

At the end of the second area, the equipment failure (breakdown or opening) occurs under a pressure 
value characterising the mechanical strength. The Figure 11 and Figure 12 illustrate, for each airflow 
direction, the aeraulic resistance evolution of fire doors under pressure stresses.

Figure 11: Aeraulic resistance evolution of a fire door under pressure stress (Nominal airflow test)
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Figure 12: Aeraulic resistance evolution of two fire doors under pressure stress
(Reversed airflow test)

5  CONCLUSION

The characterisation of the behaviour of containment equipment under accident conditions in 
STARMANIA facility has underlined the influence of pressure stresses on the integrity of the 
containment. Actually, the first investigations on fire dampers and fire doors have permitted to 
determine the values of pressure stresses specific of the modification of the equipment tightness. 
Moreover, the STARMANIA facility tests have shown that some equipments, as fire doors, could 
have quite high modification of their tightness at low pressure stresses. Theses observations show 
the necessity to take better into account the pressure effects on containment equipments in order to 
predict the behaviour of facility containment during accident conditions. 

The next STARMANIA tests will concern the characterisation of the behaviour of fire doors under 
pressure stresses with higher air temperature (until 200 °C) and the characterisation of HEPA filters 
during disturbed conditions (steam injection) or accidental conditions (pressure stresses).
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ABSTRACT: The OECD Halden Reactor Project aims at playing a key role in collecting data 
that can support the conceptual basis and improve the quantification process of so-called 2nd 
generation Human Reliability Analysis (HRA) methods. The Halden Project will use its laboratory 
facility, the Halden Human-Machine Laboratory (HAMMLAB), in this research. After presenting 
key characteristics of 2nd generation HRA methods, potential research issues and methodological 
challenges are discussed. Two examples of ongoing research are then presented. In the procedure 
automation experiment, the relationship between procedure automation, situation awareness and 
human performance are studied. Here, traditional statistical analysis is supplemented by more 
qualitatively oriented methods. In a series of experiments on task-complexity, the impact of various 
plant conditions on human performance is investigated. The plant conditions create difficulties that 
reflect the three dimensions of task-complexity: masking, information load and time pressure. So far, 
the three-factor structure of the task-complexity construct has been supported by the data. Further, 
the results indicate that task-complexity has some predictive power. The two studies show how the 
impact of the context on performance can be investigated in experiments, and illustrate what kind of 
HRA-data can be collected in HAMMLAB.

1  INTRODUCTION

Because of the gaps in the knowledge of human performance, the modelling of human actions in 
probabilistic risk/safety-assessment (PRA/PSA) is associated with too much uncertainty [1]. These 
uncertainties would not have been of any concern if the human’s role in failure events were negligible. 
However, accidents, incidents reports, and human factors research, within and outside the nuclear 
domain, tell us differently: human actions are indeed a significant part to the risk picture. Thus, the 
motivation for conducting research on Human Reliability is to acquire knowledge on how complex 
human-machine systems should be designed in order to minimise the likelihood of human failures 
and to increase the precision of the quantitative estimates of human error in Human Reliability 
Analysis (HRA) methods as part of PRA.

Significant progress has been made in the HRA field during the last ten years. An array of so-called 
2nd generation methods1 is emerging as alternatives to the 1st generation of HRA methods2. However, 
the 2nd generation methods are still immature in the sense that their conceptual basis only to a limited 
extent has been tested empirically and that there is little data underpinning the error probabilities they 
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postulate. The OECD Halden Reactor Project (henceforth referred to as the Halden Project) aims at 
playing a key role in exploring the conceptual basis of the 2nd generation HRA as well as providing 
data that improve the precision of the quantification of both 1st and 2nd generation methods.

This paper provides an introduction to the Halden Project’s approach for investigating human 
reliability issues. Using ATHEANA as an example of a 2nd generation method, we begin the paper 
by describing some of ATHEANA’s key characteristics and identify issues that can be investigated in 
the Halden Human-Machine Laboratory (HAMMLAB). Then we present some of the methodological 
challenges we are facing. We end the paper by presenting two ongoing studies inspired by recent 
thinking in HRA. These studies illustrate the kind of topics that will be investigated by the Halden 
Project and the types of HRA-relevant data that can be collected in HAMMLAB.

2  CENTRAL CONCEPTS AND RESEARCH ISSUES IN 2ND GENERATION HRA

We have identified two characteristics of 2nd generation HRA that will be addressed in the Halden 
Project’s research programme. The first characteristic is the central position of the context in 
predicting and explaining human failures: failures are triggered by an ‘error-forcing context’. The 
second characteristic is that the operator’s cognition must be considered in order to identify what 
failures the context may trigger; i.e., the context may trigger ‘error-mechanisms’ if the human’s 
information processing capacity is exceeded or if the strategies and methods humans apply in 
solving problems does not fit to the requirements of the task. In the following paragraphs, we will 
provide a short description of these characteristics, before we look at some possible issues to 
investigate in HAMMLAB. 

It is beyond the scope of this paper to review existing HRA methods (See [6] and [7] for reviews). 
Instead, we will use the ATHEANA method as an example. The US Nuclear Regulatory Commission 
supported the development of both ATHEANA and THERP. The latter is the most frequently used 1st 
generation method.

2.1 Error-forcing context: PSFs and plant conditions

According to ATHEANA, the error-forcing context comprises two components: the Performance 
Shaping Factors (PSFs), and the plant conditions. As for most HRA methods, the PSFs are broad 
categories such as ‘procedures’ and ‘teamwork’, which the HRA analyst should assess in terms 
of their adequacy. If the PSF is sub-optimal, then, multiplying the nominal failure-rate with some 
constant increases the estimated likelihood of human failure. So far, ATHEANA does not provide its 
own approach calculating the impact of PSFs (but see [8]) - instead, it borrows its methodology from 
another HRA method called HEART [9].

What is unique about ATHEANA is the way by which plant conditions are incorporated into the 
analysis. Starting off from a ‘base case scenario’, i.e., a scenario described in the PRA, alternative 
‘deviation scenarios’ are developed. The deviation scenarios include additional events that increase 
the likelihood of certain error-mechanisms being triggered. ATHEANA provides a comprehensive list 
of possible plant conditions that may have this effect; multiple failures, slowly progressing failures 
etc. 
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The difficulties created by the plant conditions may be addressed through PSFs such as ‘Available 
time’ and ‘Complexity’. However, ATHEANA argues convincingly that plant conditions should be 
analysed separately.

2.2 Cognition and error-mechanisms

The 2nd generation HRA methods usually frames the operators cognition by means of a cognitive 
model. The model used by ATHEANA consists of four cognitive functions (Detection, Situation 
assessment, Response planning, and Response implementation), and two components representing 
the operators’ current understanding of the situation (situation model) and the knowledge operators 
use in developing their current understanding (knowledge/mental model). Other HRA methods may 
include other components in their models, but, in general, all models are quite simple. Of course, this 
does not mean that cognition during disturbances is simple; rather, it reflects a compromise between 
having a model being sufficiently detailed for making reasonably precise predictions and a method 
still being manageable for the practitioner.

ATHEANA provides additional information about cognitive factors that may affect the quality of the 
cognitive functions. Three classes of factors are defined: knowledge factors, processing factors, and 
strategic factors. Failures in the cognitive functions may arise when these factors are inadequate 
in some way. For example, the operator may not have the required knowledge (knowledge factor), 
have too many tasks to handle simultaneously (processing factor), or underestimate the risk 
(strategic factor).

By combining the cognitive model with the cognitive factors, ATHEANA supersedes its predecessor 
THERP in providing a more detailed picture of the operator’s cognition and the possible ways in 
which cognition may fail.

2.3 Possible issues to investigate in HAMMLAB

The cognitive model used in ATHEANA, and the error-mechanisms derived from it, are based on 
several decades of research on cognitive psychology and human factors. There is reasonable 
consensus about the existence of the psychological phenomena; however, the applicability of the 
concepts in HRA has yet to be validated. By using the conceptual framework of 2nd generation HRA 
methods as a theoretical basis for the experimental work, the research in HAMMLAB will gradually 
reveal strengths and weaknesses of the models, and, hopefully, indicate how the models can be 
improved.   

Data reflecting the different components of the models is often collected in HAMMLAB experiments. 
In respect to the cognitive functions, it is common to analyse the operator’s performance in terms of 
categories similar to that used by ATHEANA (e.g., ‘Detections’ of important parameters). One way to 
utilise such data is to investigate if the collected data matches the categories proposed by the HRA 
method. Previous research on the CREAM method has shown that this is not always the case [10]. 
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In respect to the error-mechanisms, some are less well understood than others. Because new 
technology changes the way operators work, opportunities for new kinds of errors are created [11]. 
It should be possible to predict how new technology influences performance through the cognitive 
model. If we cannot predict a certain error-mechanism, or if a predicted error-mechanism cannot be 
found in the data, then the cognitive model may have to be revised.

Although the cognitive models will be investigated, the research will primarily address the impact 
of various PSFs. Decisions about what factors to study will be made in cooperation with other 
research communities. Through the development of the Halden Project’s research programme, the 
conduction of workshops and active participation in conferences, the Halden Project has a solid 
basis for identifying which factors are most safety-significant. Of course, also the context provided 
by HAMMLAB makes some PSFs more suitable to study than others. The system interface, 
computerised support systems, procedures and teamwork - PSFs at the “sharp end” - are all factors 
that can be manipulated in the laboratory and are thus good candidates. 

3  HOW WILL HRA-DATA BE COLLECTED IN HAMMLAB?

The transition from 1st to 2nd generation HRA has not solved what must be considered a major 
problem in the field: the lack of empirical data supporting the quantification process. Through the 
Halden Project’s empirical approach, we will be one supplier of the much-needed data. But how can 
we do this?

Most of the research conducted in HAMMLAB is of an experimental nature. That is, the studies 
typically involve a systematic manipulation of some aspect of the control-room (e.g., new vs. old 
alarm system) whose effect on operator performance is assessed by means of measurements and 
statistical analysis. 

Also studies of PSFs may follow an experimental approach. By defining the PSF as the independent 
variable, the causal relationship between the PSF and performance can be analysed in a systematic 
manner. To identify what aspects of the PSF the practitioner should focus on, various dimensions 
of the PSF can be studied individually. For example, if performance is unaltered working from hard-
copy or computerised procedures, this is not a characteristic the HRA analyst should be concerned 
about. Further, by including various levels of the PSF in the design, it is possible to identify “how 
much” of a PSF is needed (e.g., how much a procedure is automated) before significant changes 
in performance can be observed. After the PSF of interest has been properly addressed, a possible 
next step is to apply a factorial design in which the combined effect of several PSFs is studied. Here, 
it is also possible to include ‘scenario’ as an independent variable identifying to what operational 
tasks the impact of the PSF can be generalised.

By using experimental methodology, the Halden Project is close to providing the HRA-data needed. 
There are two weaknesses, though. First, the statistical analysis used in experiments does not fit directly 
with the quantification used in HRA. From the statistical analysis, we can say whether conditions are 
different from one another, but quantifying how much a PSF influences performance does not follow 
from that analysis. Effect-size analysis, a method that tells how much of the variance in the dependent 
variable can be explained by the independent variable, may be part of the answer. Structural equation 
modelling and Bayesian statistics may also give useful input. We will not go into any details about 
these methods here, suffice to say that the Halden Project is investigating whether these methods can 
transform experimental results into data that can be utilised in PSF quantification.
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Second, although the statistical analysis allows us to conclude, with some certainty, if a condition 
is influencing performance, we do not know if this relationship reflects the underlying cognitive 
processes proposed by the HRA method. For this reason, we must collect data that captures more 
details about the cognitive processes of the operators during problems solving. One way to do this 
is to utilise various cognitive task analysis. These methods rely more on subjective judgement and 
interpretation than the experimental measurement techniques, and are, therefore, more susceptive 
to biases. Nevertheless, the Halden Project has shown in previous research that valuable data can 
be obtained with these kinds of methods - data that simply cannot be captured by measurements 
that yields the average or the outcome of experimental trials. 

4  EXAMPLES OF ONGOING HRA-RELEVANT RESEARCH 

4.4 The impact of procedure automation on human performance

The procedure automation experiment was conducted between December 2002 and March 2003 in 
HAMMLAB. The main objective of the study was to investigate the influence of procedure automation 
on human performance. Three configurations of a Computerised Procedure System (CPS) were 
compared: low automation (the procedure steps were executed manually from within the CPS), 
medium automation (portions of the procedure were executed automatically), and high automation 
(the whole procedure was executed automatically).

By allocating the procedure-execution to the CPS, the operator was removed from the control-
loop. Research has shown that performance may suffer under such conditions (e.g., [12]). One 
explanation for this is that when the operator is not actively engaged in the task performance, his 
or her understanding of the situation will diminish, making it difficult to know when and how manual 
intervention is required. This problem has been called ‘out-of-the-loop performance problems’ [12] 
and is a recurring human factors issue in control room settings were the operator acts as a system 
supervisor.

In respect to the cognitive model proposed by ATHEANA, the procedure automation affects all 
functions of the operator’s cognition. However, since the operator is supervising the CPS, situation 
assessment was of particular interest. Further, because the operator could freely decide whether 
to follow the execution of the CPS or perform other tasks, we were also interested in finding out 
whether the procedure automation changed the operator’s behaviour and ultimately the crew’s way 
of working together. 

The researchers conception about how automation might influence cognition and behaviour 
directed the choice of scenarios and measurements. The scenarios were designed such that minor 
disturbances introduced during the automated procedure execution were related to more serious 
disturbances occurring at a later stage in the scenario. It was hypothesised that the operators’ degree 
of involvement in the procedure execution, while the minor deviations appeared, would influence 
their ability to diagnose the serious disturbance. To assess this effect, measures on situation 
awareness and response time were applied. Also observations, questionnaires and interview data 
were collected. These data were collected to get more detailed information about how the operators’ 
behaviour was changed, how they used the CPS and how they experienced using it. 
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There were several interesting findings. The statistical analysis of the situation awareness measures 
revealed that the operators were not affected by the automation. However, none of the crews 
preferred the highest level of automation. The observations and interviews gave a reasonable 
explanation for these contradictory results. During the trials when the CPS executed the whole 
procedure automatically (highest level of automation), the operators monitored the CPS more 
or less continuously. This was a very demanding task, however, it enabled them to handle the 
disturbances.

Although the comparisons made between conditions did not reveal any significant differences, 
the crews varied in how quickly the disturbances were handled. The distribution ranged from very 
quick responses to responses performed too late. We wanted to investigate what could explain 
this variation, and were particularly interested in finding out whether “significant delays” could be 
associated with particular PSFs. The analysis did not only focus on the effect of the procedure 
automation (the Procedure PSF), but any element of the context that seemed to affect the crew’s 
response time. The analysis proceeded in steps and was performed by a team consisting of two 
human factors researchers and one operation expert. The main findings were that delays could be 
associated with:

• Procedures: the crew had problems with freezing the automation, and knowing whether the 
CPS could have anything to do with the disturbance;

• Teamwork: the crew were not communicating efficiently or the shift supervisor did not give 
clear orders;

• Interface: The crew had problems with interpreting some of the process displays;
• Experience/Training: The crew was uncertain about features of the HSI and how to deal with 

the event;
• Workstyle: the crew prioritised getting an overview of the plant status instead of trying to 

diagnose the symptoms.

To sum up, the procedure automation experiment is an example of a study where the effect of 
new technology on performance can be analysed by means of the conceptual framework of a 
2nd generation HRA method. Building on research conducted outside the nuclear domain, it was 
investigated if certain characteristics of the Procedure PSF - procedure automation - might degrade 
the situation awareness of the operators to such an extent that error-mechanisms were triggered. 
Different methods were used to address the topic. Through the experimental approach, the impact of 
the automation was measured and tested statistically. Through more qualitatively oriented methods, 
the variation in performance between trials was analysed. In experiments, this variation is treated 
as “noise” and is not of interest. However, for HRA, understanding what elements of the context are 
associated with performance variation can be valuable data. More details on how the procedure 
automation experiment was conducted to obtain HRA-relevant data can be found in [13].

4.5 The impact of task complexity on human performance

Over several years, the Halden Project has investigated what characteristics of a scenario that 
makes it complex and, thus, difficult for operators to handle. Two approaches for identifying such 
characteristics can be found in the literature: a systems approach and a task-oriented approach. 
The systems approach looks upon the human-machine system as a unit that can be described and 
analysed by means of systems theory. The task-oriented approach, on the other hand, takes the 
perspective of the operator, investigating the difficulties operators encounter while interacting with 
the system to achieve their objectives. The research at the Halden Project is task-oriented.
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A central objective of the work done so far has been to identify the underlying dimensions of ‘task-
complexity’ [14]. Three dimensions have been found through factor analysis of questionnaire data: 
‘Masking’, ‘Information load’, and ‘Time pressure’. Masking refers to the kind of difficulties operators 
experience while interpreting plant conditions that are ambiguous or unclear (e.g., several faults 
occurring simultaneously or indication failures). Information load concerns difficulties related to the 
amount of information (relevant and irrelevant) operators must handle to achieve their goals. Time 
pressure refers to difficulties related to the time available for performing tasks. 

A series of experiments addressing the effect of task complexity on risk-related human events are 
currently being conducted in HAMMLAB. One experiment that was completed this year investigated 
how task complexity affects crew performance during various loss-of-coolant (LOCA) scenarios. 
The preliminary results show that the crews’ performance scores were significantly lower during 
high complexity scenarios, compared to medium and low complexity scenarios. Also, significant 
differences in response implementation and teamwork activities were observed between high and 
low complexity scenarios. Thus, the results indicate that task complexity have some predictive power 
and that the three-factor structure, which the complexity of the scenarios were designed from, is 
supported.

Building upon the experiment just completed, a new task complexity experiment will be conducted 
by the end of 2003. Using ATHEANA terminology, the experimental design will consist of ‘deviation 
scenarios’ constructed from a ‘base case’ event sequence in the plant PRA. The base case scenario 
represents low or nominal task complexity. The deviation scenarios include additional plant failures 
that increase the task complexity. The additional failures should create difficulties reflecting the 
three complexity dimensions. Data on how the additional failures affect the crews’ ability detecting 
important pieces of information, assessing the situation, and response planning will be collected. In 
addition, the crew responses as defined in the PRA will be studied.

Just as for the procedure automation study, the task-complexity experiments address the effect 
of the context on human performance. Interestingly, though, task-complexity does not investigate 
a PSF (e.g., procedure) but looks at the plant conditions. ATHEANA claims that this is a central 
component of the error-forcing context. It is therefore important that Halden has begun collecting 
data on this issue.

The results from the first experiment showed that task-complexity can predict crew performance. 
This is an important finding. With the second experiment, the aim is to tie the underlying dimensions 
of task-complexity closely to specific process events. This will, hopefully, increase the precision of 
the predictions and make the data more useful for HRA. 

5  CONCLUSION

The Halden Project will in the coming years conduct research aimed at collecting HRA-relevant 
data. This research will primarily address the impact of the context on human reliability, but it will 
also, directly or indirectly, test the conceptual basis of the 2nd generation HRA methods. In this effort, 
experimental methodology will be supplemented by more qualitatively oriented methods. The reason 
for this is that various methods provide different kinds of data, and that all methods have their strong 
and weak points. An eclectic approach is most likely to utilise the full potential of HAMMLAB.
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GRS mbH, Theodor-Heuss-Str. 4, 38122 Braunschweig

ABSTRACT: Bentonite plays an important role in the design of underground repositories for toxic and 
radioactive waste. The hydrophilic properties of bentonite appear to be ideally suited for minimising 
any contact of water with the waste. However, the behaviour of bentonite during re-saturation is a 
very complex phenomenon which may be influenced by hydraulic, mechanical, thermal and chemical 
processes. 
A short discussion of the microstructure of bentonite provides the base for a sound conceptual 
model of re-saturation. This model does not compare satisfyingly with the already existing numerical 
simulation codes, every one of which is based on unsaturated flow or two-phase flow in the pore 
space. Thus, new conceptual models were developed at GRS for the re-saturation of bentonite. In 
accompanying experiments a data base for checking the new re-saturation models as well as the 
already existing models was created. 
The experiments show a high relevance of re-saturation via water vapour. Without further 
experiments it cannot be excluded that the main water transport mechanism is vapour diffusion in 
the pore space and not flow of liquid water. This would call the applicability of two-phase flow based 
codes to complex physical situations into question.

1  INTRODUCTION

One of the main problems of the underground disposal of radioactive and toxic waste is the water 
present in the host rock. If it can reach the waste packages unhindered, it can attack the waste 
canisters and thereby mobilise the contaminants. In this case, the water pathway represents a 
pathway for hazardous substances into the biosphere. For a repository in salt rock water intrusion 
occurs only in the case of an altered evolution. But in crystalline rock it occurs also during the normal 
evolution of a repository.
Geotechnical barriers are meant to reduce these detrimental effects by delaying and minimising 
the flow of water in the near-field of a repository. All over the world, bentonite is considered for this 
purpose as a material for the backfilling and sealing of emplacement galleries and boreholes. As 
soon as the bentonite, which is brought in in air-dry condition, comes into contact with water, the 
process of re-saturation begins. The clay minerals absorb the water, swell and thereby reduce the 
pore volume, which also drastically reduces permeability. Incoming water is thereby stored to a 
certain extent in the bentonite, and the influx of further water is hindered very effectively. In a fully re-
saturated bentonite, the water moves very slowly due to the low permeability and also in very small 
volumes due to the low porosity. These characteristics make bentonite appear an ideal material for 
geotechnical barriers.
However, the behaviour of bentonite at changing water contents is a very complex phenomenon 
which may be influenced by hydraulic, mechanical, thermal and chemical processes. These 
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processes are coupled by a range of parameters and equations of state. Some of these couplings 
are highly non-linear and some are still not fully understood today despite year-long and substantial 
research. A comprehensive and universally valid description of the processes is therefore difficult. 
Nevertheless, the relevant characteristics of the bentonite have to be registered so that they can be 
duly considered in long-term safety analyses. 
The present paper is restricted to the re-saturation of an initially dry or partially saturated bentonite, 
which represents a decisive partial aspect of the performance of bentonite barriers. The simulation 
of this process requires a thorough description with a numerical model. So far, efforts in this respect 
have been aimed at covering as many of the complex coupled physical processes as possible by a 
model, with the result that these models became very intricate by nature. On the other hand, a re-
saturation model should be as simple as possible in the context of long-term safety analyses. 
Therefore an attempt has been made at GRS to come up with simple but satisfactory mathematical 
descriptions of the re-saturation behaviour in bentonite and to validate these by way of re-saturation 
experiments. The results permit a completely different assessment of the relevance of the processes 
involved in re-saturation than previously assumed even if these alternative interpretations have yet to 
be confirmed by additional investigations. If these new views indeed hold true this has consequences 
for the applicability of the already established models. 

2  MICROSTRUCTURE OF BENTONITE

Bentonite consists mainly of montmorillonite, a clay mineral. The typical composition of an MX-80 
bentonite is: 65-75 % montmorillonite, 10-14 % quartz, 5-9 % feldspar, 3-5 % carbonate, 2-4 % mica 
and chlorite as well as 1-3 % heavy minerals [12]. The montmorillonite alone is responsible for the 
swelling of the bentonite. In order to understand the phenomenon of re-saturation it is therefore 
necessary to have a closer look at the montmorillonite. 
The clay minerals as indicated in Fig. 1 consist of stacks of electrically charged crystal layers, the so-
called lamellae. They are bonded by cations e. g. Na+, Mg2+, Ca2+ or K+ which are located in the space 
between the lamellae. This space is called the “interlayer” or the “interlamellar space”. Depending 
on the respective interlayer cation between three and twenty lamellae can be stacked on top of each 
other to form a particle. Upon the entrance of water into the interlamellar space the water molecules 
deposit around the interlayer cations which means that the interlayer ions become hydrated. This 
widens the interlamellar space and let the particles swell. The maximum absorbable amount of 
water depends on the kind of interlayer cations. The movement of water in the interlamellar space 
is negligible.
Natural bentonite is broken up by the production process, with an ensuing grain formation. The grain 
size of industrially processed bentonite powder is between 0.1 and 2 mm [10], [12], [13]. Compaction 
of bentonite powder establishes then a porous medium. Thus, in principle there are two types of 
volumes to distinguish: the pore space between the clay grains and particles and the interlamellar 
space within the clay particles.
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 Fig. 1.   The structure of montmorillonite on different scales from [7]; detailed particle view after [5]; 
3D grain view after [14]; macroscopic grain view after [12].
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3  CONCEPTUAL MODEL OF RE-SATURATION

The process of water uptake is illustrated in Fig. 2 considering the re-saturation of a buffer in a 
repository as an example. For the sake of simplicity this is assumed to be a one-dimensional process. 
Air-dry bentonite is filled in the annulus between waste canister and host rock and water enters the 
bentonite from the water-bearing excavation damaged zone (EDZ). At first, water flow is driven by 
hydraulic pressure and capillary forces into the pore space as assumed in the classic two-phase 
flow theory. But the chemical potential of the pore water is higher than the chemical potential of the 
interlayer water and then the process of hydration begins. It means that the cations in the interlayer 
of the clay particles pull the water molecules from the pore space into the interlamellar space. Thus 
hydration acts as a sink for the pore water and reduces the pore space at the same time. As a 
consequence the permeability is reduced concurrently with the porosity and this effect decreases 
the pore water flow. A reduced pore water flow constricts in turn the hydration. This means, that the 
re-saturation can basically be described by two coupled processes only, the water transport in the 
pore space and the hydration.

Fig. 2.   Re-saturation of a bentonite buffer.

Obviously, the rate of water flow into the interlamellar space – called “hydration rate” further on 
– is of crucial importance to the dynamics of the resaturation of bentonite. The ratio between the 
hydration rate and the flow rate in the pore space controls not only the propagation of pore water 
but also the time-dependent distribution of interlayer water. The underlying mechanism becomes 
clear if two extreme situations are contemplated: resaturation with a very low hydration-to-flow 
ratio and resaturation with a very high hydration-to-flow ratio. The resulting effects are illustrated in 
Fig. 3. In case of a very low hydration-to-flow ratio the pore space is filled with water before a 
significant transfer of water to the interlayer space occurs. In case of a very high hydration-to-flow 
ratio the pore water can proceed into the bentonite only after hydration at the pore water front is more 
or less completed, meaning that the pore space has been reduced to a minimum behind the front.
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Fig. 3. Effect of the hydration rate on the water distribution in the bentonite.

Having found the relevant processes it is of interest to identify the corresponding primary variables. 
Water can be present in the pore space in either phase state, as liquid water or as water vapour 
or both. Transport of liquid water is basically a Darcy flow according to the two-phase flow theory. 
The driving forces are the capillary pressure and the gradient of the hydraulic pressure. Capillary 
pressure in the framework of the classic two-phase flow theory is dependent on the volumetric 
saturation of the pore space with liquid water. In a rigid interpretation it therefore depends on the 
pore water content and the porosity. The same applies to the effective permeability. The porosity in 
turn is a function of the local amount of hydrated water. 
Transport of water vapour can be described as binary gas diffusion of vapour and air with a Fickian 
type of flow law. Here, the flow rates depend on the gradient of the vapour partial pressure und the 
porosity. 
The hydration rate depends on the difference between the chemical potential of the pore water and 
the interlayer water. While the chemical potential of the interlayer water is a function of the local 
amount of hydrated water, the chemical potential of the pore water depends in the absence of liquid 
water on the relative humidity. If liquid water is present a chemical potential corresponding to vapour 
saturated air is generally assumed. 
From this short outline of the conceptual model of re-saturation it follows that the mathematical 
description of both, water flow in the pore space and hydration requires a distinction between the 
local amount of pore water content and the local amount of interlayer water. It is not sufficient to 
consider just the total water content as a primary variable.

4  CURRENTLY AVAILABLE NUMERICAL MODELS 

Several codes have been developed or advanced in order to enable quantitative predictions of 
bentonite re-saturation, among them:
− ABAQUS, a commercial structural-mechanics code by ABAQUS Inc., USA, formerly HKS Inc. 

(Hibbitt, Karlsson and Sorensen), with adaptations by Clay Technology AB, Lund, Sweden;
− CODE-BRIGHT, a development of the Technical University of Catalunya for THM problems;
− COMPASS, a development of Cardiff University for THM problems; 
− FLAC, a commercial structural-mechanics code by Ithasca Consulting Group, Inc., USA with 

adaptation options for THM problems;
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− FRACON, a contract development by AECL for THM problems;
− MUFTE_UG, a development of Stuttgart University; multi-phase-flow code for TH problems with 

extensions for expandable materials;
− ROCKFLOW (ROCKMECH), a development of Hanover University, modified at Tübingen 

University to address THM problems; 
− ROCMAS, a development of the Lawrence Berkeley Laboratory for THM problems;
− THAMES, a development of Kyoto and Iwate Universities, Japan, for THM problems.

These codes are described in more detail in [15], [2], [4], [11] and [16]. All these codes share some 
fundamental assumptions, especially the concept of a flow in the unsaturated area, an elastic stress-
strain behaviour, and the propagation of heat due to thermal conduction. The developers obviously 
also share the view that thermal conduction is the only relevant process of heat propagation in THM 
modelling.
It is most interesting to note that the basic approach of unsaturated flow or two-phase flow, 
respectively, is taken for granted in all the models. In view of the conceptual model discussed above 
the conventional two-phase flow approach has an essential weak point. The process of hydration is 
not considered and thus, no difference is made in the balance equations between the pore water and 
the immobile water in the interlayer. Only the local total water content or an equivalent measure is 
considered in the above mentioned THM-codes. Additionally, the related balance equations use the 
assumption of an inert solid matrix. 
This has two severe consequences. First, it is not possible to separate the share of the capillary 
pressure in the matric suction from the share that is caused by the gradient in the chemical potential 
between pore water and interlayer water. Both suction forces are mixed up and the sum of both is 
derived from a so-called „retention curve“ as a function of the total water content. This is not correct 
because capillary pressure and suction depend on different quantities: the capillary pressure is 
controlled by the volumetric saturation of the pores with the liquid as well as the pore size (this 
applies to the permeability as well) while the suction is controlled by the chemical composition of the 
liquid phase and the local amount of interlayer water. 
Second, a considerable hydration via water vapour occurs at an elevated relative humidity if no liquid 
water is present in the pore space of the bentonite. But without the distinction between pore water 
and interlayer water all the swelling properties have to be described as a function of the local water 
content which is not significantly increased by the vapour mass. The only way to work around the 
problem and stick with the total water content as a prime variable is to assume instant equilibrium of 
the chemical potentials as is done in CODE-BRIGHT. But this way the dynamics of hydration are lost. 
The models are therefore not able to reproduce the re-saturation via water vapour. 
The classic two-phase-flow theory thus does not suffice to describe the phenomenon of re-saturation 
correctly. The latest modifications to COMPASS [1], ROCKFLOW [6] and very recently also to the 
MUFTE_UG code [3] are aimed at eliminating at least part of the deficiencies described above. 
However, this is still done on the basis of the two-phase-flow theory, the applicability of which to 
bentonite has not been shown yet without doubt. 
So far, none of the available models considers pore water and hydrated water separately. Only in 
the MUFTE_UG code this is intended to achieve but this new option is only at an early stage of 
development. Thus, none of the available models is able to describe the capillary pressure, effective 
permeability and the hydration via water vapour correctly.
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5  RE-SATURATION VIA WATER VAPOUR

The relevance of the re-saturation via water vapour has by and large been seen as a secondary 
problem. There are several codes that take vapour diffusion into account but only as a transport 
process for water in the pore space. And indeed, the contribution of vapour to the hydration is not 
self-evident. While hydration takes place irrespective of the phase state the density of liquid water is 
almost 5 orders of magnitude higher than that of vapour saturated air at 20 °C. The only reason that 
could justify a closer investigation of this process is the fact that binary gas diffusion is a very fast 
transport mechanism in comparison to the flow of liquid water in the bentonite. 
In order to investigate the dynamics of water uptake several resaturation experiments with liquid 
water as well as with water vapour have been performed at GRS [9]. The basically one-dimensional 
experimental set-up provided moisture distributions as a function of time. For the first time such 
water content profiles were gathered with a high resolution in space as well as in time [8]. Parallel to 
the experiments, a numerical vapour diffusion model has been developed that considers

− vapour diffusion in the pore space; 
− hydration controlled by the:

• relative humidity in the pore space and; 
• the local mass of hydrated water and.

− varying porosity.

Fig. 4 shows that the time dependent moisture distribution in the experiments for uptake of water 
vapour could be reproduced to a certain extend with the vapour diffusion model. The amount of 
hydrated water as well as the trend of the distributions coincides well with the measured data. Only 
the uptake dynamic seems to be somewhat off. Considering that the vapour diffusion model at the 
present stage incorporates several simplifications the agreement is satisfying.

Fig. 4.  Water content as a function of penetration depth; re-saturation with water vapour.
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Interesting conclusions can be drawn from a comparison of the results of the vapour diffusion model 
with the data from the uptake experiment with liquid water as illustrated in Fig. 5. It shows that about 
one half of the hydrated water can be explained by means of binary gas diffusion. This means at 
least that a considerable part of the water uptake is due to vapour diffusion. Assuming that vapour 
diffusion fades to Knudsen-diffusion in an advanced stage of saturation it could even be possible to 
explain the bentonite saturation exclusively by vapour flow due to an increasing diffusion coefficient. 
In that case the uptake of liquid water may be limited to the wetted bentonite surface. This would 
mean that no two-phase flow occurs at all during re-saturation.

Fig. 5.  Water content as a function of penetration depth; re-saturation with liquid water.

6  UNCERTAINTIES IN THE APPLICATION OF RE-SATURATION MODELS

The look into the microstructure of bentonite has shown that hydration is a central process for the 
re-saturation. A simple conceptual model needs only to consider hydration and water transport in 
the pore space. Contrary to this the established THM-codes do not take hydration as a process 
into account. Pore water and hydrated water are not distinguished and hydration via water vapour 
is not considered with only one exception. On the other hand, the new vapour diffusion model and 
the corresponding uptake experiments show a high relevance of hydration via water vapour. This 
means that the two-phase flow concept as currently applied to the re-saturation of bentonite appears 
to be not too close to reality and not every relevant physical process is captured in the established 
THM-codes. Physics that are not considered in this approach must therefore be encapsulated in the 
calibrated parameters if the water uptake is described reasonably well by those models. 
But there is a price to pay for this kind of approach. Calibration in general means only that an 
optimum fit of measured and calculated results is seeked by varying parameters of a numerical 
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model which is based on a previously chosen conceptual model. Afterwards the numerical simulator 
may reproduce the experiment from which the calibrated parameters were derived fairly well. But 
this is simply an optimisation process for one specific geometrical and physical set-up and does not 
prove the correctness of the underlying conceptual model. In other words such a model is valid only 
for the conditions for which the parameters in use are calibrated. The change of just one factor from 
those conditions can provoke totally misleading numerical results. 
This is a severe problem in case of the THM-treatment of re-saturation because there are so many 
parameters and equations of state involved. In a rigid scientific sense every single parameter and 
relationship has to be determined under exactly the same conditions to provide a meaningful set of 
input parameters. And a model can then be trusted only if it is applied to exactly those conditions. 
This applies as long as it is not clear that all relevant processes are taken into account for the 
modelling. 
But the interest in modelling re-saturation of bentonite is actually that of being able to predict the 
process under circumstances that are beyond the scope of any realistically conceivable experiment. 
It is therefore of prime importance that the conceptual model underlying the numerical simulators is 
proved to be valid to the highest possible extend. This is even more so considering that even if the 
processes and their relevance are perfectly clear there always remain the uncertainties due to the in 
homogeneities of the material and the idealisations of the geometry.

7  CONCLUSIONS

The results of recent investigations cast doubt on the applicability of the currently established THM-
codes to the bentonite re-saturation under complex physical conditions. It originates from the fact 
that the process of hydration via water vapour is on one hand not considered properly in the models 
- if at all. On the other hand it has been proved to be highly relevant. Without further experimental 
evidence it has to be conceded that it could even be the dominant process. This would give two-
phase flow only relevance for a very short time period after the first contact with liquid water. Thus, it 
would call the basis for the hydraulic part of any of the re-saturation models into question. 
In the light of the new experimental results the actually relevant process of pore water transport during 
re-saturation appears not to be clear. Further investigations concerning the pore water transport 
and concurrently a revision of the conceptual model of bentonite re-saturation are therefore highly 
advisable in order to re-establish confidence in the performance of future re-saturation models.
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ABSTRACT : In the framework of the European project BENIPA, the roles and performance of 
bentonite barriers in geological disposal facilities of radioactive waste has been assessed with 
regard to safety issues. A specific objective was also to investigate, through numerical calculations, 
the consistency of performance assessment methods used so far. The present paper summarises 
IRSN contribution to these tasks of the project in terms of modelling. Process and integrated level 
investigations have been performed on the basis of a repository design in stiff clay host-rock. 
Thermo-mechanical simulations have mainly addressed the thermal effect on the expansion of the 
plastic area around the disposal tunnels, pointing out the role of bentonite regarding temperature 
profiles and dilation effects. Reactive transport calculations have enabled us to identify the main 
interaction processes occurring in bentonite/host-rock and bentonite/cement systems, and to 
assess the consequences on radionuclide migration for various configurations. Integrated level flow 
and transport calculations have been carried out for a 3D-schematic disposal. Different evolution 
scenarios were considered leading to diffusive or advective transport, so as to evaluate the efficiency 
of bentonite buffer and seals, in terms of velocities and release rates in the facility. In addition to 
an overview of the modelling results, this paper concludes on the bentonite roles, the modelling 
capacities and the need for improvement with respect to performance assessment. 

1  INTRODUCTION

BENIPA (Bentonite Barriers in Integrated Performance Assessment) is a research project, within the 
Fifth Framework Programme of the European Union, scheduled from September 2000 to August 
2003 and performed by several participants: ENRESA from Spain as Project Co-ordinator, GRS from 
Germany, IRSN from France, NAGRA from Switzerland, NRG from the Netherlands, SCK.CEN from 
Belgium, VTT from Finland and ZAG from Slovenia. 

The overall objective of BENIPA is to assess the state of the art in the treatment of bentonite barriers 
in Integrated Performance Assessment, evaluating the capacity and consistency of methods and 
data available to convincingly justify the capacity of bentonite to perform their assigned safety 
functions. 



14 15

For this purpose, different concepts of bentonite barriers together with their safety functions have 
first been overviewed for repositories in both crystalline and clay rocks. Four reference cases were 
selected for the modelling work in the project. Features, events and processes (FEPs) as well as 
scientific and technical data relevant to the performance of bentonite barriers have been compiled 
in different databases for granite and clay. In a second stage of the project, models and computer 
codes along with the input needs have been analysed with a view to check their consistency, 
complementarity and sufficiency for fulfilling the requirements of performance assessment. 
Mechanical, hydrological, thermal and chemical evolutions of bentonite barriers, as well as transport 
of radionuclides through them, have been modelled using these assorted tools at both process 
and system-wide integrated levels. The results allowed a cross-verification of computer codes and 
assessment of the approaches taken in the different levels of modelling. Completed with sensitivity 
and optimisation calculations, the BENIPA project provides an overall analysis of the bentonite 
barrier performances and roles, the modelling capacities, the remaining uncertainties and need for 
further investigations.

This paper summarises the modelling results obtained by IRSN within BENIPA. The investigations 
focus on the stiff clay reference case [1,3], which is based on the Opalinus clay repository design 
developed by NAGRA. First, the thermo-mechanical and geochemical behaviour of bentonite 
barriers is assessed. The role of bentonite components on the long-term safety is then highlighted on 
the basis of integrated level simulations of radionuclide transport. Finally, the paper provides IRSN’s 
main conclusions drawn from these calculations. 

The BENIPA final report presenting the overall work performed within this project will soon be 
published. By now, technical deliverables are available upon request to the BENIPA participants for 
further details. 

2  THERMO-MECHANICAL MODELLING

Quasi-analytical modelling together with calculations using the Finite Elements code CAST3M [2] 
have been performed considering material characteristics (Opalinus Clay, bentonite) and repository 
design of the BENIPA stiff clay reference case illustrated in Figure 1 and defined in [3,4]. The 
calculations aimed at assessing the thermal effect on the expansion of the plastic area around 
the disposal tunnels. Two sets of data were considered addressing materials of high mechanical 
resistance (matrix material like homogeneous clay) or of low mechanical performance (bedded 
clay). The results obtained by the two models are of the same order of magnitude, showing extent of 
the plastic areas that remains limited (a few 10 cm). Nevertheless, it should be underlined that the 
materials certainly damage, and consequently become more permeable, before the appearance of 
any plasticity. For material with weak mechanical characteristics (as beddings in clay) the extent of 
the plastic area is very much larger (a few meters) but requires, to be assessed correctly, accounting 
for the non-linear behaviour of host-rock.

A plastic area appears in the host-rock around the tunnel immediately after the mining and then 
extends because of the thermal loading. In parallel, the bentonite buffer expands due at first to 
thermal dilation. Results show that for short times, the thermal expansion of the bentonite could 
apply a supporting pressure on the sidewall of the tunnel and contribute to limit the extension of the 
plastic area. However, in any case encountered with the considered assumptions, the plastic area 
finally extends and reaches its maximal extent before the bentonite completes its resaturation, and 
therefore depends primarily on the size of the excavation.
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Figure 1. Reference case for horizontal emplacement tunnel in stiff clay [1].

Since the bentonite may be regarded as non-saturated at the beginning of the thermo-mechanical 
phase, its thermal conductivity is low originating higher temperatures near the canister. The sidewall 
of the tunnel is however much less affected by this temperature increase.

For longer times, if the characteristics of the bentonite have not been too much affected by the 
temperature or geochemical alterations, it should finish to saturate and swell. The final swelling 
pressure of the bentonite depends on its initial dry density, which is certainly difficult to specify 
when using industrial processes of backfilling such as for example injection of pellets. If the swelling 
pressure of the bentonite becomes too high, the possibility for the bentonite to add to rock damage 
instead of providing a positive supporting effect to the sidewall of the tunnel should be investigated 
by means of both modelling and experiments. To this respect, it appears that the modelling of the 
interaction between the engineered barrier and the host-rock can be improved but requires primarily 
additional data or/and a reduction of the uncertainties on parameter values to be obtained.

Some additional numerical investigations have also been made, in particular to assess the radial 
displacement of the tunnel sidewalls under drained and undrained conditions in clay. For the mining 
of the tunnel, it was found that this displacement is a few millimetres (8.9 mm with drained and 3.7 
mm with undrained parameters), but the cylindrical symmetry is not disturbed. The thermal evolution 
of the buffer has been calculated taking into account the heat exchange with air stream from 
ventilation during the operational phase. For the post-closure phase, a thermo-elastic calculation 
has been carried out to investigate the interaction effects of neighbouring emplacement tunnels. It 
was found that there is an important thermal interference between neighbouring tunnels. It results 
in an ‘ovalisation’ effect due to a higher thermo-elastic stress in the plane of tunnels. In this plane, 
the tunnels are compacted more than in the vertical direction, so that the cylindrical symmetry is 
no longer valid. An additional calculation has been made for a modified repository layout with the 
canisters put directly into small boreholes in the clay, without bentonite. In this case the temperatures 
remain below 100 °C at a distance from the canisters that would correspond to the outer border of 
the engineered barrier (R=1.25 m), but they reach far from the canisters nearly the same values than 
in former cases.



16 17

3  REACTIVE TRANSPORT MODELLING

Modelling coupling geochemistry and transport (code HYTEC [2]) has been used to assess the 
consequences on radionuclide migration of possible geochemical evolutions of bentonite due to 
interactions with host-rock and cement. For purposes of consistency with the system selected for 
integrated level modelling, which considers a schematic disposal composed of main engineered 
features, calculations have been performed on a simplified representation of a short horizontal 
disposal tunnel for spent fuel (see Figure 2). This disposal tunnel includes two components made 
of cement: a 10-cm thick liner surrounding the bentonite barrier and a 1-m thick wall supporting 
a bentonite plug located at the end of the disposal tunnel on the handling drift side. This system 
is related to the stiff clay reference case defined within the BENIPA project, mainly with regard to 
bentonite and host-rock properties (Opalinus clay). Further description of the considered system and 
assumptions, together with detailed results, are given in [3, 4]. 

Figure 2. Schematic disposal with main engineered features modelled at integrated level 
(MELODIE) and zoom on a short horizontal tunnel considered for reactive transport calculations 
(HYTEC). 

A first calculation set addresses the normal evolution scenario, i.e. pure diffusive transport. The 
interactions between MX80 bentonite and Opalinus clay host-rock lead to minor modifications, as 
expected from their initially similar geochemistry. So, the chemical containment properties of both 
barriers are not expected to evolve significantly in time when these materials are in direct contact.

Regarding cement/clay interactions, several mineralogical hypotheses have been applied so as to 
cover experimental uncertainties on minerals that are likely to precipitate or dissolve. They account 
for commonly observed reactions (precipitation/dissolution of CSH phases, carbonates, hydroxides, 
oxides and sulphates) as well as dissolution of clay minerals (hyp. A), completed with sorption 
reactions (hyp. B), and enlarged to less plausible reaction schemes, e.g. clay mineral and zeolite 
neoformation (hyp. C).

For the selected conditions and time scale (up to 100,000 y), mineralogical transformations occur 
around cement/clay interfaces, on at most half a 1-m thick bentonite barrier in contact with a 10-cm 
cement liner and 2 m of a 5-m thick bentonite plug adjacent to a 1-m thick cement wall. Reactions 
differ between both configurations, due to host-rock minerals present in one of the configurations 
and to the difference in cement thickness. Actually, the liner can be seen as an “alkaline pulse”, while 
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the cement wall represents a more continuous alkaline source. An alkaline plume also propagates, 
though buffered compared to the cement pore water, within the whole bentonite barrier and plug, as 
well as on several meters in the host-rock. The pH may thus rise by 2-3 units to a value around 9-10 
(70°C, ~10-11 at 25°C). Figure 3 illustrates some of the above outcomes. Although the changes in 
mineralogy and pore water chemistry are considerable, calculated Cs and Ra sorption, as well as Tc, 
Np and U solubility in bentonite and host-rock are not significantly modified by these geochemical 
evolutions. However, this result cannot be generalized to other radionuclides yet.

  

  

Figure 3. “Cement liner” case at 10,000 y (left) and “cement wall” case at 100,000 y (right): pH 
profile for different mineralogical hypotheses (1 and 2), concentration of sorbing minerals for 
Hyp.C (3) and of pH-controlling minerals for Hyp.A (4). 

An altered scenario was investigated with a view to analysing the potential influence of an advective 
regime through the excavation damaged zone. This 2D-modelling postulates an advective flow 
(0.3 m/y) from the handling drift toward a conductive fracture connected to the upper aquifer, 
which intercepts the EDZ at the end of the disposal tunnel on the host-rock side. Compared to a 
pure diffusive transport (Figure 4), the cement deteriorates slightly faster and the alkaline plume 
propagates somewhat further and more intensively (0.5 pH-unit) in the bentonite and the host-rock. 
In addition, alkaline water is drained through the EDZ-fracture pathway and diffuses in the host-rock 
surrounding this pathway. No significant changes in the interaction schemes are noticed. Whatever 
the tested regime, no drastic variation in chemical containment properties (Kd and solubility) of 
bentonite due to cement/clay interactions is thus expected for the selected radionuclides. Regarding 
Cs (sorbed nuclide) migration, the fracture almost does not modify Cs retardation within bentonite, 
but creates a pathway that releases an attenuated flux due to a significant Cs sorption within the 
EDZ and the host-rock (“sink” effect). Bentonite does not prevent a high leakage of I (non-sorbed) in 
such a conductive configuration. 

(4)(3)

(2)(1)
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Figure 4. Distribution of pH (left) and aqueous Cs (right) on half a disposal tunnel after 10,000 y 
(Hyp. A): diffusion driven evolution (top) and advective scenario (bottom). 

Consequences of cement/clay interactions on hydraulic properties were also assessed through 
preliminary coupled calculations accounting for feedback of chemistry on hydraulics. For both 
diffusive and advective scenarios, partial or total obstruction of pore space occurs while porosity 
increases in adjacent areas, within bentonite, cement and EDZ on some tens of centimetres in total. 
This tends to separate the system in independent compartments. Though such clogging might be 
seen as a favourable process with regard to containment properties of the near-field, the clogged 
areas are thin and possibly weakened by the opened ones. The massive modifications in mineralogy 
due to cement/clay interactions may thus impact the mechanical behaviour of the system, so that the 
integrity of clogged areas is subject to caution.

4  RADIONUCLIDE TRANSPORT MODELLING AT INTEGRATED LEVEL

IRSN investigated a particular 3D configuration as a practical example aimed at highlighting the 
role of bentonite barriers in a realistic geometry involving a fault in the vicinity of the repository. In 
this modelling, horizontal disposal tunnels are perpendicular to a handling drift which is connected 
at opposite sides to an access shaft and a fault (Figure 2). The hydraulic potential is assumed to 
be larger at the fault end of the handling drift than at the shaft end. The computer code MELODIE 
[2] was used to implement this 3D model. The disposal configuration, the flow and transport regime 
prevailing (slowly diffusive in the tunnels, diffusive to convective in the drift), and the sorption of 
radionuclides, not only in bentonite, but also in the clay surrounding the repository influence greatly 
the role of bentonite components on the long term safety of the repository.

In IRSN reference case 1, there is no fault. In reference case 2, the fault is properly sealed from the 
handling drift, while the “badly-sealed” case considers bypass via the EDZ of all seals in the drift. In 
the “no seal” scenario, only the bentonite buffer in the disposal tunnels remains. Reference tracer 
calculations (detailed in [3]) show that advective flow from the fault towards the shaft increases with 
the importance of the seal failure and reduces diffusive fluxes towards the fault. Figure 5 illustrates 
the main sensitivity analysis results (detailed in [4]), concerning waste disposal in two long tunnels 
located near the fault. Table 1 presents some results in terms of percentage of the inventory at the 
outlets and shows the influence of the disposal configuration, comparing results for short tunnels at 
a distance to the fault and results for long tunnels close to the fault.

Comparing reference cases (with or without a fault) shows that the fault, when it is properly sealed 
(K=10-13 m/s) around the disposal system, does not impair the existence of a diffusive regime inside 
the repository. For all radionuclides, fluxes through the shaft are negligible or remain very small. 
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The backfill in the drift, in which diffusion is high, collects part of the fluxes; this effect is enhanced 
for non-sorbed elements by a diffusion gradient asymmetry due to the fault. The importance of the 
drift contribution to the total release to the fault depends on the location of the disposal tunnels with 
respect of the fault: 75 % for a short tunnel far from the fault, 30 % for a long one closer to it and thus 
more influenced by direct diffusion towards the fault through the host clay.

Figure 5. Normalised fluxes at the outlets (disposal tunnels in the vicinity of a fault).

Table 1. Percentage of released activity and transfer time in years, for two geometries of the disposal 
system: Short disposal tunnel connected at Mid-length to the handling drift (SM) and Long disposal 
tunnels at the end of the handling drift near the Fault (LF).
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For the “badly-sealed” scenario, given an EDZ hydraulic conductivity of 2.10-10 m/s, the regime in 
the drift around the seals and in the backfill becomes very slightly advective from the fault towards 
the shaft, whereas the regime in the disposal tunnels remains mainly diffusive. For non-sorbed 
radionuclides, the effect of this slight advection in the drift is very sensitive to the location of the 
disposal tunnel: the main outlet becomes the shaft for the disposal tunnel in the middle of the drift, 
while the fault still drains the main part of the fluxes leaving the long tunnel close to it. 

In the “no seal” scenario, the hydraulic regime is mainly advective along the drift (1 m/y) but is 
still diffusive in the tunnels (~10-3 m/y in the EDZ tunnel). The shaft becomes the main outlet for 
non-sorbed radionuclides until balanced by the fluxes of radionuclides reaching directly the fault 
through the clay, in about 10,000 years for the long tunnels, and 200,000 years for the short one 
(the advective flow counters the drift pathway to the fault). In the setting studied, the bentonite buffer 
around the waste packages plays no hydraulic role: increasing bentonite permeability by 1,000 has 
almost no effect on all radionuclide fluxes, because the main pathway is the EDZ of the tunnel (see 
[4] - 2D model). 

Results highlight the hydraulic role of the seals, which allow establishing a diffusive regime as that 
prevailing in a normal scenario. However, it depends on the effectiveness of the seals, and thus of 
the sealing capacity. This role is significant for non-sorbed radionuclides (in clay and bentonite), for 
which the importance of an early release at the shaft depends on the transfer time within the drift. It 
is limited for these non-sorbed radionuclides (in the host-rock) when a fault is close to the disposal 
tunnels, because the largest part of the release at the fault is captured by direct contact of the 
contaminant plume diffusing from tunnels.

Based on the scenarios and resulting transport modes studied for a tracer in its reference calculations, 
sensitivity analysis was conducted aiming at evaluating the impact of the chemical properties 
(solubility and sorption of representative radionuclides) with regard to the preferential pathways 
leading to the potential outlets (shaft and fault at the opposite sides of a drift in a 3D model). The 
difference in the release between the reference case (all seals effective) and the “no seal” scenario 
allows studying the role of the bentonite buffer surrounding waste packages. In addition, this role is 
investigated for a disposal tunnel modelled in 2D where a given advective transfer in EDZ is set, by 
studying the influence of a globally altered bentonite (3 orders of magnitude on permeability) or of 
major local defects (no sorption, backfill permeability).

When seals are effective, host rock is the main pathway and acts as a “sink”: diffusion and sorption 
through Opalinus clay reduce greatly the amount able to reach the outlets. 

If seals are bypassed, all outlet fluxes remain negligible as in the reference case. This shows that 
seals, even bypassed by EDZ, remain efficient.
 
For the “no seal” scenario, tunnels and drifts constitute the only available pathway to the shaft for 
radionuclides strongly sorbed in the clay. In this case, sorption in bentonite buffer delays the releases 
from the waste packages closest to the drift into the backfill and the EDZ tunnel for a limited period 
of time (less than 10,000 years for 135Cs, much longer for 107Pd). The sorption efficiency of bentonite 
buffer is enhanced for medium-life radionuclides that decay during transfer (such as 94Nb) and in 
some cases prevent the solubility limit to be reached (never reached for strongly sorbed 107Pd, 
because sorption contributes to reduce the aqueous concentration). 
Even in this advective regime, the “sink” effect due to the high sorption in the Opalinus clay acts all 
along the pathway and still contributes to considerably reduce the amount of radioactivity able to 
reach the outlets and particularly the fault (by a factor of 1,000 to 10,000 for 135Cs).
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5  CONCLUSIONS

The following general conclusions can be drawn from the modelling work performed by IRSN within 
BENIPA, regarding the roles of bentonite barriers (buffer and seals) in a stiff clay repository, the 
modelling capacities and the need for further investigations.

During the first stage (some tens of years), bentonite is expected to be unsaturated and thus the 
supporting role of the bentonite barrier is only ensured by thermal dilation. A large variation of results 
has been obtained depending on the characteristics of both bentonite and host-rock. In a second 
stage, the swelling pressure may be very high due to the rehydration process, and is also very 
sensitive to bentonite and host-rock properties. It is not clear if the pressure can be absorbed by the 
bentonite or if this adds damage to the host-rock. 

If bentonite remains dry during the thermal peak (likely assumption), the bentonite barrier does 
not provide any thermal protection to the host-rock (the same temperature is reached than with no 
bentonite). Moreover, dry bentonite induces an increase in temperature in the waste packages. As a 
consequence, no beneficial role of bentonite is expected.

Regarding the chemical buffer role, bentonite pore water slowly and smoothly equilibrates while 
in contact of host-rock, tending towards a groundwater signature without significant mineralogical 
transformations. When cement components surround bentonite, the alkaline perturbation is partly 
absorbed through mineralogical transformations close to the interface. However, bentonite barrier 
does not prevent for a high-pH plume to reach the waste package surface.

Regarding the chemical containment role, bentonite provides favourable retention properties 
(Kd and solubility limits) for a wide range of radionuclides. These properties, which depend on 
mineralogical and pore water compositions, are not expected to be modified by interaction with the 
considered host-rock (limited geochemical evolutions). In presence of cement, though geochemical 
perturbations are more marked, no significant change for the selected radionuclides (U, Tc, Np, Ra, 
Cs) has been calculated. 

The role of bentonite barrier has also been assessed with regard to transport of radionuclides 
throughout all the disposal facility (not restricted to bentonite surrounding the waste). Calculations 
show that sealing of the shaft and drifts is essential with regard to the hydraulic regime prevailing 
within the repository, as bentonite seals allow establishing a diffusive regime in all the facility, and 
so even when the seals are not totally efficient (bypassed by EDZ). On the contrary, no significant 
hydraulic role of bentonite barrier surrounding the waste packages has been found in the settings 
studied. The EDZ controls migration speed towards the drift even though the advective flow remains 
typically below 10-3 m/y. Thus, for bentonite buffer, integrated level transport calculations have shown 
that bentonite does not play any role on the migration of non-sorbed and soluble radionuclides. 
However, for the sorbed radionuclides, its retardation effect is proportional to its sorption capacity, 
which allows the retardation and smoothening of the peak releases outside the repository. Sorption 
also regulates aqueous concentration, thus preventing some radionuclides to reach their solubility 
limit. But the added value of bentonite buffer has thus to be compared to the favourable “sink” effect 
possibly enhanced by retention properties of host rock and other components as EDZ and backfill 
whose chemical properties have not been accounted for yet.

Generally speaking, the progress made in mechanical, geochemical and integrated transport 
modelling, plus the recent advances in computer code systems, allow for the treating of the main 
issues for safety assessment of bentonite barriers and presumably other components of disposals.



22 23

Process level modelling is needed to support assumptions to be considered in IPA (e.g. justification 
of Kd values, thermal and saturation stage durations, characteristics of EDZ…). Treatment by 
combination on the one hand of complex systems in terms of involved processes, and more or less 
simplified IPA codes on the other hand, is efficient for safety assessment purposes. There is today 
no necessity for heavy coupling in IPA codes showed from BENIPA experience. The most crucial 
limitation seen from BENIPA simulations is related to a lack of validated input data, in particular for 
mechanical and geochemical calculations at process level.

Further assessment of mechanical issues would require supplementary experimental investigations, 
in particular with regard to the differed behaviour of host-rock in near-field, the risk of additional 
damage due to stresses induced by bentonite swelling, as well as the relation between mechanical 
damages and EDZ permeability. Thus, the mechanical role of bentonite barrier remains yet to be 
clarified and should be compared to the advantages of having a smaller excavation diameter when 
possible.

Additional experiments are also needed to improve the evaluation of bentonite evolution due to 
interaction with cement and the consequences on radionuclide migration, mainly in terms of input 
data measurements and analogous system observation. The impact of bentonite on waste package 
(corrosion process with regard to e.g. chloride concentrations) and the consequence of bentonite 
potential evolutions (e.g. precipitation/dissolution of minerals) on mechanics and hydraulics should 
be further investigated combining experiments and modelling. Finally, other processes that may be 
of importance should be considered, such as those related to oxidant perturbation, large quantities 
of iron or the presence of organics and micro-organisms.

It would however be interesting to investigate more thoroughly the importance of the fluxes through 
the drift pathway with regard to the hydraulic conductivity and diffusion parameters of both backfill 
and EDZ as well as the influence of the repository geometry with regard to possible non-detected 
conductive structures.
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ABSTRACT: Within the framework of the BAMBUS-II (Backfill and Material Behaviour in 
Underground Salt Repositories) project post-test investigations and modelling was performed to 
confirm and improve constitutive models used to predict the long-term evolution of backfill porosity 
and excavation disturbed zone (EDZ) in and around disposal drifts in a HLW repository in geological 
salt formations. Although significant deviations between measured and predicted data were 
observed during experiment conduction, post-test investigation of the compacted backfill as well as 
new calculations with improved 3D-models yielded satisfactory agreement between experimental 
and calculation results. Recently developed models applied to predict EDZ development after 
drift opening and its healing after backfill emplacement were found to represent measured EDZ 
generation data satisfactorily. The healing of the disturbed rock observed in situ, however, was not 
predicted adequately indicating further research need of this important long-term safety relevant rock 
behaviour.

 
1  INTRODUCTION

In the concepts for the disposal of radioactive waste in geological salt formations backfilling is 
an important component in the multi-barrier system. Backfilling with crushed salt remaining from 
excavation of underground disposal rooms is needed to stabilize the underground repository and to 
seal the waste from the biosphere. The concept for the direct disposal of spent nuclear fuel elements 
considers the emplacement of self-shielding Pollux-disposal casks in several parallel running 
underground drifts. Immediately after deposition of the casks the empty drift volume is backfilled. 
To verify constitutive models used to predict the long-term safety relevant compaction of the salt 
backfill the “Thermal Simulation of Drift Emplacement (TSDE)” experiment was performed in the 
Asse mine in Germany. Post-test investigations included EDZ investigation in the TSDE test field. 
Both parts were combined in the BAMBUS-II project sponsored by the Commission of the European 
Communities (CEC). 
The TSDE test field (Fig. 1) consisted of two 3.5-m-high and 4.5-m-wide and 70-m-long backfilled 
drifts. In each test drift, three simulated and electrically heated Pollux casks of 1.5 m diameter, 5.5 m 
length, and a mass of 65 Mg were deposited. The nominal heater power of each cask was 6,4 kW. 
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Heating was started in September 1990. 
After five months, the maximum temperature of 210 °C was reached. In the following, the temperature 
decreased to 170 °C at the termination of the more than eight years long heating period (Fig. 2). This 
was due to the increase of thermal conductivity of the crushed salt backfill in consequence of the 
material compaction induced by drift convergence. Until the end of the heating period in February 
1999, drift closure led to a reduction of backfill porosity from initially 35 % to 20,6 – 24,5 % in the 
different parts of the test drifts. The pressure built-up in the heated backfill ranges between 2 – 4 
MPa .

Figure 1: TSDE test field at 800-m level of Asse mine

Figure 2: Temperature evolution at the central heater cask surface

Numerical predictions of backfill compaction and of the evolution of the EDZ in the host rock 
were performed by several project partners and compared to measuring results obtained during 
experiment conduction and in the post-test analysis phase.
During experiment conduction, predicted drift closure and porosity decrease data showed distinct 
overestimation in comparison to the measured data (Fig. 3). It has to be noted, however, that the 
measuring results had to be taken 3 m outside the test field centre because of the early failure 
of horizontal convergence measuring devices. Since these data do not adequately represent the 
situation in the central cross section because of the finite length of the test set-up, it was decided to 
uncover test drift B (Fig. 4) to enable post-test investigation of the remaining porosity distribution in 
the test field. The test field was uncovered in the years 2000 and 2001. 

• Measurement
- - Prediction
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Figure 3: D-modelling results in comparison to measured drift closure data 
(Bechthold et al., 1999)

2  POST-TEST INVESTIGATION OF THE TSDE EXPERIMENT

2.1  Backfill Porosity

Samples of the compacted backfill material were taken at several cross sections (Figure 4) and 
analyzed in the laboratory (1). 

Figure 4: Sampling cross sections in the TSDE test field

Of special interest was the situation in the central part of the test field at cross section B+1 where 
from the viewpoint of 2D-modelling adequate plane symmetry prevails. Here, complete vertical and 
horizontal profiles were analyzed for their remaining porosity (Fig. 5). Though significant variations 
can be seen along the profiles, the porosity decreases slightly towards the roof in case of the vertical 
profile and from the pillar towards the drift wall in case of the horizontal profile. Generally, the porosity 
in the centre of the test field is lowest with average porosities of about 0.2. In section 3 it will be 
shown that a porosity of 0.2 corresponding to a drift closure of about 0.37 m agrees fairly well with 
the results of improved 3D-models.
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a) Sampling locations

b) Horizontal porosity distribution c) Vertical porosity distribution
Fig. 5: Post-test investigations at TSDE cross section B+1 

2.2  Excavation Disturbed Zone 

It is known that deviatoric stress situations around underground disposal rooms may lead to the 
development of excavation disturbed zones, the permeability of which being significantly higher than 
that of the undisturbed rock. These zones represent potential pathways for radionuclides released 
from waste canisters. Hence, healing of these zones after the installation of geotechnical barriers or 
the emplacement of backfill material would be advantageous. Therefore, the permeability in the rock 
around the TSDE-test drifts was investigated at the end of the heating phase. 
For the measurements, two boreholes, P3 and P4, with a diameter of 86 mm were drilled parallel to 
the walls of the northern and the southern test drifts, at distances of 1.5 m and 0.5 m, respectively 
(Fig. 6). Measurements were carried out both in the non-heated area and the heated area beside 
the test drifts. The measuring points were selected under consideration of a maximum packer 
temperature of the used probe of about 80°C. In borehole P3, measurements were performed at 
depths of 13 m at a temperature of 44°C and 27.75 m at a temperature of 71°C. In borehole P4, 
measuring points were at depths of 9.8 m at a temperature of 43°C and 27.5 m at a temperature of 
80°C.
For the permeability measurements, a four-packer probe was used with a 0.8-m-long central test interval 
and two control intervals of 0.3 m length each at both sides of the test interval. The packers had a length 
of 0.4 m and were pressurized individually with hydraulic oil up to about 8 MPa. Test fluid was nitrogen.
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Figure 6: Location of permeability measurement boreholes in the TSDE test field.

Gas which was injected into the test interval with a maximum injection pressure between 1.6 and 
2.1 MPa. Further details about the measuring equipment and the performance of permeability 
measurements are described in (2).
Because low permeability values were expected, pulse injection tests were performed in all cases. 
During the injection phase, a constant nitrogen gas flow of 500 to 550 ml/min was applied. During 
the injection phases, no measurable gas flow into the surrounding rock was detected. The following 
shut-in phases lasted up to fourteen days.
In Figure 7, one of the measured and calculated pressure decay curves is shown. The calculations 
were performed with the commercial code Weltest 200 (3) which was originally developed for oilfield 
reservoir engineering. 
The calculations yield optimum formation parameters, among them permeability, on the basis of 
a chosen “reservoir model”. The following model assumptions were made: (1) The formation is 
homogeneous and infinite and has a porosity of 0.2 %, (2) Partial water saturation in the pore space 
is neglected, and (3) The borehole has a finite radius and a respective storage capacity.



28 29

Figure 7: Measured and calculated pressure 
decay in borehole P3 at 27.75 m depth

All permeability values determined from the four measurements in the excavation disturbed zone 
were in the order of 10-22 m2. In all cases, the measured pressure decay rates showed a linear 
trend after some hours indicating that packer leakage rates were higher than gas flow rates into the 
surrounding rock. From this fact it can be concluded that real permeability values were even smaller 
than the determined values which represented the limit.
Permeability values of less than 10-22 m2 correspond to non-disturbed rock salt, thus indicating that 
if an excavation disturbed zone had existed after drift excavation, it was healed during heating. 
Healing is also indicated by re crystallization of the rock salt in the heated area resulting in very large 
salt crystals which were observed in the cores from both boreholes.
However, the zone directly at the drift walls could not be examined in these tests. But during the post-
test investigations after cool-down, respective tests were performed by the École Polytechnique–
G.3S with a new designed measurement equipment (Figure 8) both in the middle of the heated zone 
and in the area undisturbed by the thermal load at the entrance of the test drift.

Figure 8: Conceptual design of the gas permeability test performed by G3S

Model: Homogeneous Infinite Reservoir,
Wellbore Storage, no Skin, 1D

TSDE Test Field
Borehole P3-27.75
Pinit = 101400 Pa
cd = 7.16
S = 0
k = 1.8E-22 m2
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The permeability of the rock mass to the gas can be deduced from the diffusion equation, assuming 
constant temperature, low gas pressure (<10 MPa) and Darcy flow:

 

Where: P is the gas pressure, k the intrinsic permeability, µ the gas viscosity, c
g
 the gas compressibility 

and ø the rock porosity.
In the case of transient flow, the diffusion equation cannot be solved analytically. Therefore, the 
permeability is assessed using the finite difference method by optimizing the experimental results 
using both porosity and permeability as control variables. The first experiment was carried out at 
the middle of the heated zone. The results (Figure 9) show a significant increase of the permeability 
(k = 2 � 10-15 m2) compared to the typical value of 10-20 m2 often admitted for undisturbed salt rock 
mass.

 

Figure 9: Gas permeability test in the heated area of the TSDE test field.

Comparison between in-situ data and numerical modelling data assuming a porosity of 0.15 and a 
permeability of k = 2.10-15 m2

The results an important increase of the permeability in the heated area, which might lead to the 
conclusion that the EDZ is amplified due to the thermal loading. However, it is very likely that 
a significant part of the additional damage comes from the cooling phase. Indeed, the sudden 
interruption of the heating in the TSDE experiment may have induced tensile stresses leading to 
fracturing and growth of the initial EDZ around the drift. Since the decrease of the temperature would 
be much slower in an actual repository, such stresses should not develop.



3  MODELLING

3.1  Drift Closure/Backfill Compaction

As indicated and shown in the introduction, the drift closure or porosity decrease was significantly 
over predicted by the older 2-D thermo-mechanical analysis that was performed in a relatively small 
domain (6 to 7 times the drift size). This boundary was demonstrated to be insufficient both for 
temperatures and for field stresses. The long term duration of the test (10 years) requires a larger 
domain for the thermal problem to be solved and requires 3-D representation of other ventilated 
drifts. An advantage of the boundary being near the drift is that a smaller stress can be imposed 
(for instance 10 MPa instead of the more realistic 12 MPa). That preliminary model incorporated a 
thermal conductivity of the backfill dependent on porosity. However, since the temperature has an 
important effect on salt rock thermal conductivity the crushed salt thermal conductivity should be 
taken dependent on temperature and porosity. These types of models over predict temperatures, 
convergences and stresses because a 2-D approach is equivalent only to an infinite drift with a 
continuous heater.
Thus, an improved 3D-model was developed for the post-test analyses (Fig. 10). The model is 125 m 
in the vertical direction, 100 m in the horizontal direction (perpendicular to drifts) and 25 m in the axial 
direction. The model comprises 65954 nodal points and uses linear brick elements with selective 
integration (integration rule in order to correctly model incompressibility, which uses standard rule 
for the deviatoric part of strains and reduced rule for the volumetric part of strains). The mesh is 
practically uniform, except near the drifts where there are moderately distorted elements. Uniformity 
is an interesting property when iterative solvers are used. Previous meshes (using linear elements 
as well) with a more detailed drift and heater representation were disregarded due to numerical 
problems which did not permit the calculation to proceed.

Figure 10: 3D-model of the TSDE test field including an observation drift 50 m higher

Stress relaxation during 1.5 years was imposed before initiating heating. One and a half heaters 
were considered in the model due to symmetry. All parameters were taken from the previously 
prepared specifications except the constitutive model for crushed salt, which was calibrated in the 
context of the preceding project phase BAMBUS I (4). This constitutive model is described in detail 
in (5). Figure 11 shows the calculated drift closure evolution which is now in excellent agreement 
with the measured data.

30



Figure 11: Drift closure in the heated part of the TSDE test field as calculated with an improved 3D-
model

3.2  Excavation Disturbed Zone (EDZ)

A 2-D model has been used to simulate the mechanical behaviour (including dilatancy) around an 
underground cavity in rock salt. This analysis has been carried out with CODE_BRIGHT (6). The 
main objective of the calculations was to simulate the dilatancy properties of the rock. A relation 
between porosity and permeability based on in situ values was used. The calculations include creep 
deformation of the rock and backfill and the viscoplastic deformation in transient and non-isothermal 
conditions.
The model (two-dimensional) makes use of triangular quadratic elements (1033 elements and 2108 
nodes) (Figure 12). Three materials have been considered: rock salt, backfill, and the steel canister 
emplaced in the drift.
A constant stress of 12 MPa and a temperature of 36.4 °C were assigned to the upper and right 
boundaries, whereas the bottom and left were fixed zero-displacements boundaries. A heat input of 
19.61 J/s/m was assigned to the canister. Initial stress in the backfill was zero and its initial porosity 
was 0.31. Initial stress in the rock was -12 MPa (before excavation and heating) and its initial porosity 
was 0.001. The duration of the simulation was 3645 days, i.e. 10 years (Figure 13).
Initially, the porosity value in the rock was considered to be very low. In fact a residual porosity of 
0.001 is normally present in the unconnected voids. When the analysis begins, porosity increases 
due to shear-stress induced dilatancy, especially near the cavity. The highest values were registered 
in the walls, close to the roof of the drifts. The maximum porosity, a bit higher than 0.025, was 
calculated in the upper part of the pillar wall between cavities, after 600 days of simulation. Later, 
due to the progressive drift closure and backfill pressure increase, porosity values decreased at all 
locations. After 3500 days, the porosity reached 0.005 to 0.015. While the backfill compacts (positive 
volumetric deformation), the rock near the drift wall expands (negative volumetric strain).
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Figure 12: View of the finite element mesh used in the analyses and detail of the drift area.

Figure 13: Time evolution of porosity (left) and permeability (right) in the rock around the opening 
for elements near drift wall. Location of elements for evolution plots see Fig. 12 right).

One of the objectives of the investigation of the EDZ was to predict its permeability. To achieve this 
objective a power law was used that expresses permeability as a function of the initial permeability, 
initial porosity, and the current porosity of the rock. This law neglects anisotropy effect. which could 
be incorporated later. The mathematical expression is as follows:

where k is intrinsic permeability,  is porosity, and n is the power of porosity.

Considering an initial value of permeability of  m2 and an initial porosity of , and 
the power of n = 3.5, the mathematical expression becomes:

Permeability in the EDZ has been calculated using this law and is plotted in Figure 14 as well. For a 
porosity of 0.027 a value of 10-15 m2 is obtained. These values of permeability are in agreement with 
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those obtained in the Asse mine through gas flow tests. The results are presented for 0, 250, 1000, 
1500, 2000, 2500 and 3000 days of simulation. It should be observed that from 0 to approximately 
1000 days, permeability increases, reaching a value near 10-15 m2. Subsequently, it reduces due to 
the confinement effect of the backfill.

Figure 14: Evolution of permeability into the rock for several times.

Permeability decreases and the values (next to the drift wall) are about 10-16 -10-17 m2. The initial 
condition was not recovered after 10 years of simulation. This is contradictory to the permeability 
measurements performed at the end of the heating phase which yielded values of 10-22 m2. 
Obviously, the healing of the EDZ is not adequately represented by the model thus indicating the 
need for further model improvement.
In conclusion, the permeability increase resulting from dilatancy is compensated by permeability 
reduction (creep compaction) in the present case. In fact, dilatancy is only active during the first 2-3 
years. Later, shear stress decreases and mean stress increases and hence dilatancy disappears. 
When dilatancy is no longer active, permeability reductions take place by volumetric creep 
compaction.

4  SUMMARY AND CONCLUSIONS

A large-scale simulation experiment on the direct disposal of Spent Fuel in geological salt formations 
was performed in the Asse mine in Germany from September 1990 until February 1999. Main 
Objective of this experiment was to investigate the coupled hydro-thermo-mechanical behaviour of 
the host rock and the crushed salt backfill in the simulated disposal drift. Backfill compaction and 
evolution of the excavation disturbed zone in the rock around the test drift was in the foreground 
of post-test investigations performed to confirm the test data obtained during almost nine years of 
experiment conduction. Confirmed test data were compared with data of numerical simulations to 
evaluate the capability of numerical models used to predict long-term system behaviour. 
Regarding backfill compaction in the test drift it was found that 3D-modelling is needed to satisfactorily 
simulate the conditions in the drift of limited length and thus to obtain satisfactory agreement between 
experimental and numerical results. Older 2D-models were able to predict measured data only in the 
centre of the test field where plain symmetry prevails. 
EDZ evolution was analyzed by prediction of dilatancy in the rock around the drift with a 2D-model. 
The calculation data are reasonable regarding EDZ generation, but healing of EDZ, as measured in 
the test field, was not predicted adequately. Hence, further model development is needed to improve 
adequate simulation of this very important long-term rock behaviour.
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ABSTRACT : An evaluation of the importance of the thermo-hydro-mechanical couplings (THM) 
on the performance assessment of a deep underground storage design has been made as part of 
the international DECOVALEX III project. It is a numerical study that simulates a generic repository 
configuration in the near field in a granite medium. The thermo-hydro-mechanical evolution of the 
whole configuration is simulated over a period of 100 years. The model used to represent the 
unsaturated behaviour of the various porous media makes allowance for moisture transfers through 
the effect of thermal and water gradients. The paper presents a comparison of the temperature, 
water pressure and stress fields obtained by TM, TH, HM and THM coupled calculations. The results 
demonstrate that temperature is hardly affected by the couplings. In contrast the influence of the 
couplings on the mechanical stresses is considerable. This is attributed to the key role that water has 
on bentonite swelling or shrinkage effects that are dependent on its saturation level variations.

1 INTRODUCTION

Several countries are considering the possibility of storing high-level nuclear waste in hard rock 
formations, such as granite. Japan, for example, has developed a concept for storing waste in 
vertical boreholes, in very low permeability granite, with possible fractures in the vicinity of the 
repository. The performance assessment of such a concept calls for a detailed analysis to be made 
of the physical phenomena that are likely to result from the heat produced by the waste packages,  
at various scales and for various timescales. In this study attention is focused on thermal (T), 
hydraulic (H) and mechanical (M) phenomena. Mathematical models have been developed, verified 
and validated against analytical solutions, laboratory and field experiments in the framework of the 
DECOVALEX international project over the past ten years to predict these phenomena (Jing et al., 
1995), (Stephansson et al., 2001).  Generally these models have considered full coupling THM 
processes that which would prevail in and around the repository. These models are complex; they 
require considerable development effort and also extensive input data. The main objective of the 
DECOVALEX III Benchmark test 1 (Nguyen et al., 2003) is therefore to answer the basic question: 
how important is T-H-M coupling for the safety of a typical repository? This paper contributes to 
providing an answer to the question. 
A numerical study has been performed on a typical three-dimensional pattern of a hypothetical 
repository in granite located at a depth of 1000 m to evaluate the importance of the various couplings. 
This hypothetical case is inspired from a Japanese concept. Since the engineered barrier plays a 
major role on the flows inside the repository, the study has focused on the near field response, over 
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the first hundred years, during which the thermal paroxysm is reached. Various cases are considered 
in the project, but attention here will be restricted to the case of an intact rock, with no pre-existing 
major fracture. 
This paper presents the case studied, then recalls the equations that govern the THM processes, 
and compares the results obtained for the fully coupled case against those obtained when some 
coupling effects are ignored. The major conclusions for possible simplifications are given.

2  DESCRIPTION OF THE CASE STUDIED

The repository design consists mainly of parallel drifts, into which vertical boreholes are sunk for 
waste canister emplacement. In the interests of symmetry and periodicity, a single pattern shown 
on Figure 1 has been selected for the THM coupling evaluation.
To observe a significant rock de-saturation and re-saturation during the whole duration of the 
experiment, it was important to estimate the range of air flow rates and humidity that the ventilation 
system should provide.

2.1 Mesh, initial and boundary conditions

In the interests of symmetry, only a quarter of the domain being considered has been meshed. The 
total mesh is divided into four zones (Figure 2). From inside to outside, we distinguish the over-pack, 
the buffer, the backfill and the rock mass. It is made up of quadratic finite elements. The total number 
of nodes is 5876 and the total number of elements is 2392.

Figure 1: Domain selected for THM coupling evaluation Figure 2: The various parts 
     and points of interest.         of the mesh (zoomed)

Prior to excavation, the rock mass is presumed to be in a saturated state, water pressure being equal 
to the hydrostatic pressure. The mechanical stress state corresponds to a vertical stress equal to σ

v
 

= -25.6 MPa, and horizontal stresses equal to 1.5 σ
v
. The initial temperature is 45°C.
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Normal displacement of zero is prescribed at the lateral limits of the model. Vertical movement is 
prevented at the base of the model. At the top, the overburden load is maintained. The water and 
heat flows are equal to zero on the lateral limits of the model. On the top and bottom boundaries, the 
water pressure is set equal to the relevant hydrostatic pressure, and the temperature remains equal 
to 45°C. 
In the simulations, the first sequence consists of setting the initial conditions in the rock mass before 
performing the excavation. Then the drift and the pitch are excavated, and a transient analysis is 
performed until some subsequent steady state is reached. The displacements obtained at the issue 
of this step are reset to zero, to start from the nominal geometry of the drift and pitch for waste 
emplacement.
Finally, the over-pack, the buffer and the backfill are simultaneously emplaced, and a transient 
response is calculated over a hundred-year period.

2.2 Material properties

The rock mass properties were taken from Canadian granite data (Nguyen et al., 2003). Typical 
values, determined from laboratory tests on intact samples, are:
Density (2300 kg/m3), Young’s modulus (30000 MPa), Poisson’s ratio (0.3), thermal expansion (8.21 
10-6 /°C), thermal conductivity (2.7 W/m/°C) and specific heat (833 J/kg/°C). Biot’s coefficient for the 
rock mass has been hypothetically set at 1. Intrinsic permeability (K) may be one of three different 
values: 10-17, 10-18 (reference case) and 10-19 m2. Moreover, it varies with porosity (ϕ) according to 
the prescribed law:
K (ϕ) = 2.186 10-10 ϕ3 – 5.185 10-18, where K is in m2.
The buffer (bentonite) and backfill (mixture of bentonite and aggregates) properties have been 
selected according to the Japanese concept, and calibrated from available laboratory test results 
(Jing et al., 1999). A Van Genuchten (1980) approximation has been used to set their capillary 
pressure curves and water relative permeability curves. 

3  EQUATIONS GOVERNING THM PROCESSES

The fully coupled THM phenomena modelling is based on a simplification of the conservation law of 
the total mass of water, assuming that the vapour mass is negligible compared to liquid water mass, 
and that the vapour flow is mainly due to the temperature gradient, such that:
   (1)

Where  is the coefficient of thermal diffusivity of water vapour. A generalized Darcy’s law gives 
the flux of liquid water:

  (2)
Where K is the intrinsic permeability, k

rl
 the permeability relative to liquid water and η

l
 the dynamic 

viscosity of water. F stands for body forces such as gravity.
The conservation of momentum is written classically as:

  (3)
Where  stands for the total stress in the porous medium, and ρ its equivalent density, given by:

  (4)
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In this equation, ρ
s
 denotes the density of the skeleton, ρ

l
 the liquid density, and S

l
 the liquid 

saturation. The material behaviour law is Biot’s poroelastic type, such that:

  (5)

Where  represents the drained elastic properties tensor, α
s
 the skeleton thermal expansion 

coefficient,  the Kronecker symbol, and b, Biot’s coefficient, which in the unsaturated case, is 
assumed to depend on the capillary pressure p

c
 (p

c
 = p

g
 - p

l
) (Lassabatère et al., 1998).

The degree of saturation is related to capillary pressure p
c
 through function:

 S
l
 = S

l
 (p

c
) (6)

Which is assumed to be independent of the temperature, in view of the experimental results of the 
bentonite considered (Jing et al., 1999).
Finally, energy conservation is simply taken in the following simplified form:

 (7)
Where ρ C stands for equivalent porous medium heat capacity, K

T
 is the heat conductivity and q 

represents a heat source.

3.1 Decoupling strategy

Three other analyses in addition to the THM analysis were performed: TH, TM, and HM.
In the TH analysis, it was assumed that skeleton porosity remains constant. Consequently, for the H 

equations, rock permeability remains constant, the derivative is equal to zero in the water mass 
balance, and moreover, mechanical stresses have no effect on the water pressure field. For the T 
equations, thermal conductivity and heat capacity vary only with the saturation S

l
.

In the TM analysis, it was assumed in the M equations that water pressure has no effect on the 
stresses, and that the bentonite has no swelling pressure effect. In the T equations, thermal 
conductivity and the heat capacity are constant. 
In the HM analysis, the temperature is maintained constant, equal to 45°C and there is no thermal 
expansion effect. Porosity variations in particular are only due to the volume change of the skeleton 
and to variation in water pressure. Moreover, there is no thermal gradient-related water transfer, and 
water viscosity remains constant.

4  RESULTS

4.1 Some results for the THM fully coupled reference case (K = 10-18 m2)

Typical results for the effect of excavation on rock mass porosity, are illustrated in Figure 3, to 
underline the influence of porosity variations.
It can be seen on the right that the red zones correspond to increased porosity, due to the expansion 
of the rock towards the inside of the cavities, whereas the blue zones correspond to decreased 
porosity, the vertical load being supported by a narrower zone than prior to excavation.
Failure due to overloading in traction may occur, as can be observed on the maximum principal 
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effective stress, displayed on Figure 3. Here traction stresses are positive. The maximum reaches 
about 6.7 MPa, which should be compared with the tensile strength of the rock, measured in 
laboratory (R

t
 = 11 MPa).

The temperature field and the degree of saturation field after one year are shown in Figure 4. Note 
that the backfill re-saturates faster than the buffer, which may be partly due to the fact that the initial 
degree of saturation is higher in the backfill (S

l 
= 0.81) than in the buffer

(S
l
 = 0.62), and that the buffer is closer to the heat source. After 40 years, the buffer and the backfill 

are fully re-saturated.

4.2 Evaluation of the coupling effects

We propose a selection of some of the large number of results produced by the different analyses 
that correspond to two particular points in the buffer material (see Figure 1), where different behaviour 
patterns may be expected because of the different boundary and environmental conditions. These 
points are B4, at the contact point with the over-pack, which will be subjected to a high temperature, 
and B6, which lies at the interface between the buffer and the rock-mass. The results are presented in 
terms of temperature time-histories (Figures 5, 8), water pore pressure (Figures 6, 9), and horizontal 
stress σ

xx 
(Figures 7, 10). For each quantity, we compare the effect of the couplings for the lowest 

(K=10-19 m2) and the highest  (K=10-17 m2) rock mass permeability.

 Stress        Porosity

Figure 3: Porosity of the rock mass and maximum principal effective stresses after
     excavation (zoom around the cavities)
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 Saturation       Temperature
  

Figure 4: Iso-temperature and iso-saturation in the buffer and backfill after one year
(reference case)

Figure 5: Temperature at point B4

Figure 6: Pore pressure at point B4

Figure 7: Horizontal total stress σ
xx

 at point B4
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5  COMMENTS ON THE RESULTS

5.1 Results at point B4

Since point B4 in the buffer is at the interface with the over-pack, the temperature increase is higher 
and leads to localise drying of the buffer. Therefore, the effect of the couplings on temperature may 
be observed at the beginning and this effect is more pronounced for a low rock mass permeability. 
The K=10-19m2 case in particular, the lower and upper curves of Figure 5 correspond to the TM case 
(constant degree of saturation) and to the TH case respectively (larger de-saturation) while the THM 
case is closer to the upper bound at the beginning due to drying and closer to the lower bound at the 
end, once re-saturated.
The drying effect is clearly visible on the pore pressure results shown in Figure 6. The corresponding 
suction is amplified when rock mass permeability is decreased, as is to be expected. Indeed, in the 
K=10-17m2 case, the water exudes from the rock fairly fast, and the M couplings only have little effect. 
Where low rock mass permeability prevails, in the TH case, re-saturation is not achieved at B4 after 
100 years (Figure 6). In this case the difference between the THM and TH cases illustrates the strong 
influence of the M couplings (porosity variation) on this re-saturation time. 
The horizontal total stress σ

xx 
shows the effect of horizontal containment due to lateral symmetry 

boundary conditions: in particular in the K=10-17 m2 case, the difference between the THM case and 
the HM case is clearly related to the thermal stress given by the TM case (Figure 7).

5.2 Results at point B6

The results at point B6 show that the couplings have very little effect on temperature (Figure 8) for 
the range of permeabilities considered in the low permeability case, because point B6 is sufficiently 
far from the heat source.
Pore pressure differences are visible in Figure 9 in line with the permeability values: for higher 
permeability, the rock mass provides water fast enough to the buffer to prevent any drying. 
Conversely, for the low permeability case, a drop in pressure at the beginning is visible at both 
points, but less pronounced than at B4. Rebuilding of hydrostatic pressure starts at about 30 years 
for the THM case, and about 60 years for the HM calculation, while it is still unsaturated after 100 
years in the TH case. 
Horizontal total stress σ

xx 
evolutions, shown in Figure 10, are very similar to those obtained at point 

B4.
Millard et al. (2003) compared the results obtained by the six research teams involved in this 
benchmark test. The predictions of temperature, degree of saturation, pore pressure and total 
stresses are fairly close to each other. All the research teams assessed the couplings at the same 
importance. However, the predicted re-saturation time varies significantly between teams.
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Figure 8: Temperature at points B6

Figure 9: Pore pressure at point B6

Figure 10: Horizontal total stress σ
xx

 at point B6

6  CONCLUSION

A study of a generic high-level nuclear waste storage has been performed to assess the importance 
of the various T-H-M couplings on near field behaviour. Some general trends on the influence of the 
various couplings can be derived from the results presented in this paper:
H and M have a limited effect on the T results during the re-saturation phase.
During re-saturation, the effect of water pore pressure on the stresses predominates over the effect 
of skeleton thermal expansion.
Porosity variations have a significant effect, in particular for low rock mass permeabilities.
These rough calculations confirm that initial rock mass permeability is a key parameter; it plays a 
major role in re-saturation time. The following remarks can be made about its influence:
The effects of the couplings on T, H and M are amplified by low rock mass permeability.
Suction close to the canisters may be important for low permeability.
It is important to account for all the THM couplings if we are to make more realistic predictions of the 
failure of the rock mass.
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ABSTRACT: The ventilation experiment at Mont Terri was performed to evaluate in situ the 
consequences of de-saturation - re-saturation induced by ventilation on the repository design 
and performances in consolidated clay rock formation. This paper presents how the experimental 
instrumentation and the blowing device were designed as well as the preliminary results of the de-
saturation phase which consisted in blowing a progressive low humidity air inside a micro-tunnel. 
Water balances were estimated from the ventilation system and compared to those calculated 
from rock saturation values deduced from humidity sensors installed in short boreholes in the clay 
matrix. Results indicate that there was no de-saturation during the one-month 80% RH air inflow. 
De-saturation occurred during the subsequent 30% RH air inflow with the production of about 120 
litres of water in two months according to the water balance made from the ventilation system which 
is in quite good agreement with estimations done from rock saturation values. Indeed, during this 
phase, and according to the relative humidity sensors, it seems that the very first 30cm of the rock 
around the micro-tunnel were concerned by de-saturation, i.e. with degrees of saturation from 92 to 
95%. These estimations are obviously preliminary and must be compared to results obtained from 
other records (psychometric, geoelectric, displacement and TDR sensors). At last hydro mechanical 
modelling will help to completely interpret the water balances and to identify the key aspects of the 
hydro-mechanical behaviour of the compacted clays at Mont Terri.

1  INTRODUCTION

The design of an underground repository, in terms of drifts spacing and repository size, depends on 
the thermal load that the rock and the engineered clay barrier may accept, which depends directly on 
their degree of saturation. It is, therefore, vitally important that the desaturation-resaturation times of 
the rock be assessed, along with their impact on the future resaturation times of the engineered clay 
barrier, from the point of view of repository design optimisation. Furthermore, desaturation may give 
rise to cracking on drying, which would increase the area disturbed by excavation of the drifts (EDZ), 
in terms of a substantial increase in its hydraulic conductivity.

The VE experiment held at the Mont Terri Underground Rock laboratory was specifically designed to 
evaluate the effects of ventilation in a drift excavated in a consolidated clay formation. This rock type 
was chosen, as it is a good candidate for a potential host formation of an underground radioactive 
waste disposal. The experiment, still in progress, consists in ventilating a test section during a period 
of 16 months with various cycles of re-saturation and de-saturation. 
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This paper presents the design of the experiment and the preliminary results and interpretation of 
the dry air ventilation phase. First, it is explained how the ventilation system was designed and the 
equipment of the test section is detailed. The effects of the dry air ventilation are then discussed by 
comparing the water balances estimated from the ventilation system to the one deduced from the 
degree of saturation of the rock and calculated from the measurements of the capacitive sensors 
installed boreholes.

2  THE PRINCIPLE OF THE EXPERIMENTAL DESIGN

To observe a significant rock de-saturation and re-saturation during the whole duration of the 
experiment, it was important to estimate the range of air flow rates and humidity that the ventilation 
system should provide.

The evaluation of the required range of inflow rate and of relative humidity was done by considering 
that the vapour density at the outflow pipe (p

out
) is the sum of vapour densities from the air inflow       (

in
) and that extracted from the rock matrix(

rock
) i.e.:

where  with S the exchange surface in the test section in m2, E
v 
the evaporation rate at 

the rock-atmosphere interface in g/m2h and Q
in
 the air inflow rate in m3/h.

Evaporation fluxes were estimated in situ at Mont Terri by means of evapometers placed in boreholes 
and at the rock surface. The results indicated that evaporation rates from the rock matrix during a 
de-saturation phase would likely range between 1 to 5 g/m2h (Watanabe et al., 2002 and Meier E., 
1998 after FMD experiment; Meier and Schubert E., 2001 after UZA experiment).

The vapour density of the air outflow was calculated under isothermal conditions (15°C) and for the 
lowermost dry conditions i.e. for a pure dry air inflow (Figure 1).
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Figure 1: Vapour density of out flowing air versus air inflowing rates for different rock evaporation 
rates. This example considers pure dry air inflow at 15°C

Results from Figure 1 indicate that the difference between the amount of water sent (0 g/m3) 
and collected is important at flow rates ranging between 0 and 60 m3/h. At higher flow rates, the 
difference in humidity between the air inflow and outflow becomes less important. A good estimate 
of the amount of water extracted from the rock mass can therefore be achieved at inflow rates lower 
than or equal to 60 m3/h.

To de-saturate/re-saturate the rock matrix it is also important that the ventilation system can provide 
air at relative humidity ranging between 0 and 100% including intermediate values to make it 
gradually, if required.

More precise calculations were carried out by DM IBERIA (Velasco and Pedraza, 2002) and 
COLENCO (Colenco, 2002) by means of the thermo-hydromechanical computer codes like CODE-
BRIGHT and TOUGH2. 

The conclusions from DM IBERIA were that results were highly dependent on the values adopted for 
the hydraulic conductivity of the rock, the water retention parameters and the turbulence coefficient 
at the rock-atmosphere interface. Their recommendations for the ventilation system were:

• To perform the experiment under isothermal conditions;
• To precede the de-saturation phase by a re-saturation phase over a short period;
• For the de-saturation phase, to send air at a relative humidity below 40% and at a flow rate 

around 40m3/h over a period of at least 10 months;
• To install most of the sensors (pressure, humidity, temperature…) inside a 2m thick ring 

around the micro tunnel surface.

Similar conclusions were brought by COLENCO who calculated a de-saturation zone of about 2m 
for their reference case (air inflow of 40 m3/h and a relative humidity of 40%). They also concluded 
that the humidity was the main control parameter, sensitive to temperature variations and to the 
ventilation rate. They calculated for instance that a difference in relative humidity of 6% between the 
air inflow and outflow would produce a net vapour flow of 1 l/d out of the tunnel section.
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The main conclusions were that the ventilation system had to be flexible enough to produce airflow 
and relative humidity (RH) ranging between 0 and 60 m3/h and 0 to 100%, respectively and that 
instrumentation should concern the 2 first meters from the tunnel wall.

3  DESIGN OF THE VENTILATION SYSTEM

All the above recommendations led to realize the ventilation system the principle of which is given in 
figure 2. The device consists in sending wet air into driers at flow rates up to 60 m3/h then to send 
part of the dry air into a bubbler where it fully saturates. This saturated air is then mixed with the dry 
one by means of flow-controlled valves in order to produce the air at the required relative humidity 
and flow rate. A heater around the bubbler allows to maintain a constant temperature. 

Performance tests and a series of subsequent calibrations and ameliorations demonstrated the 
capabilities of the device to produce an accurate calibrated air at a required RH and flow rate.

Figure 2: Schematic presentation of the ventilation system 

4 INSTRUMENTATION OF THE MEASUREMENT SECTION

The test is conducted in a horizontal micro-tunnel of 1.3m diameter and dug by raised boring 
technique. Two doors located at each end isolate a 10 meters length test section. About 130 sensors 
for temperature, pore pressure, rock displacement, water potential and content were installed in 
85 short boreholes with the aim of monitoring the behaviour of the surrounding rock and the micro-
tunnel itself. All these sensors together with those from the ventilation system detailed in figure 2 
were connected to a data acquisition system which enables a remote control and collection of data.
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The distribution of sensors in the test section was done through eleven measurement sections, each 
being dedicated to a sensor type (Figure 3).

Figure 3: VE measurement sections

5  PRELIMINARY RESULTS OF THE DE-SATURATION PHASE

Five operational phases have been performed so far (Table 1). The objective of the first one was 
to recover the initial conditions. The next three phases aimed at reaching a progressive rock de-
saturation.

Phase Duration days Relative 
Humidity

Temperature flow rate

 % °C m3/h

Re-saturation 45 93 15 20-40
1st de-saturation 30 80 15 20
2nd de-saturation 60 30 15 30

3rd de-saturation Still in progress 0 15 30

Table 1 : List of operational phases realized since the beginning of the experiment by using the 
ventilation device

The RH and temperature sensors coupled to the air flow meters allowed to calculate the mass of 
water (M) sent through the air inflow and outflow pipes. The equation is:

Where represents the relative humidity of the air,  the saturated concentration of the vapour 

in the air and  the air flow rate. The daily water balance is calculated as the difference between 
the mass of water at the air inflow and outflow as shown in figure 4.
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Figure 4: Evolution of the daily water balance during the different de-saturation phases of the 
ventilation experience.

This figure shows that the water balance is nil or slightly negative for the initial phase thus indicating 
that i) the rock matrix was saturated or slightly de-saturated prior the dry air- ventilation phase and 
ii) the relative humidity at the air inflow was still too high to de-saturate the rock. On the contrary, 
the second phase allowed the production of about 119 kg of water over its two months duration 
with a daily production of about 3 kg at the beginning and of only 1.5 kg at the end of the phase. 
This evolution can be compared to that of the degree of saturation of the rock matrix measured 
at the sections SB1 (Figure 5) and SB2 (Figure 6). The degree of saturation was calculated from 
measurements of capacitive relative humidity1 and temperature with sensors installed in boreholes 
at different distances from the drift wall or at the rock/micro-tunnel interface. The capillary pressure 
at the wall was first calculated from the psychrometric law (Fredlund and Rahardjo, 1993) which 
states that the relative humidity and the corresponding temperature of the capacitive sensors follow 
the equation:

where s refers to the total suction or capillary pressure, M
w
 the molecular mass of water (18.016 g/

mol), R the gas constant (8.31432 J/molK), T the absolute temperature in degree Kelvin and  the 
water density (assumed to be 1000 -g/l).

The saturation was then estimated from a modified form of the Van Genuchten function proposed by 
CIMNE and UPC and after laboratory tests carried out on argillite samples (Muñoz et al., 2003). 

1 Note that for preliminary calculations, the use of capacitive humidity sensors to determine the 
relative humidities in the range of 0 to 100% RH was preferred to psychrometric ones. Indeed, the 
relative humidity values measured at the rock surface at the end of the 2nd de-saturation phase were 
much lower than 95% RH, which represents the lowermost limit for psychrometric sensors. It is clear 
however, that psychrometric measurements should be used in the future for better estimates of the 
degree of saturation.
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The proposed equation is:

with P = 3.9 Mpa, l = 0.128, P
s
=700Mpa and l

s
=2.73, P

g
 –P

l
 represents the total suction.

Figure 5: Evolution of the degree of saturation with time at the measurement section SB1.

Figure 6: Evolution of the degree of saturation with time at the measurement section SB2.
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6  DISCUSSION

Except for the BVE-64 borehole, all sensors installed in the rock matrix and at the interface provide 
results indicating that the rock matrix was broadly saturated prior and during the 80%RH de-
saturation phase (Figures 5 and 6). This is in agreement with the lack of water production during 
this period (Figure 4). In this phase, the RH of the blown air was clearly not enough to initiate a de-
saturation. Concerning the BVE-64 borehole in the measurement section SB1, the lack of saturation 
indicates either a bad calibration/dysfunction of the sensor or the presence of a discontinuity in the 
rock matrix.

During the 30% RH phase, the sensors installed at the drift interface and the closest from the drift wall 
in SB1 (BVE-71 at 0.25m and BVE-64 at 0.35m; Figure 5) and in SB2 (BVE-10 at 0.25m form the drift 
wall) show a clear decrease in saturation. There are exceptions in SB2 where BVE-12 and BVE23, 
respectively located at 1.25 and 1.00m from the drift wall, also display a decrease in saturation when 
BVE-18 installed at 0.35m doesn’t show any change. The drop from 30% to 0% in relative humidity 
infers a very tiny decrease in degree of saturation at the measurement section SB1 (Figure 5) but 
does not induce any change at SB2 (Figure 6). Most of the sensors located remotely from the tunnel 
surface, i.e. beyond 35 cm from the tunnel surface, show a full saturation. The behaviour of sensors 
in BVE-12 and BVE-23 is in contradiction with others located at similar distance from the gallery 
sidewall. One explanation could be that these boreholes have crossed structures allowing more easy 
de-saturation of the rock. Making abstraction of these two sensors, it appears that the extension of 
the de-saturated area at the end of the 2nd de-saturation phase from the sidewall would be ranging 
between 25 and 35cm for degrees of saturation ranging between 92% and 95%.

Assuming that the de-saturation was homogeneous around the micro-tunnel, this would indicate 
that the rock volume concerned by this process is of about 15m3 for a 30 cm de-saturated zone. A 
preliminary and crude estimate of the volume of water extracted during this period can be done. With 
an average porosity of 15%, this volume would be of about 113 and 180 litres for a degree of saturation 
of 0.95 and 0.92, respectively. These estimates must be compared to the 119 litres (assuming a pure 
water density) estimated from the ventilation system during the same period. The estimation from 
the ventilation system is bracketed by that deduced from the saturation values. However, this must 
not let us forget the uncertainties attached to these calculations. First of all uncertainties concern 
the accuracy of capacitive sensors installed in the rock matrix and in the ventilation system. Future 
calculations would be performed with psychrometric data that give more precise measurements in 
the range of 95 to 100%RH. Another approximation is to assume the porosity to be constant and 
not consider any fracture in the rock matrix. But the biggest approximation is that the de-saturation 
process was homogeneous around the tunnel. This does not take into consideration the possible 
elasto-plastic behaviour of the rock during de-saturation phase that can lead to cracking on drying 
and increase the excavated disturbed zone (EDZ). For this purpose, hydro-mechanical modelling 
are in still progress by DM Iberia, Colenco and INPL and will help the final interpretation of the water 
balances.
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7  CONCLUSIONS

The ventilation experiment at Mont Terri was performed to evaluate in situ the consequences of 
de-saturation-re-saturation induced by ventilation on the repository design and performances in 
consolidated clay rock formation. 

Results indicate that there was no de-saturation during the one-month 80% RH air inflow. De-
saturation occurred during the subsequent 30% RH air inflow with the production of about 120 litres 
of water in two months according to a water balance made from the ventilation system. During this 
phase, and according to the relative humidity sensors, it seems that the very first 30cm of the rock 
around the micro-tunnel were concerned by de-saturation, i.e. with degrees of saturation ranging 
between 92 to 95%. A rough calculation from these saturation values indicates an amount of water 
extracted form the rock ranging between 113 to 180 litres in quite a good agreement with the amount 
of water estimated from the ventilation system. 

These estimations are obviously preliminary and must be compared to results obtained from other 
records (psychrometric, geoelectric, displacement and TDR sensors) and to hydromechanical 
modellings which are still in progress.
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ABSTRACT: After the operational phase of the repositories for radioactive wastes in granite
and argillaceous formations all openings have to be backfilled and the repositories have to
be sealed in order to avoid migration of radionuclides into the biosphere. The still existing
residual volumes may be pressurized as a result of the gas release from the formation or as
a result of the gas production from the waste itself, from anoxic corrosion of the waste
containers or from the backfill and sealing materials.
For reasons of safety the repository itself and the seals must be designed in such a manner
that an unacceptable increase of the gas pressure and the generation of fractures as well as
a water or brine inrush can be excluded. Gases which lead to a pressure increase should
migrate out of the repository through the seals or through existing preferential pathways in
the host rock.
This paper summarizes the GRS activities with regard to gas migration in the seals and in
the granite or argillaceous formations.

1   INTRODUCTION

Host rock formations for the disposal of radioactive waste contain gases which are adsorbed
to the crystal boundaries, trapped in small inclusions, or dissolved in the formation water. As
a result of mining activities or elevated temperature, these gases are released into the
boreholes, the galleries, or the chambers generated for the emplacement of the waste.
Further significant amounts of gases are expected to be generated by anaerobic corrosion of
metallic components (waste or containers), radiolysis, and by thermal or microbial
degradation of organic components in the waste or the host rock. These gases are of
importance as sealed areas may be pressurized and the integrity of the host rock or the
geotechnical barriers may be affected. For reasons of safety, the geotechnical barriers must
be designed in such a manner that an unacceptable increase of the gas pressure and an
uncontrolled release of gases and radionuclides into the biosphere has to be avoided. In
order to predict the pressure build-up at estimated gas generation and release rates, the
parameters of gas migration in the engineered barrier systems and in the host rock are
essential.
For the construction of geotechnical barriers and seals for emplacement boreholes, galleries
and shafts of a repository, clay-sand mixtures are foreseen. Host rock formations which are
taken into account are granite and argillaceous rock. These formations in the deep
underground are water saturated and the originally natural dry clay of the geotechnical
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barriers will become water saturated with time. Hence the petrophysical properties of
migration of the engineered barrier in natural dry and water saturated stage are essential.

2  LABORATORY INVESTIGATION ON CLAY-SAND MIXTURES

Within a national R&D programme the parameters of one- and two-phase flow in clay and
different clay-sand mixtures have been determined. The materials investigated were Calcigel
(bentonite) and common washed sand with grain sizes between 0 and 2 mm or stone chips.
Cylindrical samples with 50 mm diameter and a length of 100 mm have been produced in a
uniaxial cell with compaction pressures up to 100 MPa or by stamping. The effects of one-
and two-phase flow in clay and clay-sand mixtures have been investigated with these
samples.
For the determination of the two-phase flow variables at different water saturation levels a
modified Hassler cell was used. The isostatic confining pressure acting on the samples was
varied between 0 and 2.5 MPa and the maximum injection pressure of gas and water was
below 75 % of the confining pressure.
To determine the two-phase flow parameters, the Constant-Pressure-Desaturation Method
for the draining path was applied. First, the nitrogen gas flow through the dry sample at a
defined constant injection pressure was measured. Second, the pore volume of the sample
was evacuated and the pore volume was saturated with water as wetting phase. Finally, the
single-phase flow of water through the sample at a defined constant injection pressure was
measured. Starting with a low injection pressure of the non-wetting gas phase, the wetting
water phase in the pore volume was removed from the larger pores to a degree
corresponding to the injection pressure. While only gas was flowing through the sample its
rate was measured and the water saturation of the sample was determined by means of
weighing.
For the determination of the gas flow at lower saturation levels of the wetting phase the
injection pressure of the non-wetting phase was increased stepwise. The effective
permeability for every saturation level at the corresponding gas injection pressure was
calculated with the Darcy equation for compressive flow media.
Parallel to the effective gas permeability, the capillary pressure was determined for the same
different saturation levels, as the gas injection pressure is equal to the capillary pressure if no
more water removal takes place and the gas flow is constant. To avoid any drying of the
sample by the gas flow the injected gas was water saturated.

2.1 Results

The porosity of the samples was evaluated from their bulk density and the grain densities of
the clay and the added minerals. The bulk densities of the dry samples were in the range
between 1.92 and 2.09 g/cm3 and the porosities between 19.6 % and 24.5 %. Both
parameters were not significantly dependent on the composition and preparation pressure.
Obviously, the added mineral particles act as supporting frame that prevents any further
compaction. The porosity was also determined from the amount of water necessary for the
complete saturation of the sample. The permeabilities of the dry samples to dry nitrogen
were in the range between 6⋅10-14 to 1.2⋅10-12 m2. No significant dependence on the
composition, the preparation pressure, the confining pressure, and the gas injection pressure
was found.
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The single-phase water permeabilities of the samples were found to be dependent on the
clay content. The samples containing 10 % clay showed permeabilities in the range between
5.3⋅10-15 and 2.9⋅10-16 m2 and those with 25 % clay between 1.2⋅10-17 and 7.7⋅10-18 m2.
Samples with 50 % clay could not be saturated with water within reasonable periods of time
and therefore any determination of their water permeability was impossible. This might be
explained by the swelling of the dry clay in contact with water, and within the sample with
50 % clay all pores may have closed. Therefore, any migration and flow of water would have
been impeded.
The investigations of two-phase flow showed a gas breakthrough pressure of about
0.03 MPa for the initially water-saturated samples with 10 % clay. At this pressure, 20 % of
the water in the pore volume was displaced and a pressure increase up to 0.05 MPa led to a
saturation of approx. 20 %. Further pressure increase only displaced additional 5 to 10 % of
the water. That means that the pore volume has a residual water saturation of 10 to 20 %.
These results indicate that 80 % of the pore space consist of interconnected pores with an
almost uniform size distribution.
The single-phase permeabilities of the stone chips-clay mixtures were determined for gas
and water. The bulk densities of the stamped stone chips-clay mixtures with a clay content of
25 % showed values of about 1.86 to 1.93 g/cm3 with corresponding porosities of 30 % to
32.4 %. The permeabilities of the dry samples to nitrogen were in the range between 1.4⋅1013

to 6.6⋅10-13 m2. The permeabilities to water were lower and ranged between 2⋅10-17 m2 and
3.9⋅10-17 m2.
The measurements of two-phase flow showed a breakthrough pressure between 0.1 and
0.7 MPa and saturations between 67 % and 76 %. After the gas breakthrough, the gas flow
increased very fast and no stationary flow could be determined.

2.2 Data Analyses

The interpretation of the measured data for clay-sand mixtures in terms of two-phase flow is
based on a conceptual model in which the comparatively small clay particles are located in
the pore space between the much larger sand grains. Due to the experiment procedure the
clay granules are fully saturated at the beginning of each of the two-phase flow
measurements and stay in this state for the rest of the time. The volume of the remaining
pore space is therefore inverse proportional to the clay content of the sample and two-phase
flow can take place within this pore space.
The results have shown that the approach of van Genuchten (van Genuchten 1980) for the
relative-permeability-saturation relationship (RPS) and the capillary-pressure-saturation
relationship (CPS) is most suitable to represent these dependencies for clay-sand mixtures
(Jockwer et al. 2000). The use of the effective water saturation Se instead of the water
saturation Sw in these equations of state (EOS) requires that the residual water saturation Swr

and the residual gas saturation Sgr are determined first. Since the parameter _ in the RPS
relationship is an already known constant, only two parameters, namely m (or n) and _, are
then to be derived from the data. The fitting of the relative gas permeability krg and the
capillary pressure pc has to be done simultaneously, because the EOS are coupled by the
parameter m:
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Figure 1: Relative permeability as a function of the effective saturation
open symbols: 10 % clay content, filled symbols: 25 % clay content.
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Figure 2: Capillary pressure as a function of the effective saturation
open symbols: 10 % clay content, filled symbols: 25 % clay content.
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Figure 3: Relative permeability and capillary pressure as a function of the effective
saturation for samples with 10 % clay content; open symbols: relative permeability, filled
symbols: capillary pressure.
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Figure 4: Relative permeability and capillary pressure as a function of the effective
saturation for samples with 25 % clay content; open symbols: relative permeability, filled
symbols: capillary pressure.

The saturation data were transformed into effective water saturations using either the
individual residual saturations of each test as for the samples with 10 % clay content or
plausible values as for the samples with 25 % clay content. Besides that, the relative
permeabilities were calculated using the measured permeability value at gas breakthrough
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as a reference value for the absolute permeability. The results are illustrated in fig. 1 for the
relative permeability and in fig. 2 for the capillary pressure.
The normalised data show a clear dependence of the relative permeability and the capillary
pressure on the effective saturation. The RPS relationship reveals an almost identical two-
phase flow behaviour with respect to the relative permeability for the samples with 10 % clay
content and for the samples with 25 % clay content. Therefore, the parameter n has to be the
same for both types of mixture. Qualitatively, the two CPS relationships appear to be very
similar, too, and the increase of the capillary pressure for the samples with 25 % clay content
compared to the samples with 10 % clay content is consistent with the conceptual model of
flow in the clay-sand mixtures described above.
The estimation of the van Genuchten parameters was done by a trial-and-error curve fitting
procedure, simultaneously for the RPS and the CPS relationship but separately for each
clay-sand mixture. An optimum was found with n=12 and _=13 for mixtures with 10 % clay
content and with n=12 and _ =1.6 for mixtures with 25 % clay content. The agreement of the
analytical curves with the measured data is satisfying with this set of parameters. The results
are illustrated in fig. 3 and fig. 4.

3   INVESTIGATIONS IN UNDERGROUND LABORATORIES

Concerning the gas migration in the host rock investigations have been performed in Granite
at the Grimsel Test Site (Switzerland) within the “Full-Scale Engineered Barriers Experiment
(FEBEX)” and at the Äspö Hard Rock Laboratory (Sweden) within the “Two Phase Flow
Experiment in Fractured Rock”. Further experiments are running in the Opalinus Clay at the
Mont Terri Underground Laboratory within the projects “Heater experiment, study of the
thermo-hydro-mechanical behaviour of the host rock (HE-D)” and “Sealing of boreholes,
repository rooms, and galleries with clay mixtures (SB)”.

3.1 Full-Scale Engineered Barriers Experiment (FEBEX)

At the Grimsel Test Site, ENRESA performs a test for disposing high level radioactive waste
in granite formations in co-operation with NAGRA and further European partners.
For that experiment a new gallery having a total length of about 70 m and a diameter of
2.30 m was opened by means of a tunnel drilling machine.
In order to simulate the disposed radioactive waste, the containers, and the decay heat two
electrical heaters were installed concentric with the gallery. The main parameters of these
heaters are:

diameter: 0.90 m
length: 4.54 m
surface temperature: 100 °C

The residual volume in the test field was backfilled with a buffer of highly compacted
bentonite blocks. The test field with a length of 15 m was sealed against the open gallery of
the Grimsel test site by a concrete plug with a length of 5 meters.
The test field was installed in 1996 and heating started in February 1997. In February 2002,
heater 1 was switched off, while heater 2 still continues running. The concrete plug, part of
the buffer, and heater 1 were removed for laboratory investigations. In 2003, further
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equipment was installed at heater 2 for determining the long term behaviour of the buffer.
The test field was sealed again by a concrete plug.

The test has three main objectives:
•     to demonstrate the feasibility of handling and construction of the bentonite buffer material

(engineered buffer material), including the industrial production of the real scale
bentonite blocks;

•      to study the thermo-hydromechanical processes of the buffer material and the near
field around the emplacement gallery;

•      to identify the alteration processes in the buffer material and to determine the gas
generation and transport.

The aspects of gas generation and migration are investigated by GRS in the test field and in
an additional laboratory programme.

GF-S-L-01

GF-S-L-05

GF-S-L-02

GF-S-L-06

GF-S-L-04

GF-S-L-03

Cross section at Heater No. 1

Heater No. 2

6 Filter pipes for taking gas samples

Valve-panel

Backfill

Concrete
plug

Longitudinal section

Heater No. 1

Figure 5: Principle drawing of the FEBEX test gallery with the draining pipes for gas sampling

Figure 5 shows a principle drawing of the test field with the two heaters, the buffer, and the
installation for determining the gas pressure and collecting gas samples out of the pore
volume of the buffer for analysis.
In order to determine the pore pressure and the gases generated and released from the
buffer material by thermal and microbial degradation or by corrosion of the metallic
components, six ceramic draining pipes were installed surrounding the electrical heater 1.
Three of these were close to the surface of the heater and three mounted to the gallery wall
(see figure 5). From both ends of these draining pipes, PFA tubes were running through the
buffer and the concrete plug to a valve panel in the open gallery, where the gas pressure
was recorded by a data collection system and gas samples could be taken for qualitative and
quantitative analyses. Additionally, permeability measurements by gas injection tests via the
valve panel and the draining pipes were performed in the non-flooded and in the flooded
buffer and by pressure recovery tests in the flooded buffer.
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The three draining pipes close  to the gallery  wall became flooded by the formation water of
the surrounding host rock within the first three years. The pressure increased up to 0.45 MPa
which represents the formation pressure of the water in the host rock. The three draining
pipes close to the heater did not become flooded within the five years of the test. They
showed atmospheric pressure in the range between 80,4 and 84,2 kPa and a fluctuation of
0.5 to 3.0 kPa within one week. This indicates that neither the concrete plug nor the
unsaturated bentonite buffer is gastight. A variation of the atmospheric pressure of 0.8 kPa
which is also detected in the pipes extracts and replaces about 1% of the gas in the pore
volume of the buffer. The gas is thus rarefied continuously and is exchanged at least once a
year. The analyses of the gas in the no-flooded draining pipes indicated that the components
carbon monoxide, carbon dioxide, hydrogen, methane, ethane, and propane were released
by oxidation and by thermal or microbial decomposition of the organic material within the
bentonite buffer as well as by corrosion of the metallic components (heater and installation).
•  The concentration of carbon dioxide increased from 0.07 vol% (content in the mine air)

to more than 10 vol% as a result of oxidation of the hydrocarbons.
•  The concentration of hydrogen generated by the corrosion of the metallic components

was at the early beginning of the test about 1 vol% and it decrease as a result of the
decrease of corrosion and migration though the untight concrete plug to less than 0.001
vol%.

• The concentration of the hydrocarbons increased from 0.01 to about 0.1 vol% as a result
of thermal decompositions of the organic components in the bentonite.

Laboratory investigation on the generation and release of gases from the bentonite buffer
indicated that the most important component is carbon dioxide. The released amount at a
temperature of 100 °C was more than 2 m3 gas per 1000 kg of bentonite. This amount will
generate unacceptable high pressure in the pore volume of the buffer if the closed repository
is gastight.
The gas permeability in the dry buffer was above 10-13 m2 (it was too high for exact
measurements). In the water-saturated buffer close to the gallery wall the effective
permeability to gas decreased to extremely low values. While a measurement at beginning of
the saturation resulted in 10-15 m2 and it decreased to values below 10-21 m2 when the
interface between host rock and the buffer was saturated. The water permeability determined
by pressure recovery test show at the ealy beginning values in the range of 10-17 m2 and
decreased to values below 10-19 m2 as a result of higher saturation.

3.2 Two Phase Flow Experiment in Fractured Rock

At the Äspö Hard Rock Laboratory (Granite) in Sweden a two phase flow experiment was
performed in 1998 to 2000 in the niche 2715 at the 360-m level. The ojectives of that
experiment were:
• to develop a geological model describing the hydraulic conditions in niche 2715, including

the relevant fracture systems and the petrophysical properties of the rock mass;
• to determine the distribution of hydraulic pressure and effective flow parameter values for

a single fracture and the surrounding rock mass including the gas threshold pressure on
fracture and matrix.

In the near-field of the front face of the niche boreholes intersect the main water-bearing sub
vertical fracture system. Other boreholes were drilled into the matrix in the vicinity of the
water-bearing fracture (about one metre distance), crossing a horizontal fracture plane one
half to three metre apart (figure 1).
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Figure 6: Left: Instrumentation of the experiment in the niche 2715 at the 360 m level.
The red lines indicate the V2 fracture.
Right: Map of the complex V2 fracture system (30 cm to 150 cm).

The rock mass consists of Äspö diorite and fine-grained granite. Several sub vertical ESE-
WNW water bearing fractures and horizontal calcite-filled fractures are the main structures in
the niche. Depending on the scale used, the fracture system which is called V2 was
determined to be the master fracture system in that area. Figure 6 shows the complex
system of the master fracture with steps and splays. From surface mapping the range of the
effective aperture of the master fracture was determined to be one  millimetre or less.
The hydraulic pressure distribution, the effective hydraulic gradient and hydraulic conductivity
were measured in the near field of the tunnel. Extensive gas threshold pressure tests were
carried out to measure the gas entry pressure and to determine the most suitable  location
for the gas dipole test.
The initial pressure distribution is determined from long-term pressure measurements in the
fractures and the rock matrix. Considering the overburden the maximum pressure was
expected to be about 3.5 MPa. The monitored data indicate a steady state pressure
distribution lower than the expected one. Directly behind the front face of the niche the
pressure seems to be influenced by the excavation. The initial pressure in the V2 fracture
beyond the excavation disturbed zone is about 1.8 MPa.
The hydraulic conductivity of the V2 fracture was determined to be in the range of 10-5 m/sec
which corresponds to an effective water permeability of approximately 10-12 m_. This
permeability value correlates to a transmissive zone with a thickness of 5 cm. The extension
of the fracture was calculated to be larger than 30 m in distance to the test area.
Homogeneous fracture flow was assumed to be the appropriate flow model. The results of a
flow test simulation show a relatively good fit of measured and calculated data for the flow
and pressure recovery period.
Horizontal calcite filled fractures were determined to have permeabilities in the range of
10-20 m2 – equal to the permeability of the rock matrix.
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Gas injection tested in packered boreholes is used to determine the Gas Threshold Pressure
(GTHP) and the gas mobility in fractured and homogeneous tight rock .
GTHP (or gas entry pressure) is one of the relevant parameters controlling gas and water
flow in fractured crystalline rock. By definition GTHP describes the pressure which is
necessary to replace the wetting phase (i.e. water) by the non-wetting phase (i.e. gas) in a
fully water saturated pore volume. Due to the surface tension and the size of the pores
GTHP can be orders of magnitudes higher than the initial hydraulic water pressure. Fractures
with an aperture in the range of millimetres are expected to have negligible GTHPs. With
respect to an advective gas flow in the connected pore space of the  matrix the gas pressure
must be much higher. It was the purpose of the gas injection tests to verify the expected low
entry pressure in fractures and to determine the high entry pressure into the matrix.
The results of gas threshold pressure measurements indicate no restrictions for gas entry
into the water bearing V2 fracture, as is shown in figure 7.
In the matrix intervals gas was injected with pressures up to 5.0 MPa. From the very low
decrease of pressure after the shut-in it was concluded, that the GTHP must be much higher
than 5 MPa (The test equipment was limited to 5 MPa.).
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Figure 7: Results of gas injection in the V2 Fracture.

3.3  Heater experiment, study of the thermo-hydro-mechanical behaviour of the host
rock (HE-D)

At the underground research laboratory Mont Terri (Switzerland) ANDRA performs a heater
experiment (HE-D) in collaboration of CEA, GRS and DBE to obtain knowledge about the
coupled Thermo-Hydro-Mechanical processes in the Opalinus clay when heating. Figure 8
show the principle drawing of the test field which is in preparation now. The installation will
be performed end of 2003 and beginning of 2004.The electrical heaters will be switched on
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mid 2004 to heat the surrounding host rock up to 100 °C for six months and to 150 °C for
another six months. Afterwards it will cool down for further six months.

In this test field GRS will perform measurements of:
• pore water pressure;
• gas entry pressure;
• gas permeability and;
• gas diffusivity;
before heating, during the heating phases, and during the cool down phase within different
areas.

Figure 8: Cross section of the HE-D experiment

3.4 Sealing of boreholes, repository rooms, and galleries with clay mixtures (SB)

At the underground research laboratory Mont Terri (Switzerland), GRS performs an
experiment for sealing emplacement boreholes with clay-sand mixtures (SB). Laboratory
experiments  (see chapter 2) indicated that high compacted clay-sand mixtures in the dry
stage have permeabilities in the range of 10-13 to 10-12 m2. In the water-saturated stage its
permeability to water is less than 10-20 m2 and its gas breakthrough pressure is in the range
of 0.01 to 5 MPa. Furthermore, these investigations indicated that it is possible to generate
sealing materials with defined gas and water permeabilities varying the compactions and the
ratios of clay and sand.
The aim of the in-situ test is to prove if it is possible to create borehole seals which allows a
controlled gas flow in the dry and water-saturated stage under repository conditions as well.
The gas pressure in the sealed areas should remain always below the minimum principal
stress and below the gas breakthrough pressure of the host rock in order to avoid fractures in
the surrounding host rock.
For the in-situ measurement of the petrophysical parameters of the different clay-sand
mixtures in the dry, saturated and partly saturated stage, six to eight boreholes will be
instrumented as shown in Figure 9.
The boreholes will have a diameter of 0.1 to 0.3 m and a depth of about 3 m. The lower part
of the boreholes will be filled with a porous material (e.g. alumina beads). Above this layer
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the sealing material will be installed and a further layer of the porous material. The whole
borehole is sealed against the ambient atmosphere by a gastight packer system.

Via the additional inclined borehole and the porous media gas and water are to be injected
into the sealing in order to determine:
• Gas flow in the dry seal at different gas pressures;
• Gas flow into the surrounding host rock at different pressures;
• Water saturation (rate and amount);
• Water flow into the surrounding host rock at different pressures;
• Water flow through the saturated seal at different pressures;
• Gas breakthrough pressure;
• Gas flow in the partly saturated seal at different pressure steps up to the formation pore

pressure;
• Gas flow into the surrounding host rock at different pressures;

The data will be used in the modelling for the determination of;
• Gas permeability of the seal;
• Water permeability of the seal;
• Two-phase flow parameters of the seal;
• Gas and water permeability of the host rock.
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gauge
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resin

packer

gas or water
injection

Figure 9: Principle layout of a test borehole in the SB test field

In the present stage of this experiment, laboratory test are performed for selecting suitable
clay-sand mixtures and for optimising the technical equipment. The in-situ experiments will
start in 2005.
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4   CONCLUSIONS

In repositories for the disposal of radioactive wastes, gases may be generated and released
as a result of corrosion of metallic components, microbial, thermal, or radiolytical degradation
of organic components in the waste, in the backfill and seals, or in the host rock.
In order to avoid unacceptable pressure increase in the residual openings of the repository
these gases should migrate through the seals or existing pathways in the host rock.
Sealing materials of clay mineral mixtures could be designed in a way  that in the dry and
water-saturated stage gases will migrate out of the repository.
Granite formations do have existing pathways which allow migration of gases into the
surrounding host rock.
Within argillaceous formations (Opalinus Clay), relevant experiments are foreseen for the
next years.
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ABSTRACT: Romania requires a deep geological disposal research for the spent fuel (SF)
produced by its nuclear power system based on CANDU reactors. Up to date there is not a
final decision concerning the host rock. So, different type rocks are taken into account.
Based on two NATO-contracts with the GRS-Braunschweig, namely 1) NATO-LG (ES) 972
750/1988 and 2) NATO-CLG(EST) 976 810/2001, a hypothetical repository has been
considered both in granite and salt formations. The key parameter for assessing long-term
safety is the radiation exposure to the biosphere. The results of the calculations demonstrate
that CANDU SF may be safely disposed.

1  INTRODUCTION

Finding a solution for nuclear waste is a key issue, not only for the protection of the
environment but also for future of the nuclear industry. When the first decisions for the
emplacement of the existing nuclear power plants will have to be made, the public will
require to know the solution for nuclear waste before accepting new nuclear plants. This
means that an acceptable solution for the management of nuclear waste is a prerequisite for
a renewal of nuclear power.
Deep geological disposal is a mean of safe containment of long-lived radioactive materials as
Spent Fuel (SF), discharged from CANDU reactors for instance, for many thousands of
years. Deep disposal ensures that any risk from exposure due to accidental intervention or
natural disturbance is reduced to a very low level. The main route by which radionuclides in
the waste could return to the biosphere is movement in groundwater that may eventually
reach the surface to enter the environment. Prior to the construction and operation of a
repository, any country would require the proponent, usually the waste management
organization, to go through a licensing process with the regulators. This process is aimed at
testing the operational and postclosure safety aspects of the concept to demonstrate that the
proposal is based on sound scientific knowledge. Such an exercise is often referred to as
performance assessment, and the process may involve several iterations as knowledge
about a site increases through more detailed site characterization.
Repository postclosure performance assessments attempt to evaluate the radiological safety
of a repository after it has been closed and sealed. Different regulators in different countries
have their own requirements, but in essence they all require safety performance to be
assessed against levels of radiation dose or risk to individuals in the distant future. All
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repository concepts are based on the understanding that some radioactivity will be released
from the facility at some time in the future and find its way back to human environmental.
The ideal repository would be located in a stable area and would be deep enough to be
protected against surface erosion, large climatic changes (such as a new ice age),
earthquakes (which are more severe at depth) and human intrusion, of course. It would be
located in an impermeable formation and it would guarantee that there would be no release
of highly active and dangerous short lived radionuclides during the first thousand years, the
time needed for them to decay completely.  After that first period, in a longer time scale (over
10 000 years), the geological barrier, will prevent long lived radionuclides leaking significantly
into the biosphere, where future generation will live.  The time scale issue has particular
resonance in relation to: 1) the longevity of the engineered barriers that are intended to keep
the radionuclides within the confines of a repository, 2) the rate of radionuclide migration
though the rocks surrounding a repository, primarily through transport in groundwater, and 3)
the way that one assesses safety for human generation living in the distant future. A useful
tool for addressing the first two of these questions is the use of of analog data. In the case of
the engineered barriers is essential the study of natural geological systems, the natural
analogues, which provide the opportunity to test by observation and measurement, many of
the geochemical processes that are expected to influence in a realistic and appropriate way,
the predicted reliability of a repository over long periods of geological time. For the second
question, that of migration of radionuclides through the surrounding rocks, natural analogs
may be also very useful. Natural analogs are occurrences of high concentrations of natural
radioactivity similar to those expected in repositories and can make an important input into
understanding of repository performance. The third issue, the way that, one judges safety for
generations living in the distant future, is usually addressed by producing outcomes for a
range of possible situations. In order to get relevant outcomes, mathematical models are
utilized to calculate the resultant radiation dose that my arise especially from: 1) the
groundwater pathway, in which water slowly move through the repository and may carry
away dissolved radionuclides, 2) the gas pathway, in which there could be the release of
gases that find their way back to the biosphere, and 3) the human intrusion pathway, in
which some future geologic workers may drill into a repository and become exposed.
This is the context in which in Romania has been approached several years ago, in
cooperation with GRS-Braunschweig, the research on deep disposal of SF in two geological
formations: salt and granite. This was possible due to two NATO contracts, namely: 1)
NATO-LG (ES) 972 750/1998 and NATO-CLG(EST) 976 810/2001 of two years for
everybody.

2   LONG-TERM SAFETY ASSESSMENT FOR REPOSITORY IN SALT
FORMATION

Natural analogues are given by nature. They show the results of natural processes which
have lasted sometimes millions of years. Some of these natural processes provide a good
example of what can happen in an underground repository and, as such, can bring
arguments to overcome the difficult time scale issue. For instance, there are oil and gas
fields all over the world covered by sedimentary salt formations, demonstrating the basic
feasibility of geological containment and proving that in many cases nature has been able to
sustain impermeable conditions for a very long period of time.
The very long half-lives of some of the radionuclides present in SF ensure that some of the
waste will remain potentially hazardous, certainly for thousands or millions of years. If we
think well, there is nothing so very unusual about this. After all, conventional toxic materials,
such as heavy metals, will remain toxic for ever – in effect they have infinite half-lives.
However, the question of how waste can be managed over thousands or millions of years
raise difficult issues. This is because such time scales are well beyond individual human or
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even cultural experience. In spite of this fact, there are a few scientific disciplines, such as
geology, archaeology, biology and cosmology which successfully consider and deal with very
long time scale, so that the long-term analyses are feasible.
In this frame, a long-term safety assessment of a repository has been performed for SF from
CANDU reactors in salt formation. A hypothetical repository site has been considered, using
data from European Union Project PAGIS for all parts of the system: near field, overburden,
and biosphere. Three scenarios have been taken into account: subrosion as the normal
evolution of the salt dome, human intrusion into the cavern representing future human
actions, and a combined accident scenario with brine intrusion from the overburden and from
undetected brine pockets. Spent fuel elements have been assumed to be disposed of in big
storage casks in drifts.   

2.1 Subrosion scenario

The scenario assumes that the salt dome is dissolved by groundwater in the cap rock region.
The subrosion of the top of the salt dome is balanced by halokinetic uplift, so that the depth
of the salt dome top is unchanged. As a consequence, the emplacement field raises
continuously and finally reaches the top of the dome. Waste is degraded and dissolved
congruently with salt and transported through the aquifers of the overburden to the
biosphere. The emplacement sites of the repository are located some 500 m below the top of
the present salt dome. The dissolution of the rock salt above the emplacement sites will take
about some millions of years. Once this has occurred, the waste will come into direct contact
with ground water and the remaining radionuclides will pass into the water. The residual
barrier effects of the rock salt and the overburden determine the radiological consequences
to the population. The main difficulties encountered in predicting the radiological
consequences of such a scenario are related by uncertainties in predicting the subrosion
rate, the long-term evolution of the future overburden and ground water movement, and the
consumption habits of the future population. Therefore, a simple model, which allows
calculation of the radiological consequences, has been proposed for the subrosion scenario
[5], [6], and [7]. The difficulties previously mentioned are dealt with by conservative
assumptions, which overestimate the consequences of the scenario. A range of parameter
values, which are used in local sensitivity analyses, represents the uncertainties in the
subrosion rate and in the dilution of the contaminated brine. In order to describe the
processes in the future overburden, modeling approaches are selected, which do not require
detailed knowledge of future groundwater movement or the structure of the future
overburden. Present day consumption habits are used as a basis for intake of radionuclides
via drinking water and food chains.  The evolution of the scenario can be divided into two
time periods. The qualitative and quantitative description of these periods as well as the
mathematical modeling is presented in [1] and [5] According to Figure 1, the total volume of
the emplacement area, i. e. the volume of dissolution of salt occurs evenly across the whole
salt dome, while the dissolution of emplaced canisters surrounded by rock salt can be
estimated by the dimensions of the original emplacement area prior to subrosion. All data are
given in [1], [3], [5]. Release of radionuclides stretches over a time period which depends on
the submission rate and the height of the disposal field. For the range of the subrosion rates
of 2.2 mm/y to 0.0005 mm/y and the height of the disposal field of 10 m, the release
durations are between 4.5.10E 3 y and 2.10 E 7 y. A release duration of 3.0.10 E 5 y results
for the best estimate value of 0.033 mm/y.
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Fig. 1: Subrosion scenario: model of nuclide migration

2.2 Human intrusion scenario

It is assumed that during the solution mining of a storage cavern parts of a 1 000 years old
repository with radioactive waste are laid bare. The waste containers in the affected region
fall down to the ground of the excavated volume and are buried in the sump of insolubles at
the bottom of the cavern. It is likely, that all the containers are then defect and that the
corrosion of the waste matrix starts immediately. Due to the continuing excavation process
an additional layer of insolubles covers the containers. Thus, the sump is divided into two
parts: the bottom part containing insolubles and waste, the upper part only insolubles. After
the mining process the brine in the cavern is replaced by the medium to be stored. The
operational phase of the cavern is assumed to last for about 50 y until the cavern is
abandoned. Then the storage medium is replaced by brine to support the mechanical
stability of the cavern. Afterwards the access borehole is sealed with concrete.

2.3 Combined accident scenario

The repository is modeled according to a hypothetical repository similar to that described in
ref. [9], [10]. In the following, a short overview is given of the general modeling procedure.
The source term for the release of radionuclides from spent fuel elements is assumed to be
the same for spent CANDU and LWR fuel elements, but some data are assumed to be
different. The modeling of the source term is presented in detail in [1]. Finally, some relevant
input data for the near field are compiled. The modeling and input data for the geosphere and
biosphere are taken from refs. [10] and
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Fig. 2. Part of the section system of the near field.

The entire repository consists of 7  emplacement field [11] without changes. The section
structure of the near field is schematically shown in Figure 2. The main field with
infrastructure reason is followed by 7 emplacement fields, each  with 20 emplacement drifts
for containers with spent fuel. It is assumed that in each emplacement field 4 brine pockets
occur, 2 pockets connected to the drifts at the end of the field and 2 pockets connected to the
drifts in the center of the field. The infrastructure region of the main field is modeled as a drift
system with an additional open void. The drifts are modeled as porous media with a flow
resistance according to the permeability, and the additional voids are assumed to be
accessible to brine but not contributing to the flow resistance. Due to the symmetry as shown
by the symmetry axis, a tree like structure of the near field can be modeled.
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 2.4 Input data

All the input data are based on those given in ref.. [12]. The data for the geosphere and the
biosphere are taken over without changes, because the radiation exposures are calculated
only as a tool to compare the results. The intention is, to compare the influence of different
fuel types, and this influence is only given for the near field. For the near field most of the
data are taken from ref. [9],[10]. First, the data that are common to all scenarios are
presented. Among these are: temperature data, container and fuel design data, the
geometrical data of the repository, waste inventories, solubilization data and element specific
solubilities, and dose conversion factors. Additional data concerning the geometry of the
repository (i. e., the section systems of the repositories and the specific geometrical section
data) and the sorption data are presented in Ref. [8], [12]. Finally, specific data for every
scenario are presented. The Subrosion scenario requires knowledge of the following data:
time of begin of release from the repository, salt mass in the emplacement area, and
concentration of salt in drinking water. For the Human intrusion scenario, the following
parameters are required: geometrical data (radius and height of the cavern and also of the
cavity, and final pore volume of the cavity), maximum value of brine pressure, initial and
reference value for the porosity of the sump, and time of spontaneous fill-up of the cavity.
Two more specific data are necessary for a complete description of the Combined scenario.
These are: time of brine intrusion from the anhydrite vein (unlimited brine intrusion), and time
of brine intrusion from the brine pockets (limited brine intrusion).

2.5  Results

All results have been obtained with the german computer code EMOS 5.2 [3].
The consequences of the three scenarios are calculated in two ways: by best estimate
calculations and local sensitivity analyses. Best estimate calculations are deterministic
calculations with best estimate values for the input parameters and some conservative
assumptions in the modeling. Results are presented as doses to individuals for each
scenario, neglecting the probability of occurrence. Local sensitivity analyses are best
estimate calculations with one single parameter being varied over its assumed 3-σ range to
study the behavior of the system. Results of local sensitivity analyses are obtained as
released nuclide masses or as individual doses for each scenario as a function of the
considered input parameter, but for economy reasons will be not inserted in this paper.

2.5.1 Results for subrosion scenario

As known the subrosion rate determines the time of release of radionuclides and the
radionuclide activity, too. In the best estimate case a subrosion rate of 0.033 mm/y is
assumed which results in a time of release of 1.5_10 7 y. Time of release means the onset of
a radionuclide flux into the groundwater. With this value the resulting maximum of the
radiation exposure from CANDU fuel is 3.7_10 -4 Sv/y (and in the LWR case 1.5_10 -4 Sv/y).
The main contributor to dose is U-234 (Ra-226) in both cases. Although these radiation
exposures are rather high compared to the results of the combined accident scenario the
conservative assumptions in the model have to be kept in mind. The results of the best
estimate calculations are listed in Table 1.
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Table 1. Subrosion scenario: Maximum total doses [Sv/y] for CANDU (and LWR) fuel as
function of subrosion rate and concentration of salt and concentration of salt in drinking
water.

2.5.2  Results for human intrusion scenario

In this scenario, the temperatures in the neighborhood of the waste containers after 1000 y
can only be roughly estimated. By these preliminary calculations for CANDU fuel, three
different sets of temperature have been chosen for the cavern sections. These calculations
have been performed to demonstrate the negligible influence of a detailed modeling of the
temperature fields. The results are listed in Table 2. It turned out that, due to the generally
low temperatures of the emplacement field after 1 000 y, it is of minor importance which of
the three options is used. Thus, in order to be conservative, the calculations are performed
with the first set of temperatures, which yields the highest radiological consequences. The
temporal evolution of the scenario starts at t =0 y by leaching the waste matrices, because
containers are assumed to be defect from the beginning of the scenario. After 50 y, when the
cavern is sealed, the porosity of the sump has gained a value of 0.365 (0.217 for LWR fuel)
due to convergence. After that time, the brine pressure rises within less than 0.5 y from the
hydrostatic level of 10 MPa to the given maximum value of 15 MPa. At this pressure it is
assumed, that the sealing of the cavern cracks and that the contaminated brine start to pass
into the geosphere. The increase of brine pressure slows down the convergence, which
reduces the brine flow.
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Table 2: Preliminary tests on the influence of section temperatures to radiological
consequences. CANDU fuel.

The corresponding temporal evolution of the annual radiation exposure is shown in Figures
3. With CANDU fuel, the annual radiation exposure attains a maximum of 6._10 -5 Sv/y at t
=494 000 years. The main contributions to the radiation exposure are from Np-237, followed
by U-233, I-129 and Tc-99.  Se-79 dominates the radiation exposure at early times.

Fig. 3: Human intrusion scenario (CANDU Fuel): Temporal evolution of the radiation
exposure in the reference case.

2.5.3 Results for combined accident scenario

The results are presented for CANDU fuel.. The best estimate values of the input parameters
are also used.The time history of some relevant segments and the amounts of water entering
the entire repository are listed in [1]. It can be seen that all the emplacement fields contribute
to the radionuclide release, because brine from the brine pockets keeps most of the
emplacement drifts open. Thus the intruding brine from the main anhydrite can flow from the
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central field into the emplacement areas. Only those emplacement drifts that are not
connected to brine pockets do not contribute to the release of radionuclides. Because there
is no brine to delay the convergence process, these emplacement drifts are closed by
convergence and the entering brine remains trapped inside the drifts. Almost 15 845 m 3 of
water enters into the repository, 11 347 m 3 intruding from the geo-sphere and 4 498 m 3
from the  brine pockets. About 11 857 m 3 of contaminated water is squeezed out from the
repository over the  time period of 1 million years, which is a little bit more than the total
inflow from the geosphere. By convergence, almost 80% of the volume of the brine pockets
is squeezed out into the emplacement drifts. The main contributions to the total dose are by
I-129, followed by Ra-225, Np-237, and U-233. The temporal evolutions of the radiation
exposures for several of the most important nuclides are shown in Figure 4
The total dose rises to about 9_10 -6 Sv/y at 440 000 y, and is more than one order of
magnitude below the limit of the radiation protection law.

Fig. 4. Combined accident scenario (CANDU fuel): Temporal evolution of the radiation
exposure in the reference case

3 LONG-TERM SAFETY ASSESSMENT FOR REPOSITORY IN GRANITE
FORMATION

The aim of the present research is to perform a long-term safety analysis for direct disposal
of spent nuclear fuel from power plants of CANDU type. CANDU reactors use natural
uranium as nuclear fuel. The study was jointly performed by a Romanian institute and a
German company. Thus, the input data for the calculations are taken from romanian national
data bases. Disposal is assumed to take place in a granite formation. The long-term safety of
such a repository , but for LWR SF, has been investigated in detail as part of a recent project
of the European Commission, called Spent fuel disposal Performance Assessment (SPA



78

project) [ 1 ]. Results of the German participant regarding spent LWR fuel have been
published in detail separately [ 11 ]. The latter report is the basis for the actual investigations.
After contact with groundwater, the radionuclides disposed of in the repository are assumed
to be released from the spent fuel elements and to be transported through the repository
system by diffusive and advective flow. Other release paths are not dealt with in this study.
After transport of the radionuclides to the biosphere a radiation exposure to man occurs.
Thus, the consequences of a potential release of radionuclides are mainly discussed in terms
of annual radiation exposures, i.e. effective doses.
The consequences are calculated by a deterministic method applying the computer codes
GRAPOS, CHETMAD, and EXMAS of the computer code package EMOS [ 3 ], all of them in
the version 1.01. Release from the near field is calculated by GRAPOS, transport in the
geosphere by CHETMAD, and the radiation exposure in the biosphere by EXMAS.
Uncertainties of the input parameters are treated by local parameter variations. The
repositories for spent CANDU or LWR fuel elements are assumed to be different mainly in
the data of the source term for spent fuel and the size of the underground facilities.
Differences in the amount of waste of both countries are also taken into account. A common
model of the source term is applied for both types of fuel.
The general concept for disposal of spent fuel elements in granite is similar for CANDU and
LWR. The containers with spent fuel are placed central in cylindrical emplacement
boreholes, and are surrounded by cylindrical buffer material. The buffer is assumed to
enclose the containers entirely. Thus, there is no advective flow through the buffer and the
release of radionuclides in this part of the repository system is only by diffusion. Flow of
water around the buffer is assumed to be possible through the excavation damaged zone
(EDZ). If a connection exists between the EDZ and a major water conducting fault in the
granite body, then radionuclides can be transported advectively from the EDZ towards the
biosphere. This is considered the reference scenario and it is the single one taken into
account in this study.

3.1 Results for reference scenario

In the following, results of the calculations for the reference case are presented for  CANDU
SF [ 13 ].
The maximum release rates and concentrations from the geosphere into the biosphere are
given in Figure 5 .
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Fig. 5.  Release rates of relevant radionuclides from the geosphere into the biosphere

4  SUMMARY AND CONCLUSION

Performance assessmets for a hypothetical repository for CANDU SF in salt formation have
been performed in terms of effective doses for three scenarios: subrosion, human intrusion
and combined accident.
- For the subrosion scenario with best estimate values of the input parameters, the radiation
exposures are at the radiation protection limit of 3_10 -4 Sv/y. A maximum radiation
exposure of 3.7_10 -4 Sv/y has been calculated for CANDU fuel. The main contributor to
radiation exposure is U-234.
- In the human intrusion scenario with best estimate values of input parameters, the
maximum radiation exposure for CANDU fuel is 6.8.10-5 Sv/y and is  mainly caused by Np-
237. Thus, the consequences of the human intrusion scenario are acceptable, especially
because its probability of occurrence is low.
- In the combined accident scenario an intrusion of brine from the overburden into the
repository via the main anhydrite is considered in combination with a limited brine intrusion
from brine pockets which are located in the neighborhood of the emplacement galleries.
Applying best estimate values of the input parameters, the maximum radiation exposures for
this scenario are 9_10 -6 Sv/y for CANDU  The most relevant nuclides are I-129 and Ra-225
for CANDU fuel.
In case of granite formation only reference scenario has been taken into account for a
hypothetical repositoy for CANDU SF.
- Sensitivity analyses must be performed for spent fuel safety or performance assessment
in order to predict the final consequences of the uncertainties related to poor or insufficiently
accurate data.
- Four input parameters (the water flow through the EDZ, the bentonite buffer thickness, the
geosphere water flow rate and the biosphere dilution factor) were identified, whose variations
may lead to important consequences in the safety or performance indicators (at least one
order of magnitude.
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ABSTRACT: A 3D basin model of the Paris basin is presented in order to simulate through
geological times fluid, heat and solute fluxes. This study emphasizes: i) the contribution of
basin models to the quantitative hydrodynamic understanding of behaviour of the basin over
geological times and ii) the additional use of AGCM to provide palaeo-climatic boundaries for
a coupled flow and mass transfer modelling, constrained by geochemical and isotopic
tracers. We show the importance of topography at the beginning of Tertiary to explain high
salinities in the Keuper reservoirs and the role of the Bray fault for the Dogger salinity
evolution. An extended stratigraphic data base is used to test the possibility of reproducing
the hydrogeologic heterogeneity for only three layers (Dogger/Callovo-Oxfordian/Lusitanian).
This allows us to propose a satisfactory representation of the permeability field heterogeneity
at the regional scale. As a perspective we present climate simulations for the present, the
Last Glacial Maximum (21ka) and the middle Pliocene (3 Ma). The results indicate that a
significant variation in climate variables occurred and hence illustrate the evolution of
hydrogeological boundary conditions. These results will be used as input in a 3D
groundwater model of the Paris basin.

1  INTRODUCTION

A 3D basin model of the Paris basin is presented here in order to simulate through geological
times fluid, heat and solute fluxes. This study emphasizes: i) the contribution of basin models
to the quantitative hydrodynamic understanding of behaviour of the basin over geological
times, and ii) the additional use of Atmospheric General Circulation model (AGCM) to provide
palaeo-climatic boundaries for a coupled flow and mass transfer modelling, constrained by
geochemical and isotopic tracers.
Firstly, in a genetic way, basin model is used to reproduce geological, physical and chemical
processes occurring in the course of the 248 My evolution of the Paris basin that ought to
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explain the present-day hydraulic properties at the regional scale. As basin codes try to
reproduce some of these phenomena, they should be able to give a plausible idea of the
regional-scale permeability distribution of the multi-layered system, of the pre-industrial
hydrodynamic conditions within the aquifers and of the diagenesis timing and type of
hydrodynamic processes involved.
Secondly, climate records archived in the Paris basin groundwater suggest that climate and
morphological features have an impact on the hydrogeological processes, particularly during
the last 5 My. An Atmospheric General Circulation model (AGCM) is used with a refined
spatial resolution centred on the Paris basin to reproduce the climate for the present, the
Last Glacial Maximum (21 ky) and the middle Pliocene (3 My). These climates will be
prescribed, through forcing functions to the hydrological code with the main objective of
understanding the way aquifers and aquitards react under different climate conditions, the
period and the duration of these effects.
Finally, the Paris basin has been studied for a number of years by different scientific
communities (geologists, palynologists, rock and water geochemists, rock mechanists,
hydrogeologists, climatologists, modellers and industrial companies (Gas Storage, Petroleum
and Water resources exploitation), thus a large amount of data has been collected. By
integrating all these actors in a same research programme (PNRH.99/35-01/44: ‘Paris basin
modelling’) we were able to draw a more comprehensive view of the Paris basin evolution.
This work is still in progress, the basin model results will be first emphasized in this short
paper, and while the hydro-climatologic modelling will be presented as a perspective for our
future work.

2  BUILDING THE MODEL

2.1 Numerical code

The NEWBAS code developed by Belmouhoub (1996) reproduces processes such as
sedimentation, erosion, fluid flow, heat and solute transport. It is a finite volume code taking
into account evolution of the geometry along time. For the last two processes, we
implemented the effect of density variations on the flow. We tested the accuracy of: i) a
facies-model instead of a discrete litho-facies distribution for three layers of the system
(Dogger, Lusitanian, Callovo-Oxfordian) and ii) a compaction and petrophysical law valid for
carbonates (Lucia, 1995). In future work, this has to be generalised for the entire layers of
the system (see below).
Fluid flow through the main faults was simplified. Most of the time, during the simulations,
faults play a barrier role when a layer is geometrically disconnected from one bloc to another.
But according to the geological evolution (direction of the main constraint) one of them, the
Bray fault, plays a role as a drain during the last 50 My. We allowed vertical fluid flow at this
time for those meshes representing the Bray fault.
The only way available to validate our model is on the present-day data set. So we have no
control on what happens before and the model results are just a trend of what could have
occurred according to the diagenetic data.
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2.2 Geometry

According to the palaeo-geographic evolution of the Paris basin recorded in the literature
(Dercourt et al., 2000), the present-day limit of the basin underestimates the real extent of
the flooded surface area during certain periods over its 248 My geological history. Therefore,
in order to prescribe meaningful boundary conditions at the proper location, the dimension of
the resulting domain is 700,000 km2. Due to the dimensionality and the variable nested
squares meshing possibility of our code, the mesh is refined from the peripheral domains (20
km x 20 km_ mesh) where the knowledge is poor, towards the centre of the basin (2.5 km x
2.5 km_ mesh) following the main structural features where a more precise knowledge is
available. The Z direction is accounted for by the time-varying thickness of the layers at each
node. The precision of the study is at the regional scale, for the whole basin, except for a
more accurate description at the centre of the basin where the number of data is larger. The
time scale corresponds to geological events, ~1 My, but it is not precise enough for
Quaternary period, for instance. This is the reason why a second model is in progress for the
Quaternary, to test the hydrodynamic impact of palaeo-climatic and anthropogenic forcing
effects.

2.3 Data set: input, constraints and validation

The present-day geometry and lithology (Fig. 1) is established using a stratigraphic data
base of more than 1,100 petroleum well logs for the Paris basin sensu stricto (Guillocheau et
al., 2000). For the German and the English areas, qualitative data were collected from the
literature (Geyer and Gwinner, 1968; Sellwood et al., 1986; Baldschunh, 1996).
19 time surfaces inferred from a sequential stratigraphic approach were selected and, with
the topographical (DEM) and basement surfaces, our model is described by 20 layers.
In a first approach, the lithology distribution over the simulation domain is described using a
discrete litho-facies classification: the central points of 18 subdivided domains within two
ternary plots which poles are shale, sand, carbonate (plot 1) or chalk (plot 2). A 19th lithology
is added for evaporite deposits. In this first approach, the lithology proportions from the data
base are interpolated by kriging on the mesh to give the discrete litho-facies distribution. In a
second approach tested for two carbonate aquifers (Dogger and Lusitanian) and one
aquitard (Callovo-Oxfordian) we have developed a facies model where the interpolated
proportions, obtained by kriging with the pole lithologies, are then directly assigned to the
cells.
For the compaction law, we used porosity-depth functions from the literature (Sclater and
Christie, 1980; Burrus, 1997).
The palaeogeographical evolution is constrained by the mean topographical and water depth
gradients deduced from recent work (Guillocheau et al., 2000). This work allows us to
determine the timing of the main up-lifts and their amplitude.
The heat flux at the basement is considered as constant during the Paris basin geological
evolution, but regionally variable due to the basement heterogeneity, as described by
Lucazeau and Vasseur (1989) and Prijeac et al. (2000).
We need also data to constrain or validate our model. Those data concern hydrodynamic
properties (porosity, hydraulic conductivity, water level, storage coefficient) and diagenetic
observations (palaeo-temperature and palaeo-salinity deduced from fluid inclusions studies,
Matray et al., 1989, Guilhaumou, 1993, Spötl et al., 1993, Demars et Pagel, 1994, present
temperature profiles from petroleum monitoring, Demongodin et al., 1991, Gaulier and
Burrus, 1998).
Unfortunately some useful data were missing: water levels of the main aquifers before
anthropogenic exploitation; hydraulic conductivity values for the aquitards; more precise data
about palaeo-topography, geometry and lithology at the outcrops. We will need data about
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not only the geometry of the main faults of the basin but also the knowledge of their in-fillings
and the timing of their evolution inferred from the tectonic constraints and the sedimentation
rate from one block to another.

3  RESULTS

Regional scale fluid flow has currently been invoked in fluid inclusion studies to explain
diagenetic cementation stages. These studies, which provide estimates of past temperatures
and salinities, also provide some constraints for the model and in return, with the model, we
can propose a timing calibration for the major cementation events (Tab. 1). Thus, the heat
and salt transport reconstruction proposed in this work allows to determine the influence of
hydrodynamics on diagenetic processes.
We show the importance of topography to explain high salinities in the Keuper reservoirs and
the role of the Bray fault for the Dogger salinity evolution. The major uplift of the basin at the
beginning of the Tertiary causes a topographically-driven flow which replaces the
compaction-driven regime, thus allowing brine migration from the Eastern salt formation
towards the Western Keuper reservoirs. The recharge at the outcrops affecting the aquifers
leads to sufficient pressures to allow an upward motion of brines from the Keuper to the
Dogger by considering enhanced permeabilities for the liassic aquitards. Although dominated
by its conductive component, heat flow is also influenced by hydrodynamics with a possible
convective cooling effect related to the main uplift and the recharge at the beginning of the
Tertiary. This effect is likely to explain part of the highest temperatures inferred from fluid
inclusions and probably coeval with the end of the Chalk deposition. From our calculations,
the major diagenetic events recorded by fluid inclusions are related to the Tertiary uplift for
thermal reasons (maximum burial and convective cooling) and chemical reasons
(topographical event favourable to brine migration in both the Keuper and Dogger
reservoirs).
Concerning the use of the basin code as a qualitative tool to estimate regional scale
permeabilities, our approach presents similarities with both the genetic and the geostatistical
approaches. The sedimentation and the compaction are simulated using a 3D basin model
that takes as a major input a heterogeneous facies model generated by geostatistical
methods. An extended stratigraphic data base is used to test the possibility of reproducing
the hydrogeologic heterogeneity for only three layers (two carbonates: Dogger and
Lusitanian and one argillaceous: Callovo-Oxfordian). This allows us to propose a satisfactory
representation of the permeability field heterogeneity at the regional scale (Fig. 2). This
method should now be applied to the entire stratigraphic model and the permeability fields
could be used in a more classical hydrogeologic model as the starting point for a fluid flow
calculation to be calibrated on hydraulic head data. This approach should be compare also to
other kind of methods currently used in hydrogeology (inversion, stochastic…).
The main difficulty is to validate our model. Our sensitivity study shows that from an
hydrodynamic point of view, our modelled system is fixed. Because, for the last 8 My, the
hydrodynamic boundary conditions prescribed on surface are unchanged and, our model has
reached a steady state. This is a no-negligible simplification which sensitivity will be test
through the hydro-climatologic modelling. The validation can be done on present-day data
set. For the past evolution, we had to use diagenetic data. For the validation of our
hydrodynamic results, the main difficulty were: i) the difference in scale between our results
(more than 2.5 km in space) and the data acquired (around 100 m in x, y space, less for
vertical resolution); ii) the unequal knowledge on the different layers and the heterogeneous
distribution of the data. To compensate those problems, we used an upscalling method
based on the work of Renard et al. (2000) to compare upscalled permeabilities calculated
from the data set to those calculated by the simulations.
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4  CONCLUSIONS AND PERSPECTIVES

The model is able to reproduce palaeo-fluids flow and their diagenetic implications based on
reasonable permeability field and hydrodynamic boundary conditions. During the geological
evolution of the basin, we show that no overpressure due to compaction effects existed for a
time (less than 100,000 years). Other potential effects to explain the observed overpressures
in some of the aquitards can be invoked, such as osmotic effects, changes in hydrodynamic
and tectonic boundary conditions. For those two last effects our work is still in progress.
The present-day geometry and hydrodynamic features are now used for another modelling
looking for small time scale (last 5 My) and testing the climatic and anthropogenic effects on
present-day hydrodynamic.
The originality of our work lies in the way it has been performed, i.e.: the quality of the data
set we used (the most complete ones), the number of scientists involved in this work (pluri-
disciplinary cooperation), the time and space scales we used, the efforts of considering all
the relevant processes in the evolution with time of the sediment properties.
During this program, our goal was to provide data to our models but we did not neglect to
use the Paris basin case study to develop more theoretical work on more focused aspects
(Bruel et Violette, 2002; Cosenza et al., 2002; Luo et Vasseur, 2002; Jost et al., 2003;
Gonçalvès et al., submitted, cited for examples).
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Figure 1: 3D geometry and discret-model lithologies distribution of Paris basin over three
cross sections at present time.

KEUPER DOGGER
Temperature:
p r o c e s s u s  &
quantification

Blanketting + erosion a 20°C
Surface temperature a 10°C
Convective effect a 5 à 10°C

Surface temperature

Salinity: processus gravity flow motion when
topography exists

Convective movement along
Bray fault but calculated salinity
lower and very local

Chronology Qz/Fd : 85 My
Dolomite : 65 My
� 80 à 40 My by dating

Calcite up to 50 My

Table 1 : Synthesis of the diagenetic impact of different processes for two reservoirs in the
Paris basin.
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Figure 2: Correlation between upscaled permeabilities calculated from measurements and
simulated permeabilities, Dogger: (a) discrete facies and (b) precise facies.
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ABSTRACT: Highly compacted bentonite buffers are planned to be used as engineered
barriers in the near-field of nuclear waste repositories in crystalline formations. The erosion
of these bentonite buffers at the boundary to the surrounding Excavation Disturbed Zone
(EDZ) can be a source of colloids leading to a notable concentration of colloids in the EDZ
water, which is high above the natural colloid concentration in granitic groundwater. The
colloids are transported with the fracture water through the far-field of the repository.
In this work the influence of the bentonite colloids on the radionuclide transport in the far-field
and on the resulting dose is studied for the Finnish safety assessment TILA-99 [7]. This work
was carried out as part of the Benipa project [1].
The release of radionuclides from the far-field is calculated without the presence of colloids in
the reference case and is compared to the release rate with the presence of colloids at
different concentrations. This study shows, that the colloids can have an impact on the
release rate of some special radionuclides, however these nuclides have shown not to be
dose-relevant in this calculations.

1  INTRODUCTION

Colloids are particles of 1 nm to 1 mm in size which are suspended in water. They are
ubiquitous in natural groundwater and are known to be able to influence radionuclide
transport if found in sufficient concentration since the radionuclides can be sorbed on the
colloids, what changes their transport behaviour [2].
Especially in fractured rock media like granite their influence is of interest: Due to their size
the colloids cannot penetrate the matrix pores of the granite rock and consequently they are
only transported in the fractures. Radionuclides which are sorbed on colloids are therefore
also excluded from matrix diffusion, which is generally one of the most important reasons for
radionuclide retardation in fractured media. In addition radionuclides being sorbed on colloids
cannot be sorbed elsewhere. Both effects can lead to an accelerated radionuclide transport.
For natural groundwater colloids these effects are well known and a mathematical
description was developed to calculate the influence of colloids on radionuclide transport [6].
Recent experiments from Missana et al. [4] on FEBEX bentonite have shown that the erosion
of a bentonite buffer can be an additional source of colloids and lead to a notable
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concentration of colloids in the fracture water, which is high above the natural colloid
concentration in granitic groundwater.

Since the generation of colloids at the granite / bentonite boundary seems to be likely
according these experiments, GRS investigated their influence on the radionuclide transport
for the Benipa reference case for borehole emplacement. The term colloid is used in the
following synonymous for colloids generated at the granite / bentonite interface.

2  MODEL AND CODE

Figure 1: Colloid generation and transport process

A simplified description of the colloid facilitated transport process is shown in figure 1. A
fracture intersects the EDZ around a borehole resulting in a water flow at the bentonite /
granite boundary, where the colloids are generated. Radionuclides diffuse through the
bentonite buffer and are also released to the fracture water. The radionuclides then are
partially in solution, diffusing into the granite matrix or are sorbed on the colloids. A
mathematical model for the colloid facilitated radionuclide transport under these assumptions
was developed by Smith [6]. This model was implemented in the CHETMAD code, which
thereupon was used for modelling the influence of the colloid facilitated transport on the
Benipa reference case.
The transport processes modelled in CHETMAD are advection, diffusion and dispersion for
radionuclides and colloids. Linear sorption is taken into account for the radionuclides on the
granite matrix and for the colloids on the fracture walls. The following additional assumptions
are made in CHETMAD:
- sorption equilibrium is reached instantaneously,
- the sorption of radionuclides on the fracture walls can be neglected in comparison to the

sorption on the granite matrix, i.e. radionuclides do not sorb on the fracture walls,
- colloids do not penetrate the matrix,
- colloid concentration is constant in space and time,
- dispersion length of nuclides in solution and of those sorbed onto colloids is the same,
- distribution coefficient for nuclides on mobile and immobile colloids is the same.
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3  DEFINITION AND DATA

Experiments from Missana and also Schäfer et al. [5] showed that even at high
concentrations the bentonite colloids are stable over a long period of time under sweet-water
conditions, but are becoming unstable in water conditions with an ionic strength higher than
10-2 mol/l. Therefore, the influence of the colloids on the radionuclide transport was tested for
a case under sweet-water conditions. The near-field and far-field parameters were chosen as
for the ns50 case in the TILA-99 safety assessment [7]. The most important parameters of
the near-field and the far-field are given in the tables 1 and 2.
The information about colloid generation at the bentonite boundary is still quite poor. Missana
et al. [4] at CIEMAT made two types of column experiments simulating the granite / bentonite
boundary; in dynamic and quasi static water flow conditions. The dynamic experiments
showed that the colloid concentration increases with water flow. At a water flow rate of
175 ml/y a total concentration of more than 200 mg/l of solids with up to 3 mm in size was
found including a fraction of particles with less than 450 nm in size of 0.7 mg/l. The water
velocity in that experiment can only be estimated from a best guess for the fracture aperture
to be about 1mm. The experimental cell geometry is 150 mm in length and 38 mm in width
thus the fracture volume results to be 5.7 ml. With the lowest volume flow rate used in the
experiment of 61.3 ml/y we obtain that the fracture volume is replaced 11 times a year and
the mean water velocity is 1.65 m/y.
However, mechanical erosion does not play the only role in bentonite colloid generation.
Colloids can be formed even in static conditions by forming a clay gel. The quasi static
experiment lasted one month and resulted in a total concentration of 35 mg/l of solids up with
to 3 mm in size including a fraction of particles with less than 450 nm in size of 8 mg/l.
The influence of the bentonite colloids on the radionuclide transport in the far-field and on the
resulting dose is studied for the Finnish safety assessment TILA-99. According to the
experiments by Missane et al. the colloid concentration was varied in the calculations in four
steps to be 0, 1, 10 and 100 ppm. Sorption of colloids on the fracture walls was not taken into
account in the calculations neither was an enhancement of the colloid velocity relative to the
water flow. The distribution coefficients for the radionuclides on the granite matrix were taken
from the TILA-99 study. Data for distribution coefficients for nuclides on the bentonite colloids
are not available thus the reference values for nuclides on the bentonite buffer from the SPA
study were used [3]. The distribution coefficients for the most important nuclides are given in
table 3.
To estimate the influence of the colloids on the radionuclide transport a dose rate was
calculated from the release rate of nuclides from the geosphere. The dose conversion factors
were derived according the WELL-97 scenario [7]. This scenario is based on the release of
the radionuclides into the catchment-area of a deep well for extraction of drinking water.

Table 1: Near-field parameters
Parameter Value
Inventory TILA-99
Container Lifetime 10 000 a
Outer diameter of the container 1.05 m
Outer diameter of the bentonite buffer 1.75 m
Bentonite porosity 0,41
Diffusion coefficient in Bentonite 2.33·10-10 m2/s
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Table 2: Far-field parameters
Parameter Value
Transport pathway length 600 m
Transit time 25 y
Volume flow in the EDZ 1.2·10-3 m3/y
Diffusion coefficient in the matrix 6.3·10-4 m2·a-1

Matrix porosity 1·10-3

Distribution coefficient for nuclides on matrix
Distribution coefficient for nuclides on colloids

table 3

Colloid concentration 0; 1 ; 10 ; 100 ppm
Distribution coefficient for colloids on fracture wall 0 m
Factor for enhancement of colloid velocity relative to water
velocity

1

Table 3: Distribution coefficients for selected nuclides
Distribution coefficient [m3/kg]

Element
on granite matrix on colloid

C 1·10-4 0.01
Cl 0 0
Ni 0.1 1
Se 5·10-4 5·10-3

Sr 5·10-3 0.01
Zr 0.2 1
Nb 0.02 1
Tc 0.05 0.1
Pd 1·10-3 1
Sn 1·10-3 1
Cs 0.05 0.01
Sm 0.02 5
Ra 0.2 0.01
Th 0.2 5
Pa 0.05 1
U 0.1 5
Pu 0.5 5
Np 0.2 5
Am 0.04 5
Cm 0.04 5

4  RESULTS

Figure 2 shows the influence of the colloid facilitated radionuclide transport on the sum dose
rate. The black line (0 ppm) denotes for the dose rate obtained in the reference case without
any colloids. The other three curves show the influence for different colloid concentrations of
1, 10, and 100 ppm.
It follows that the total effect of the colloid facilitated radionuclide transport on the sum dose
rate for the examined case is negligible for times below about 1·105 y. There even can be
found a small reduction in the dose rate due to the colloid facilitated transport for
concentrations of 1 and 10 ppm at about 7·104 y. This circumstance is explained below.
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For large times greater than 1·105 y the dose rate is increasing with colloid concentration.
However, the maximum increase for 1 ppm and 10 ppm is only about a factor of 1.5.
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Figure 2: Sum dose rate versus time for 4 different colloid concentrations

The colloid facilitated transport in general has two influences on the time dependence of the
radionuclide transport.
- The presence of colloids accelerates the radionuclide transport process. Because of the

radioactive decay of the radionuclides a smaller travel-time can also result in a smaller
fraction of decayed nuclides and thus in a higher dose rate.

- The nuclides are not only transported faster, but many nuclides are transported with the
same velocity namely the one of the colloids. This leads to more nuclides to arrive at the
biosphere at the same time i.e. the tailing of the dose rate versus time curve is less. The
peak of the dose rate versus time curve is sharper and has an increased maximum.
Thus the effect also results in an enhanced dose rate.

The detailed effects of the colloids on radionuclide transport are exemplarily discussed in the
following for the nuclides Sn-126 and Pu-240. The dose rate resulting from Sn-126 is shown
in fig. 3. The maximum of the dose rate resulting from the nuclide Sn-126 is increased by the
colloid facilitated transport by a factor of about 2. This increase is nearly independent of the
three colloid concentrations used for modelling, what indicates a saturation effect; the
maximum amount of Sn-126 is already sorbed at a colloid concentration of 1 ppm. This is
due to a low distribution coefficient of Sn-126 in the granite matrix compared to the
distribution coefficient on the colloids.
The increase in dose rate of Sn-126 is mainly a consequence of a decreasing tailing of the
dose curve due to the presence of colloids. More nuclides arriving at earlier times result in
less nuclides arriving at later times and thus in a decrease in the dose rate at times later than
the arrival of the maximum, at about 7·104 y. Since Sn-126 is the dominating nuclide for the
dose at this point in time, the sum dose is reduced, too.
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Figure 3: Dose rate of Sn-126 versus time for 4 different colloid concentrations
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Figure 4: Dose rate of Pu-240 versus time for 4 different colloid concentrations

The dose rate resulting from Pu-240 is shown in fig. 4. This nuclide is not relevant for the
sum dose, but it is of interest since the influence of colloid facilitated transport has a different
behaviour than for Sn-126. There is a negligible influence on Pu-240 at a colloid
concentration of 1 ppm, a moderate increase of about a factor 1.5 at a concentration of
10 ppm and a high increase of nearly a factor of 20 at a colloid concentration of 100 ppm.
This behaviour is linked to the half-life and travel-time of Pu-240.
A significant increase of the dose rate due to colloid facilitated transport can be expected
whensoever the mean travel-time of a nuclide is about twice up to six times its half-life. After
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a travel-time of two to six times the half-life the radioactive decay has lead to an intense
decrease of the release rate from the far-field. Even a small reduction in the travel-time due
to colloid facilitated transport can than lead to a significantly less amount of decayed nuclides
and thus to a notable impact on the release rate from the far-field.
The half-live of Pu-240 is 6 542 y. At the time of arrival in the biosphere most of the Pu-240
has already decayed since the travel-time without colloids is about 8 times its half-life. A
colloid concentration of 100 ppm leads to a reduction in travel-time of about 9 100 y, which is
about 1.4 times the half-life of Pu-240 resulting in a significant less fraction of Pu-240 to
decay.
This example shows that colloids generated at the bentonite buffer can have a significant
influence on the transport of some nuclides and could also have on the dose rate if these
nuclides are dose-relevant.

5  CONCLUSIONS

From the modelling of the colloid facilitated radionuclide transport the following conclusions
can be drawn:
-  The colloids can have an effect on the radionuclide transport. Since the generation of

colloids at the bentonite/granite interface cannot be excluded, the colloid facilitated
radionuclide transport from these colloids should be investigated.

-  The effect of colloid facilitated transport depends on the distribution coefficient for the
nuclide on the colloids. The highest distribution coefficients have the actinides as well as
Ni, Zr, Nb and Sn.

- For the examined case the impact of the colloid facilitated radionuclide transport on the
sum dose rate is rather low. A colloid concentration of 10 ppm leads to an enhancement
in the dose rate by a factor of about 1.6.

- There can be a higher impact on the dose rate from some special nuclides depending on
their half-life and mean travel-time in the geosphere. Although these nuclides are not
relevant for the dose rate in the examined case, the colloid facilitated radionuclide
transport can have a higher impact for a different type of waste or far-field parameters.
Thus the colloid facilitated radionuclide transport should be considered in the long-term
safety analyses.
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ABSTRACT : In Germany, the radiation exposure levels for individuals are determined ac-
cording to the provisions of the Radiation Protection Ordinance (StrlSchV) (1), considering
reference persons at the highest exposure locations as example for several specified expo-
sure paths, habits and behaviour. This issue was dealt with within the framework of Project
StSch 4283, sponsored by the Federal Office for Radiation Protection (BfS), which included
the analysis and assessment of the conservativity of the assumptions for the reference per-
sons in § 47 StrlSchV (1) and the general administrative provisions (AVV) (2) for the expo-
sure path “ingestion of contaminated food” in the area of selected nuclear sites.
The aim of the project, to determine the degree of conservativity of the AVV via the ingestion
paths, was realised by forming ratios between the “critical group”, i. e. the group with the
maximum ingestions rates, which, according to StrlSchV (1) and AVV (2), is usually referred
to for the calculation of the potential radiation exposure, and the “reference group”, the “re-
gional group within a of 5 km radius” and the group of the “farm shop customers”. The re-
spective value indicates by which factor the radiation exposure for the “critical group”, usually
calculated according to AVV, is higher than the one that can be determined under considera-
tion of realistic data on the site-specific conditions as well as shopping and eating habits that
are typical for a region.
The result shows that without consideration of the region’s typical cultivation and consump-
tion habits, the radiation exposure via the ingestion paths “exhaust air” is overestimated by a
factor of 10 on average, and “waste water” by a factor of 20.

1  INTRODUCTION

In Germany, the radiation exposure levels for individuals are determined according to the
provisions of the Radiation Protection Ordinance (StrlSchV) (1), considering reference per-
sons at the highest exposure locations as example for several specified exposure paths,
habits and behaviour, stated in Annex VII of the Radiation Protection Ordinance (1). The pro-
cedures and further assumptions and data sets required for calculation are stated in the gen-
eral administrative provision of §47 of the Radiation Protection Ordinance on the determina-
tion of radiation exposure resulting from release of radioactive substances from nuclear
power plants or facilities (2). According to § 47 of the Radiation Protection Ordinance
(StrlSchV) (1), the adherence to limit values for individual persons of the population is en-
sured if this is demonstrated on the basis of the provisions stated in § 47 and the general
administrative provisions (AVV).
Within the framework of project StSch 4283, the conservativity of the assumptions for the
reference persons in § 47 StrlSchV (1) and the general administrative provisions (AVV) (2)
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for the exposure path “ingestion of contaminated food” in the area of selected nuclear sites
was analysed and assessed. This included the following investigations:
• Determination of the cultivation of agricultural and horticultural products in the area of

the sites,
• determination of the drinking-water supply at the sites,
• determination of the degree of self-supply of the population in the area of the sites,
• determination of the supply of regional agricultural and horticultural products.

The conservativity of the assumptions on the ingestion path according to § 47 StrlSchV
is determined by the comparison of the calculated dose rates with those based on the
actual use for the sites of the nuclear power plants Biblis, Brokdorf, Brunsbüttel,
Emsland, Grafenrheinfeld, Grohnde, Gundremmingen, Isar, Krümmel, Neckarwestheim,
Philippsburg and Unterweser.

2  CALCULATION BASES

The radionuclide activities in food in the near field of a nuclear facility depends on
• the amount of releases of radionuclides with exhaust air and waste water from the plant,
• the nuclide spectrum of the releases,
• the dispersion of radionuclides through air and water, and
• different nuclide-specific, ecological and agricultural characteristics and parameters as

well as dose factors.
The nuclide spectrum, the nuclide-specific ecological and agricultural characteristics and
parameters as well as the dose factors are stated in AVV (2). The releases (source
strengths) and dispersion factors, however, differ from plant to plant.

2.1  Nuclide composition and source strengths

The model mixtures for releases via exhaust air and waste water according to AVV (2) were
chosen for all plants.

Table 2.1-2: Model mixtures for radioactive releases via waste water and exhaust air
according to AVV (2)

Waste Water Exhaust Air
Nuclide Percentage Nuclide Percentage
Co-58 19 Co-58 10
Co-60 20 Co-60 40
I-131 10 Cs-134 15
Cs-134 20 Cs-137 34
Cs-137 30 Sr-90 1
Sr-90 1

The releases via exhaust air only consider stack emissions. For all sites, the releases of ra-
dioactive substances via exhaust air and waste water are based on the emission rates ap-
proved by the authorities. For the radionuclides H-3 and C-14, the emission rates were de-
termined on the basis of measured values from specified normal operation.
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2.2  Dispersion

The area within a radius of 5 km around each facility is 78.5 km_. For this area, a represen-
tative fallout and washout factor was determined. The actual height of the stack was as-
sumed as effective stack height. A potential impact on dispersion by cooling towers or oro-
graphy of the site has not been taken into consideration. The dispersion factor was assessed
according to the normalised dispersion diagrams, the washout factor according to the simpli-
fied method of the AVV (2).

3  FARMING AND DRINKING-WATER SUPPLY AT NUCLEAR SITES

3.1  Agricultural and horticultural use in the area of nuclear sites

The agricultural areas were estimated on the basis of the types of land cover of the geo-
graphical data base CORINE (COoRdination of INformation on the Environment) Land Cover
(3) of the European environment information and observation network (4). The standard no-
menclature of land cover in CORINE Land Cover (3) includes 44 different types of land
cover, being 36 of it relevant to the Federal Republic of Germany.
Fig. 3.1-2 shows the relation between agricultural areas and land cover, taking the Biblis site
as example.
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Fig. 3.1-2: Relation between agricultural area and land cover according to CORINE Land
Cover
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3.2  Determination of the agricultural production in the area of the sites

In Germany, the cultivation and production of crops, the type and size of agricultural farms,
breeding, husbandry and feeding of pigs, beef cows, dairy cows, chickens etc. is systemati-
cally recorded on behalf of the ministers of agriculture and published by the statistical offices
of the Länder and the Federal Statistical Office at regular intervals.
With the agricultural land uses derived from the land cover and the average yields at the ad-
ministrative district level, the agricultural production was determined for the 5 km radius
abound the respective sites. The results of this evaluation is presented in Table  3.1.
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Table 3.1: Potential agricultural products for human consumption within a radius of
5 km around the sites

Site Leafy vegetables Vegetables Fruit Wheat Potatoes
Biblis 1,116.7 10,848.7 517.8 6,068.6 9,672.2
Brokdorf 8.4 308.6 164.6 339.0 607.6
Brunsbüttel 16.1 1,679.8 184.5 684.0 1,275.3
Emsland 507.0 3,451.8 745.7 280.6 22,673.0
Grafenrheinfeld 325.4 7,990.2 180.5 5,112.0 472.6
Grohnde 781.4 4,323.6 594.3 8,802.9 0.0
Gundremmingen 75.7 1,628.0 254.1 5,889.1 2,700.9
Isar 114.3 2,173.1 102.6 4,338.0 2,191.0
Krümmel 271.6 2,907.0 1,076.9 1,941.8 3,381.2
Neckarwestheim 509.0 3,016.4 981.7 4,076.4 3,267.5
Philippsburg 415.1 2,407.6 852.1 2,518.7 8,289.6
Unterweser 0.0 0.0 437.5 0.0 0.0

The results of the annual livestock census are also registered at the statistical offices of the
Federal Government and the Länder. Here, distinction is drawn between dairy cows and beef
cows, breeding sows, sheep and poultry. However, in the nutrition package according to the
AVV (revised) it is postulated that the meat consumption of the reference person only con-
sists of beef.
For the determination of the number of cattle in a radius of 5 km around the site, the ratio
between the number of cattle and the available pastures of the administrative district was
referred to. This resulted in an average of 3 beef cows and 1 dairy cow per 1 ha pasture. The
area-related animal stocking rates were multiplied by the pastures within the respective 5 km
radius derived on the basis of the land cover types and added up for each site.
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Table 3.2: Production of food of animal origin in a radius of 5 km

Beef
cows

Dairy
cows Meat Milk Fish

Site [N] [kg] [l] [kg]

Biblis 95 38 7866 219559 38174

Brokdorf 9296 4575 2490931 26378152 13102

Brunsbüttel 7204 3369 1930261 19388525 27614

Emsland 1366 398 366144 2506363 600

Grafenrheinfeld 970 245 259882 1205711 19574

Grohnde 95 47 25433 293577 38500

Gundremmingen 834 357 223402 1760633 12919

Isar 5916 1951 1585302 9615357 13014

Krümmel 1896 793 508152 4881210 46430

Neckarwestheim 200 90 53645 443572 9894

Philippsburg 278 81 74383 404071 59657

Unterweser 10528 5052 2821187 31783996 110638

The calculation of the meat produced is based on the medium slaughter weight of a cow
(319 kg) and the consumable meat portion (0.84) according to (5). On an average, 84 % of
the halves are fit for human consumption. In Germany, the average slaughter age for cows is
3.3 years according to calculations based on data of the Federal Statistical Office.
The milk produced was calculated on the basis of the average milk yield, per dairy cow. The
respective data on the average milk yield was available for all administrative districts under
consideration. The milk yield averaged over all administrative districts for a dairy cow is
about 5,600 l/a (5).

3.3  Fish

In the waters located in the near field of the nuclear sites, fishing is nearly exclusively prac-
ticed as a hobby. There is only commercial fishery in some Rhine sections and in the lower
reaches of the rivers Elbe and Weser. Reliable data on the catch of fishes and their utilisation
is not available. For all sites, a catch of 200 kg/ha is assumed (6). According to (7), the con-
sumable portion of freshwater fish is 50 %.

3.4  Drinking water

In the general calculation basis of the AVV (2) it is assumed that water is directly consumed
from the receiving water or as bank filtrate, respectively, without further decontamination.
The evaluation on water supply of the population at the administrative district level shows
that the supply of the administrative districts under consideration is completely realised with
ground water, reservoir water, spring water and others, except for the sites Biblis,
Grafenrheinfeld, Grohnde and Philippsburg. Here, however, the supply is not exclusively re-
alised with bank filtrate but also with ground and spring water.
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4  FOOD SUPPLY OF THE POPULATION LIVING NEAR NUCLEAR FACILITIES

4.1  Age structure

On the basis of the average population density of each administrative district and its area
belonging to the 5 km radius, the number of inhabitants was determined at each site. Here, it
was assumed that the population is evenly distributed over the administrative district. The
data on the age composition of the population at the administrative district level was adopted
from (8) and adapted to the age groups according to AVV (2).

Table 4.1: Population structure in the 5 km radius

Age group (as of 1998)
Site

Population
(N) <1 1-2 2-7 7-12 12-17 >17

Biblis 31785 313 313 1653 1771 1730 26005
Brokdorf 6693 73 73 390 405 375 5377
Brunsbüttel 6401 70 70 370 385 361 5145
Emsland 7979 99 99 518 560 551 6153
Grafenrheinfeld 16820 160 160 890 1008 990 13611
Grohnde 16019 157 157 813 857 808 13228
Gundremmingen 9656 109 109 597 642 612 7586
Isar 14969 149 149 775 808 772 12316
Krümmel 11766 127 127 662 677 621 9552
Neckarwestheim 40440 451 451 2347 2397 2256 32539
Philippsburg 30367 313 313 1664 1765 1695 24617
Unterweser 8200 89 89 466 492 460 6604

4.2  Degree of self-supply

On the basis of the number of persons and the age structure of the population living within
the 5 km radius as well as on the basis of the AVV nutrition package for the reference per-
sons it was possible to calculate those quantities of food that are theoretically required for the
supply of the population in the 5 km radius. The so-called “self-supply degree” is determined
by comparison with the agricultural products actually produced at the sites. This self-supply
degree is the quotient of the quantities of agricultural products theoretically needed for the
supply of the population and the actually agricultural production in the 5 km radius.
Table 4.2 presents the results of the degree of self-supply regarding agricultural products in
the site regions for the inhabitants. It shows that there is no site having a degree of self-
supply >1 for all ingestion paths; this means that there is no site where the population living
within the 5 km radius can be subsist absolutely autonomously according to the nutrition
conditions of the reference persons in AVV (2).
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Table 4.2: Degree of self-supply of the population in the 5 km radius

Site

Milk,
dairy
prod-
ucts

Meat,
sau-
sage,
eggs

Cereals,
cereal
prod-
ucts

Fresh
fruit, fruit
products,
juices

Potatoes,
root vege-
tables,
juices

Leafy
vege-
tables

Vegeta-
bles,
vegetable
products,
juices

Biblis 0.05 0.00 1.77 0.40 5.49 2.79 8.60
Brokdorf 29.60 1.57 0.52 0.67 1.81 0.11 1.23
Brunsbüttel 22.75 1.27 1.10 0.79 3.97 0.21 6.98
Emsland 2.34 0.16 0.35 2.15 47.48 4.77 10.26
Grafenrhein-
feld 0.54 0.06 2.67 0.25 0.41 1.61 12.52
Grohnde 0.14 0.01 5.34 0.89 0.00 3.59 6.32
Gund-
remmingen 1.36 0.08 5.40 0.60 4.05 0.66 4.47
Isar 4.84 0.38 2.55 0.16 2.11 0.63 3.82
Krümmel 3.12 0.17 1.67 2.38 5.37 1.85 6.28
Neckarwest-
heim 0.08 0.00 0.88 0.63 1.06 1.15 2.17
Philippsburg 0.10 0.01 0.75 0.74 4.61 1.23 2.27
Unterweser 28.99 1.19 0.00 1.25 0.00 0.00 0.00

4.3  Supply of the population with regional agricultural and horticultural products -
farm shopping

To determine the critical group of persons which can be realistically found in the site region,
that group of persons was selected which regularly covers its domestic needs for food by
farm shopping (see below). Farm shopping is part of the sale strategy of agricultural farm in
order to find new income sources in view of increasing competition pressure and decreasing
sales revenue.
According to (9), many farmers have been using this option in the past years to improve their
income situation by direct sale of the products to the consumers. Meanwhile, according to
(9), there are about 60,000 farms that offer their products via direct sale, i. e. at farm shops.
This corresponds to about one fifth of all agricultural farms in Germany. In the past, data on
the group of persons using this way of shopping as customer sporadically, often or regularly
were only available to a very limited extent. Recently, new data and analyses for the year
2001 on shopping patterns, consumer profile and product ranger in connection with direct
sale - farm shopping - was published in (9) The results of the studies on the coverage of
needs for the relevant food products food needs via farm shopping according to (9) are
summarised in Table 4.3.
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Table 4.3: Supply of food by farm shopping

Food Supply in %
Milk/dairy products (18) 1)
Meat 57
Cereals 16
Fresh fruit 11
Potatoes 50
Leafy vegetables 15
Vegetables 15

1)The value refers to the purchase of dairy products (cheese) and not to milk bought on
weekly markets
The results exclusively consider those households which use the option of farm shopping at
all. For the nutrition package “milk and dairy products” no values have been determined with
regard to farm shopping. This is due to the fact that the direct sale of milk and dairy products
at farm shops is not of significance regarding the customers considered here.

4.4  Regional consumption habits

In (9), the products bought in the year 2000 were identified for representatively selected
households. On this basis, the consumption of the most important agricultural products can
be derived for the 33.1 Mio households in Germany representatively. In addition to the ab-
solute quantities, the regional deviations between the Länder were of special interest for the
intended purpose. The results of these studies for the different food groups, which largely
correspond to the groups in AVV /BFS 02/ or which easily can be classified, clearly show
regional differences. These regional differences were proportionally applied to the consump-
tion habits of the population living in the site regions. The results achieved are presented in
the Table 4.4.

Table 4.4: Regional consumption habits at nuclear sites in relation to the national
average (=1)

Site Meat Milk Fruit Vegetables Potatoes Bread
Biblis 1.10 0.99 0.97 0.97 0.98 0.98
Brokdorf 1.14 1.02 1.09 1.02 1.07 1.09
Brunsbüttel 1.14 1.02 1.09 1.02 1.08 1.09
Emsland 0.94 1.02 0.94 0.90 0.90 1.03
Grafenrheinfeld 0.98 1.02 0.92 1.01 0.78 0.93
Grohnde 0.94 1.02 0.94 0.90 0.90 1.03
Gundremmingen 0.98 1.02 0.92 1.01 0.78 0.93
Isar 0.98 1.02 0.92 1.01 0.78 0.93
Krümmel 1.06 1.02 1.03 0.97 1.01 1.07
Neckarwestheim 0.81 1.05 1.04 1.11 0.71 0.92
Philippsburg 0.93 1.03 1.05 1.09 0.91 0.96
Unterweser 0.94 1.02 0.94 0.90 0.90 1.03
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5   RADIATION EXPOSURE OF THE POPULATION LIVING WITHIN THE 5 KM
RADIUS OF THE NUCLEAR SITES

5.1  Groups of persons

The radiation exposure of the population living within the 5 km radius of a nuclear site is de-
termined on the basis of the data and studies on site- and plant-specific conditions and pa-
rameters, as stated in the previous chapters. The most significant ecological and agricultural
data and parameters correspond to those of the AVV (2).
The following groups of persons, with their different nutrition habits, were considered in the
calculations. The average annual consumption quantities for the reference group, including
the multiplier for the critical group, is presented in Table 5.1, adapted to the specifications in
(2).
− Reference group: Group of persons with nutrition habits according to AVV, without mul-

tiplier
− Critical group: Group of persons with nutrition habits according to AVV, with multiplier
− Regional reference group within a 5 km radius: Group of persons with the nutrition

habits of the reference group under consideration of the regional-specific nutrition habits.
Only those exposure paths are considered whose supply degree for the population in the
site region is > 1 % (see Table 4.2).

− Farm shop customers: Group of persons with nutrition habits according to AVV, with-
out multiplier, which buys agricultural products directly at the farms. Only those products
are bought that are actually available at the site. Studies showed that the sale of milk at
farm shops is not (or no longer) of significance for economic reasons and due to hygiene
law provisions. Thus, the exposure path of consuming milk from farm shops has not
been considered for the group of persons for all sites.

− Anglers: It is assumed that the group of farm shop customers also eats regionally
caught freshwater fish.
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Table 5.1: Annual consumption quantities for the reference group modified according
to (2) and supplemented according to (10)

Age [a]
Age group/
Food

≤1
(breast-
fed)

≤1
(bottle-
fed)

≥1 - ≤2 ≥2 – ≤ 7 ≥7 - ≤12 ≥ 12 -
≤17

≥ 17 Multiplier
for critical
group

Drinking water 55 160 100 100 150 200 350 2
Breast milk, 145 3
milk,
dairy products

45 45 160 160 170 170 130 3

Fish-total 1) 0.5 0.5 3 3 4.5 5 7.5 5
Fish-angler’s
family 2)

0.455 0.455 2.73 2.73 4.55 4.55 6.825

Meat, sausage,
eggs

5 5 13 50 65 80 90 2

Cereals, cereal
products

12 12 30 80 95 110 110 2

Fresh fruit (lo-
cal) fruit prod-
ucts, juices

25 25 45 65 65 60 35 3

Potatoes, po-
tato products,
juices

30 30 40 45 55 55 55 3

Leafy vegeta-
bles

3 3 6 7 9 11 13 3

Vegetables,
vegetable prod-
ucts, juices

5 5 17 30 35 35 40 3

1) Share regarding regional consumption: 0.17
2) according to values stated in (10)

5.2  Results

Regarding the radiation exposure of the population living in the different site regions by re-
leases via exhaust air (waste water) and ingestions, the following general statements can be
made:
• The radiation exposure to be expected for all age groups and groups of persons with dif-

ferent eating and shopping habits and shopping, averaged over all sites, is between 0.11
(waste water: 0.01) and 4 (waste water: 10) µSv.

• The highest level of radiation exposure has been determined for members of the “critical
group”. This level decreases for the other groups in the following order: reference group,
regional group within a 5 km radius and farm shop customers.

• The levels of radiation exposure differ from site to site which is due to the various disper-
sion factors (dispersion conditions in the receiving water) and source strengths.

• In comparison with the limit value of 0.3 mSv/a, the ingestion dose calculated under con-
sideration of the AVV for exposure paths “exhaust air” is smaller by a factor of 30 and for
the exposure paths “waste water” smaller by a factor of 60.



14

6   RESULT: DEGREE OF CONSERVATIVITY

The aim of the project, to determine the degree of conservativity of the AVV via the ingestion
paths, is realised by forming ratios between the “critical group”, which, according to AVV (2),
is usually referred to for the calculation of the potential radiation exposure, and the “reference
group”, the “regional group within a radius of 5 km” and the group of the “farm shop custom-
ers”. The respective value indicates by which factor the radiation exposure for the “critical
group, usually calculated according to AVV, is higher than the one that can be determined
under consideration of realistic data on the site-specific conditions as well as shopping and
eating habits that are typical for a region. Thus, it represents a reference value for the degree
of conservativity of the AVV (2).
The results regarding the degree of conservativity in the calculation of the radiation exposure
via ingestion paths “exhaust air” at all sites show that in the order “reference group”, “regional
group within 5 km radius” and “farm shop customers” the values for the degree of conserva-
tivity increases from Factor 2 via Factor 3 up to Factor 9. The values practically apply to all
age groups, although even higher values up to a maximum factor of 29 are achieved in indi-
vidual cases in the group of farm shop customers.
For the Unterweser site, the values calculated for the group of farm shop customers are con-
siderably higher due to the relatively high tritium emissions and a self-supply degree of only
0.5. Here, the degree of conservativity is in the range of 21 (adults) up to 71 (age group 1 to
2 years).
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Fig. 6.1: Degree of conservativity for ingestion paths (exhaust air) averaged over the
sites
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The results for the degree of conservativity regarding the calculation of the radiation expo-
sure via ingestion paths (waste water) at all sites also show that that in the order “reference
group”, “regional group within a 5 km radius” and “farm shop customers” the values for the
degree of conservativity (adult) increase from Factor 4 via Factor 12 up to Factor 23. These
values are applicable to all age groups - except for age group 0 to 1 year (breast- or bottle-
fed) and 1 to 3 years- for which values have been determined in the range of 30 to 60.
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Fig. 6.2: Degree of conservativity averaged over the sites for ingestions paths (waste
water)
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The result shows that, under application of the AVV without consideration of the region’s
typical cultivation and consumption habits, the radiation exposure via the ingestion paths
“exhaust air” is overestimated by a factor of 10 on average, and the radiation exposure via
the ingestion paths “waste water” by a factor of 20
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Assessment of Doses around Nuclear Installations:
For What?

C. Ringeard
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 Institut de radioprotection et de sûreté nucléaire (IRSN)

ABSTRACT: There is not one methodology to assess doses to people living in the vicinity of
nuclear installations. The methodology used depends on the aim  - regulatory, knowledge
oriented, comparison with an observed radiological impact – of the study. Doses to critical
groups (i.e. reference groups) around nuclear sites are calculated to check the compliance
with the limit of dose to the public. Doses around sites can be assessed in order to estimate
the population exposure to artificial sources of ionising radiation; in this situation, areas of
homogeneous exposure are searched for. Doses around a site may also be estimated to
answer to a question, as for example: are the observed incidence cases of childhood
leukaemia [Laurier 2002] associated with radiation exposure? The doses mentioned are
effective doses or doses to a target organ (as the red bone marrow is for the leukaemia risk).

Interactions between releases, environment and people living near nuclear sites appear in
figure 1.
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Figure 1: interactions between releases, environment and people
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The main difference between dose assessment methodologies lies in the modelling. Three
contexts are developed and illustrated by results from studies performed by IRSN: dose
assessment for regulatory purpose, calculus of doses for the knowledge of population
exposure, and estimation of doses and risks for epidemiological response.

1   DOSE ASSESSMENT FOR REGULATORY PURPOSE

Nuclear plants in normal operation produce radioactive effluents. The discharge of these
effluents to the environment is subject to stringent conditions stipulated in an administrative
licence. The licence defines liquid and gaseous radioactive discharges in terms of activity
levels and chemical characteristics. Impacts of discharges on human health must be
estimated for the licensing [Thomassin 2001]. Figure 2 presents the French licensing
procedure.
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Proposal of liquid and gaseous discharges 

Operator 

Public Inquiry 

Administrative  
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CM       : Town councils
CDH     : Departmental council for health
DGSNR: Directorate General for Nuclear Safety and Radiation Protection
IRSN    : Institute for Radiation Protection and Nuclear Safety

Figure 2: the licensing procedure in France
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In France IRSN performs the technical analysis of the discharge authorization document
presented by the operator. It calculates effective doses received by members of the public as
the result of radioactive discharges. Any dose must be lower than the 1mSv limit for the
public mentioned in the Euratom Directive 96/29. For compliance, it is enough to ensure that
groups of people who are likely to be the most exposed receive doses below the limit. This
means that a conservative approach is necessarily privileged.

1.1  The methodology

The methodology [Rommens 1999] is presented for the La Hague site where operates the
Cogema reprocessing plant.

The activities discharged are those presented to obtain the authorization. It must be
underlined that the authorized discharges are larger than the actual discharges.

Air concentrations, deposition to ground and crops, and activity concentrations in terrestrial
and sea foods are calculated using models. The exposure pathways taken into account are:
external exposure by the plume, deposition on the ground, sand or sediments, and bathing;
internal exposure by inhalation of the plume and re-suspended deposits, by ingestion of
terrestrial food and sea food. When the goal is the control to a limit, a simplified dose
assessment modelling is often sufficient. Hypotheses retained all lead to an overestimation of
doses, as for example: radionuclide surface activities are the same for deposits onto soil and
leafy vegetables; soil deposits do not migrate; or a class of radionuclides is represented by
the radionuclide with the highest dose coefficient. Overestimation means dose upper-
bounds. The drawback with such a simplified modelling is that we do not know how large is
the margin between the result obtained and the result which would be obtained from a more
in depth modelling or in other words a less approximate description of radionuclide transfers
to biosphere. The advantage is that we do not need any sensitivity analysis and even less an
uncertainty analysis.

Only reference groups, i.e. groups of individuals who receive the highest doses from
discharges, are considered. For the La Hague site, reference groups are two: the Digulleville
individuals who live between 2 to 3 kilometres from the site under the dominating winds and
receive the highest doses from gazeous discharges to atmosphere; the Goury families of
fishermen who live at 7 km from the marine outlet of the reprocessing plant in the direction of
the main marine stream and who receive the highest doses from liquid discharges to sea.
Data on food consumption come from a local survey performed in April-May 1998. Regarding
food, consumptions often come from national food surveys that are less representative than
local surveys, and sometimes are fixed by the regulator at extreme amounts which cover all
the possible diets but not any individual diet.

1.2  Example of results

The individual annual effective doses calculated by IRSN are presented in figure 3 [Ringeard
1999].
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Figure 3: individual annual effective doses (µSv)

The highest annual dose is obtained for an adult living in Digulleville. This dose is lower than
the limit of 1mSv, by a factor of 50.

2   KNOWLEDGE OF DOSES TO POPULATIONS LIVING IN THE VICINITY OF
NUCLEAR SITES

Among artificial sources of ionising radiation, radioactive discharges from nuclear
installations expose a large number of people to a gradient of doses decreasing with the
distance to nuclear sites. Knowledge of the spatial distributions of doses is useful to compare
the radiological impacts at various sites and to evaluate the importance of that source of
ionising radiation relatively to the other sources. That knowledge is useful too in a public
health perspective. Indeed it brings some elements of response regarding the relation
between health risk indicators and exposure to ionising radiation, in terms of plausibility and
strength of the relationship. An example of such a research is the one carried out by IRSN
and the national institute of medical research (INSERM) which proposed a study of the
hypothesis of an association between environmental exposure to ionizing radiation and
incidence of childhood leukaemia in France with particular emphasis on leukaemias
observed in the vicinity of nuclear sites [Laurier 2003]. To do so doses need to be estimated
around the 19 French nuclear power plants and the other large nuclear installations of the
uranium  cycle. This study, a systematic assessment of doses around nuclear installations
out of the regulatory context, is the first of that type performed in France.
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2.1  The methodology

The approach is necessarily more realistic than the one followed for the regulatory context.

The activities discharged are actual discharges measured by the operators. They are lower
than the authorized discharges. They are considered not on annual basis but during the
period of operation of each installation. Two major problems arise for which there are no
obvious responses. The first one is the continuous decrease of actual discharges over the
operation period for most of the installations. The second one is the changes in discharges
reporting that occurred over the operation period, an example of which is the absence of
measurements of 14C and 129I for a long time at many plants. The long duration of the
operation periods in general makes the collection of the discharges data uneasy. These
difficulties have been identified quite well by the European Commission experts (in charge of
designing the European data base on actual discharges of nuclear installations) to the point
of giving up the collection of such data retrospectively. Consequently it means that
reasonable assumptions are needed to sum up the doses received by the exposed
populations over years and that these assumptions concern not only the assessment of
actual discharges in the past but also the evolution of life habits in time.

Air concentrations, deposition to ground and crops, and activity concentrations in foodstuffs
(terrestrial, from the river or from sea) are calculated using models. The exposure pathways
taken into account are: external exposure by the plume, deposition on the ground, sand or
sediments, and bathing; internal exposure by inhalation of the plume and re-suspended
deposits, and by ingestion of terrestrial food and of river or sea food. With respect to liquid
discharges, not all sites are equal; if doses due to gaseous discharges concern all
populations surrounding a site, doses due to liquid discharges are received by a few
communities; then the summation of the two types of doses is not obvious. Because the
objective is to perform a dose assessment as realistic as possible, the modelling is more
achieved in terms of phenomenology description and values for the model parameters are
chosen when they constitute good compromises. Doses are calculated for a yearly exposure
at locations situated on a polar or square grid. Then isodoses can be mapped and they
define zones of homogeneous exposure which provide a reasonable information about the
levels of doses.

All people living near nuclear sites are considered. The consumption of food can be that of
the average French individual, or a little more detailed if diets are regional; all data come
from food surveys published by this French institute of statistics.

2.2  Example of results

Figures 4 and 5 present two maps drawn for a nuclear power plant. The first map, the centre
of which is the nuclear plant, gives informations about exposure zones by means of
isodoses. The second map presents the level of doses for each village around the site.
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Figure 4: zones of exposure defined by isodoses (effective dose µSv/year)

 

 

Figure 5: doses by village around the site (effective dose µSv/year)
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3  DOSE ASSESSMENT FOR COMPARISON WITH OBSERVED RISK

A precise assessment of doses is needed when the results of a calculation procedure must
be compared with observed data. The context in which data have been observed frames the
assessment process and involves the search of best dose estimates.

The Nord-Cotentin Radioecological Study [Nord Cotentin 2000] is a good example of what
was necessary to do in such a context. In 1997 epidemiological studies suggested the
existence of a cluster of leukaemia, related to people aged 0 to 24 years and living in the
French canton of Beaumont-Hague between 1978 and 1996. Four cases of leukaemia were
observed compared with 2 cases expected, and the excess was suspected to be due to
radioactive discharges of the nuclear facilities - Cogema La Hague reprocessing plants,
ANDRA’s Shallow-land radioactive waste disposal center, EDF’s nuclear power station and
the French navy arsenal - located in the “canton”.
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Figure 6: locations of the Nord-Cotentin nuclear facilities

A working Group (acronym GRNC) including nuclear operators, authorities, international
experts, members of environmental organisations and IRSN experts was set up to establish
as precisely as possible the radioactive discharges during the operation periods, to calculate
the doses received over years by these people, to estimate the risk of radiation induced
leukaemia in that population, and finally to discuss the plausibility of the supposed
relationship.
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3.1  The methodology

The GRNC carried out a very exhaustive, systematic and critical analysis [Rommens 2000].
The Group analysed operators’ actual measurements of liquid and gaseous discharges in
order to validate, correct or reconstruct them for all the operation periods. The objective was
to have the most exhaustive and realistic source terms.

Two site specific dispersion models, for respectively the gaseous and the liquid discharges,
were developed. Air concentrations, deposition to ground and crops and activity
concentrations in terrestrial and marine foodstuffs were assessed. The parameters’ values
best suited to local characteristics were chosen. Wherever possible, results of the models
were compared with existing environmental measurements and for few radionuclides,
correction factors were introduced in the modelling.

All possible exposure pathways were taken into account: external exposure by the plume,
deposition on the ground, sand or sediments, and bathing; internal exposure by inhalation of
the plume, re-suspended deposits and sea spray, by ingestion of foodstuffs from terrestrial
and marine environments, by accidental ingestion of sea water while bathing, of soil, and of
sand during time spent on the beach. Consumptions of food were obtained from local food
surveys. This modelling considered more exposure pathways than those retained in chapters
1 and 2.

Doses to the red bone marrow were assessed for people of 0-24 year old living between
1978 and 1996 in the Beaumont-Hague “canton” composed of 19 villages (figure 7). For
each individual of the cohort defined above, doses were not annual but cumulated over life
up to 1996. Leukaemia risks were calculated from dose-risk relations. Individual risks were
all summed to obtain the expected number of leukaemia cases. At end, this estimate was
compared with the number of cases in excess.

The whole assessment process was designed to provide estimates of doses and therefore of
risks as precise as possible, in other words as unbiased as possible. In that case, it is
interesting and even recommended to consider the uncertainties existing at the various
stages of the process. Therefore an uncertainty analysis was performed to establish
confidence and probability intervals which have been used to test the significance of risk-
exposure relationships [Merle-Szeremeta 2002] [Rommens 2002]. One recognizes the
common statistical approach based on both estimation as first step and testing as second
step.
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Figure 7: geographic location of the Beaumont-Hague canton
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3.2  Example of results
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Figure 8: effective individual dose for an adult living in Digulleville

4  CONCLUSION

This short paper points out three contexts of dose assessment that cover most of the
situations encountered in practice. It underlines the fact that methodological choices and
dose calculation codes are context dependent. In a regulatory context, a conservative
approach is acceptable and even well suited in general. It is no longer applicable when
knowledge of exposures is the main goal; more realistic approaches are then required. At
end, when results from calculation must be compared with observed data, a realistic
approach is necessary and it must go with analysis of uncertainties.
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ABSTRACT : Currently within the licensing procedure of nuclear facilities in Germany at-
mospheric dispersion calculations are predominantly based on the simple Gaussian plume
approach. Advanced model systems consisting of a diagnostic flow model together with a
Gaussian puff model or a Monte-Carlo particle simulation model have less restrictions with
respect to terrain effects, source configuration and non-stationary conditions. In combination
with a probabilistic analysis with takes into account the variability of the weather situations a
refined, realistic assessment of the radiological consequences of a incidental or accidental
release can be performed. By means of cumulative complementary frequency distributions
(CCFD) the probability of reaching or exceeding a specified dose value at a point of interest
can be analysed. Only minor modifications to the standard model system for the licensing
procedure of non-radioactive pollutant emissions (AUSTAL2000) with respect to
γ−cloudshine, radioactive decay and wet deposition are necessary to provide a state of the
art model system for nuclear regulatory purposes.

1  DISPERSION MODELS

For the analysis of possible consequences following an accidental release of airborne radio-
active material from a nuclear facility the assessment of the radiation exposure of the popu-
lation is a necessary prerequisite. To determine the potential doses the contributions of in-
halation, γ-cloudshine and γ-ground radiation must be available, either by measurement or
calculation. In case of atmospheric dispersion calculations the time-dependent spatial distri-
bution of the airborne radionuclides and their dry and wet deposition to the ground has to be
simulated. Corresponding atmospheric dispersion models provide such concentration and
deposition fields based on a given source term, topography, and meteorological conditions.

1.1  Atmospheric dispersion models for regulatory purposes in Germany

Within the licensing procedure of nuclear facilities in Germany atmospheric dispersion cal-
culations following the release of airborne radionuclides are predominantly based on the
Gaussian plume model (GPM) [1, 2]. Applying this model potential doses are calculated for
releases due to normal operation as well as for incidental or accidental releases. Based on a
2-dimensional Gaussian concentration distribution (Fig. 2) the Gaussian plume model pro-
vides near ground concentrations and related deposition values. The shape of this distribu-
tion depends on atmospheric turbulence and is parameterised as a function of distance,
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source height and meteorological conditions. This turbulence parameterisation was derived
from tracer experiments with continuous emissions, source heights larger than 50 m in rather
rough terrain during stationary meteorological conditions. The corresponding German regu-
lations contain simple procedures to consider building effects, orographic effects as well as
thermal plume rise in the dispersion model.
Due to the analytical solution of the
Gaussian approach this type of dis-
persion model is fast and only few
input parameters are necessary.
Hence, the application of a
Gaussian plume model is simple.
On the other hand, several
simplifications inherent to the model
limit the applicabilty to certain
situations. Turbulence parameters
for the GPM are not available for all
roughness lengths and do not take
into account the vertical profile of
turbulence (not applicable for near-
ground emissions. Non-homoge-
neuos flow pattern due to structured
terrain or surface may be treated
only very roughly. Furthermore, the
analytical solution of a GPM is
limited to stationary conditions (emission and meteorology) and to dispersion without
gravitational settling of aerosol and radioactive decay.

1.2  Advanced atmospheric dispersion models

In contrast to the Gaussian plume model advanced atmospheric dispersion models like
Gaussian puff models or Lagrangian particle simulation models (Monte-Carlo models) do
generally account for more complex atmospheric dispersion and deposition conditions.
Gaussian puff models, like e.g. the French ICAIR [3], the German GAUWOL [4] of the
Society of German Engineers (VDI), or RIMPUFF from the Danish Risø National Laboratory
[5] which is part of the Real Time Online Decision SuppOrt System (RODOS [6]), may take
into account time dependent emissions, horizontally varying and time dependent
meteorological conditions. The French-German Model (FGM) for the treatment of the
atmospheric dispersion in case of a nuclear accident [7] applies a Gaussian puff model for
concentration calculations, too.
Particle simulation models additionally may take into account horizontally and vertically vari-
able meteorological fields, including wind
and turbulence, arbitrarily shaped source
geometry, gravitational settling and
washout of aerosol particles. In this type
of dispersion model the tracks of a large
number of particles based on the mean
wind and random turbulent wind fluctua-
tions (Fig. 3, green particles) and addi-
tional effects as settling (Fig. 3, red parti-
cles) are calculated. Typical models of
this type are LASAT [8] and PARMOD
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[9]. Together with an appropriate flow model which provides the mean wind components on a
3-dimensional grid in combination with a module supplying turbulence fields like standard
deviations of velocity fluctuations and characteristic turbulent time scales according to a
guideline of the Society of German Engineers (VDI) [10] the capabilities of the particle simu-
lation model come into effect. In order to achieve a sufficient accuracy the number of re-
leased particles has to be high enough.
A basic prerequisite for the utilization of the major advantages of Lagrangian dispersion
models is the availability of 3-dimensional fields of flow and turbulence. Diagnostic (mass-
consistent) flow models provide an economic calculation of these datasets based upon suit-
able profiles of wind and turbulence (from parameterisations or measurements) taking oro-
graphic or even building effects into account. Fig. 4 shows a result of this type of model chain
in an area with structured terrain and roughness length and a near surface release. The Fig-
ure represents the results of a flow and dispersion calculation in a stably stratified atmos-
phere causing a strong distortion of the flow and the plume due to orography. This concen-
tration pattern cannot be treated with a Gaussian plume model. A Gaussian puff model can
only approximately simulate this situation. Compared to more complex and time-consuming
prognostic flow models the faster diagnostic models only provide static boundary conditions
for dispersion calculations. Hence, sequences of diagnostic flow simulations are needed in
order to calculate time-dependent emission and dispersion.

Fig. 4: Patterns of near ground flow and dispersion in complex terrain during a stably strati-
fied situation: wind simulation via a diagnostic flow model, concentration distribution via La-
grangian particle simulation model
Within the framework of the implementation of the EU air quality directives [11] in Germany
the standard model system for the licensing procedure of non-radioactive pollutant emissions
(Technical Instructions for Air Quality Management - TA Luft [12]) was upgraded from a
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Gaussian plume model to a combination of a Lagrangian particle simulation model with a
diagnostic flow model (AUSTAL2000 [12]). GRS was involved in the process of model devel-
opment and provides a free graphical user interface for AUSTAL2000 (GO-AUSTAL [13]).
With this upgrade in atmospheric dispersion modelling for air quality management applica-
tions the state of the art is implemented again and the computation of mandatory probabilistic
pollution measures like the frequency of limit value exceedances is now possible.

2  PROBABILISTIC CONSEQUENCE ANALYSIS

For a radiological consequence analysis often other values than provided by AUSTAL2000
are of interest. Commonly the so-called deterministic approach is applied. It is based on
pre-fixed meteorological conditions which guarantee the calculation of conservative concen-
tration and deposition values, i.e. values which are higher than most of the remaining cases.
Within a probabilistic consequence analysis the variability of the weather situations for the
specified site is explicitly taken into account. Based on atmospheric dispersion calculations
for every possible weather situation in combination with their respective site specific
frequency of occurrence the so-called cumulative complementary frequency distributions
(CCFD) of near ground air concentrations, deposition levels and the resulting potential doses
may be derived. The probability of reaching or exceeding a specified dose at a given
distance in downwind direction from the location of a release can be read from the curves.
This conditional frequency doesn’t take into account the frequency of occurrance of the
release, i.e. it is assumed that the release has taken place. The following examples illustrate
the added value of a probabilistic conseqence analysis.

2.1  Example: Sabotage Attack on Spent Fuel Casks

On the basis of a specified source term calculations of potential radiation exposures of
individuals in the vicinity of a breached spent fuel cask have been made [14]. It is assumed
that the sabotage attack on a spent fuel cask leads to an almost instantaneous release of
radioactive material through a penetration channel. Therefore, an atmospheric dispersion
model must be applied which is capable of adequately simulating the following boundary
conditions:
• Near ground-level release of gaseous and particulate material in the size range up to

100 µm;
• Short term release within a few seconds following the detonation;
•   An initial configuration of released airborne material which is approximated by a

rectangular column of 10 m by 10 m cross-section and 20 m height homogeneously filled
with the released air-borne material with given particle size distribution.

The applied atmospheric dispersion model is the GRS-version of the Monte-Carlo type
particle simulation model LASAT which utilizes modern turbulence parameters for the
calculation of short term dispersion and deposition processes in the atmospheric boundary
layer [10]. This model chain is comparable to the above mentioned AUSTAL2000.
Quite elaborate dispersion and deposition calculations have been performed for a multitude
of atmospheric dispersion conditions taking into account four adjoining particle sizes. These
results were used to derive the CCFDs of ground-level air concentrations and deposition
levels in downwind direction from the location of a release as well as the corresponding
effective doses from inhalation and γ-ground radiation taking into account the broad spectrum
of atmospheric dispersions conditions and their respective frequency of occurrence. Weather
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data typical for large parts of Germany and almost flat terrain have been used for this
purpose.
As one of the results a CCFD of potential effective dose from inhalation is shown in Fig. 5.
Assuming that a release occurred, the probability of certain effective doses of a person
residing at a given distance in downwind direction from the location of a release can be read
from the curves. By presenting such CCFD for different down-wind distances the decline of
potential inhalation doses with distance can easily be visualised.
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Fig. 5: CCFD of inhalation dose - particles AED < 12 µm (adult, ICRP 72 dose coefficients)

2.2  Example: 2-dimensional approach for probabilistic consequence analysis

The second example demonstrates a 2-dimensional probabilistic analysis using the German
AUSTAL2000 including mesoscale diagnostic flow field calculation and Lagrangian disper-
sion modelling. Based on a time series of 8760 hourly averaged meteorological data (=1
year) consisting of wind speed, wind direction and stability class atmospheric dispersion cal-
culations were carried out: For the meteorological conditions of each hour of this year a hy-
pothetical release from a volume source (20x20x50 m_) lasting 1 hour was assumed and the
resulting near ground concentration field was calculated. As pollutant the inert tracer SO2

was selected and emitted with 1 g/sec.
Fig. 6 shows the result of the 8760 flow field and dispersion calculations after superposition
of the corresponding spatial concentration distributions in terms of a 2-dimensional distribu-
tion of the mean concentration. Furthermore, the position of the source (Q1), possible points
of interest (P1–P4) and the site specific wind direction distribution are represented.
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Fig. 6: 2-dimensional distribution of the near-ground mean concentration in complex terrain
derived via AUSTAL2000 (see text)
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For the analysis of incidental or accidental releases such time-averaged results are not ade-
quate. However, frequency distributions of concentrations calculated for points of interest
contain valuable information as in the first example. Fig. 7 contains the corresponding
CCFD’s of the near surface concentrations for the 4 points of interest (see Fig. 6). Due to the
frequency distribution of the wind direction the concentrations are mostly zero, i.e. 90 %
(points P1 – P3) or 80 % (P4) of all situations. For some rare and unfavourable conditions
concentrations of more than 100 µg/m_ up to 600 µg/m_ are reached at P2, P3 and P4.
However, with a probability of 99 % the concentrations are below 130 µg/m_ (P4), 30 µg/m_
(P2 and P3) or 9 µg/m_ (P1). The maximum concentration value is related to the most unfa-
vourable meteorological condition with a respective frequency of  1/8760.
The current version of AUSTAL2000 is only applicable for non-radioactive airborne material.
Calculations of potential doses are not possible because it does not simulate γ-cloudshine,
radioactive decay and wet deposition due to precipitation. Nevertheless, this example gives
evidence of the benefit of probabilistic consequence analysis on a high quality level applying
a state of the art mesoscale model chain incorporating flow field and atmospheric dispersion
models.

3  CONCLUSIONS

Currently within the licensing procedure of nuclear facilities in Germany atmospheric
dispersion calculations are predominantly based on the rather simple Gaussian plume
approach. The guideline for the radiation protection expert in the emergency staff [15] applies
a more advanced approach based on the French-German model [7].
Meanwhile in Germany the standard model system for the licensing procedure of non-
radioactive pollutant emissions was upgraded from a Gaussian plume model to a state of the
art mesoscale model chain comprising a diagnostic flow model together with a Lagrangian
particle simulation model (new German TA Luft, AUSTAL2000 [12]). In order to guarantee
consistent realistic atmospheric dispersion modelling of both, radioactive and non-radioactive
airborne pollutants, further regulatory work should aim at the development of an appropriate
atmospheric dispersion model for radioactive airborne material. This task will require only
some modifications to AUSTAL2000 with respect to the simulation of γ-cloudshine, radioac-
tive decay and wet deposition due to precipitation.
The resulting model chain will be applicable for the calculation of atmospheric dispersion in
topographically structured terrain incorporating dry and wet deposition, gravitational settling,
radioactive decay, and γ-cloudshine. Building effects may be treated explicitly provided that
the corresponding flow field is available. There are neither restrictions with respect to source
geometry nor to non-stationary meteorology or variable emission characteristics. Due to in-
creased computer resources restrictions with respect to computing time have decreased.
Thuch state of the art mesoscale model chain permits an analysis of radiological
consequences following an airborne release of radionuclides on a high quality level. On the
one hand deterministic calculations can be carried out on the basis of pre-fixed
meteorological conditions which guarantee the determination of conservative concentration
and deposition values. On the other hand, also a differentiated probabilistic analysis is
possible which takes into account the variability of the weather situations. By means of
cumulative complementary frequency distributions (CCFD)  the probability of reaching or
exceeding a specified dose value at a given distance from the location of a release can be
analysed.
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ABSTRACT : The importance and need of a coherent, harmonised and sensitive response
to emergencies has been particularly obvious since the Chernobyl accident. Within the 4th

framework programme of the EC, a major objective of a variety of projects was to derive
holistic approaches to reliably predict radionuclide activity transfer in aquatic and terrestrial
ecosystems. These projects were constructed as DSS making use of new tools such as GIS
and geostatistics and improved understanding on behaviour of radioactive material in the
environment, to identify cost-effective countermeasures to be implemented and their
potential environmental side-effects and waste production. This was undertaken to improve
the modelling description of the behaviour of radionuclides in the environment and also to
develop a sound policy and practice in managing the impact of radiation (natural and
artificial) on man and environment. Therefore, some projects additionally addressed the
social-psychological-ethical aspects of remediation strategies, decision making and post
accidental management policy. There is now an urgent need 1) to inform DSS developers
and potential end users about the existing systems, of their capabilities, advantages,
disadvantages, and 2) to interlink and compare the results of these projects with the RODOS
system. This will allow the identification of overlaps, weaknesses and strengths within these
projects and simultaneously allow the integration of the best features of existing systems into
one common product which will be widely applicable in Europe. In this project, which
addresses the environmental transfer of radioactive material in terrestrial ecosystems it is
foreseen to produce a comprehensive synthesis report of existing systems, existing
mechanistic models, impact assessment and environmental management systems,
addressing natural/semi-natural, agricultural and urban environments

1  INTRODUCTION

Accidental releases do not respect any borders, as was also experienced after the Chernobyl
accident and long-lived radionuclides can be dispersed over many countries. Therefore,
contamination of agricultural land and production areas and consequently of food products is
not only a concern of an individual country or nationality but requires a joint effort of the
countries affected. For this purpose, Decision Support Systems (DSS) which take into
account national but also international and generic needs, and which are based on the
understanding of the nature and the processes involved, are inevitably required to support a
good management system when confronted with such situations.
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Especially within the 4th framework programme of the EC, several projects were supported
which derived environmentally-based DSS to more reliably predict the transfer of
radionuclides (mainly radiocaesium) in ecosystems to derive management systems provided
for potential decision makers and stakeholders in case of accidental releases or natural of
artificial radioactive substances. The European DSS RODOS represents one of the most
ambitious and challenging projects since it tries to cover all important radionuclides, all
important processes involved into the dispersion and transfer mechanisms and appropriate
countermeasure strategies for different phases after an accident. In addition to RODOS,
however, a variety of other projects have been undertaken which covered particular topics in
much greater depth, having the potential to improving the existing Europe-wide applicable
RODOS system. Each of those have advantages and disadvantages, have been developed
for special ecosystems, or cover one aspect such as the soil-plant transfer of radiocaesium
or potential side effects of countermeasures in much more detail. Especially the application
of countermeasures to reducing the radiological consequences after accidental releases may
cause non-desired effects of ecological, economic and social nature. Such an assessment
requires appropriate models to predict the radionuclide behaviour in the environment; but
also techniques for assessing economic, socio-psychological and ecological impacts. These
aspects need to be accounted for when assessing the global impact of the above effects.
Though the individual systems themselves had different objectives and addressed different
tasks, there exists some overlap in the parameters used: A careful re-evaluation and
comparison between the individual DSS is urgently needed. The objectives of this project
therefore is:
1) to provide a summary and a synthesis of the existing DSSs;
2) to identify weaknesses and strengths of the different approaches;
3) to verify and provide compatibility of the DSSs;
4) to integrate the DSSs for their holistic use for complete ecosystems and economic

systems;
5) to inform the user community about the existence and their potential for improving the

assessment and management;
6) to identify the potential to realise a holistic common approach for a wider application in

Europe;
7) to explore the user market beyond the strict use for radioecology and radiation

protection;
8) to provide information about further needed research in the field of radioecology and

radiation protection which might find its implementation in the 6th framework
programme.

 A critical evaluation of projects which have developed DSS systems within the 4th

framework programme has not yet been undertaken . This network will:
• Inform the scientific and user community and other interested parties on the existing

DSS on terrestrial transfer of radioactive material;
• Explore additional potential applications of DSS;
• Compare the different DSS to identify its overlaps, its weaknesses and strengths;
• Provide a synthesis of these different DSS;
• Identify lack of knowledge in the present state-of-the-art in terrestrial radioecological

science;
•  Provide a product capable of being incorporated into a European-wide useable

DSS.
In addition, this network will help to continue existing scientific collaboration between
institutions and will represent a forum for discussion of future research needs. The outcome
of the project may directly be of value for the implementation of the 6th framework programme
of the EC. The primary output of the project will considerably contribute to a framework
aiding the selection of robust and practicable strategies to enable the long-term sustainable
management of areas contaminated by nuclear accidents.
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2  THE SOIL-PLANT TRANSFER MODULE IN THE DSS IN NATURAL/SEMI-
NATURAL AND AGRICULTURAL ENVIRONMENTS AND APPROPRIATE
COUNTERMEASURES

2.1. Introduction

An important aspect of any radioecological assessment model is the estimation of the
transfer of radionuclides from the soil to plant and further to the food chain. This is important
because the presence of radionuclides in the food products is a potential hazard for human
health. The migration of radionuclide through the food chain takes place in two phases: firstly
the absorption from soil by plant roots and secondly the ingestion of those plants directly by
the human being or by animals, which will generate contaminated food product such as
meat, milk, milk products.
Traditionally the flux between the soil and the plant compartment is quantified using transfer
parameters: Transfer Factors (TFs) and Aggregated Transfer Factors (Taggs).
TFs for soil to plants are defined as the ratio between the activity concentration in plants
(Bq/kg dry weight) and the activity concentration in the soil (Bq/kg dry weight).

 )dry weight (Bq/kgion concentratactivity  Soil

)dry weight (Bq/kgion concentratactivity Plant =TF (1)

Taggs is defined as the ratio of the activity concentration in plants (Bq/kg dry weight) and the
Total deposition on the soil (Bq/m2)

 )(Bq/m soil on the deposition Total

)dry weight (Bq/kg plantsin ion concentratActivity 
2

=aggT (2)

The calculation of these parameters is extremely straightforward; this is due to the simplicity
of the equation and even to the empirical data required. However, the main limitation of these
parameters is in their variability.
The literature reports several set of transfer parameters and their variability can even be of
two orders of magnitude. It is obvious that they are site and species specific. This variation is
due to several factors, which can be divided into two categories: the first one is the
experimental design. For a long time, any standard or experimental protocol for the
estimation of the TFs or Taggs was not present.
The activity concentration in plant was estimated considering only the edible or the inedible
part of the plant or in some case the whole plant. Yet, the measurement of the weight had
different approaches, dry or fresh weight. In some cases, the transfer parameters was
considered in terms of unwashed plant, consequently soil particles present on the leafs
surface was included in the measure, or in some other studies the plant was washed, thus
the soil particles was removed.
Regarding the soil, the uncertainty on its measurements is mainly due on the consideration
of air-dry weight or oven-dry weight. Concerning the experimental approach, it is important to
mention another factor that might introduce a variation in the transfer parameters estimation.
The plants considered were grown in different environmental conditions, which made the
data not comparable. Plants that had been grown in controlled conditions, as in
greenhouses, have different morphology to plants that had been grown in a natural
ecosystem outdoor. This strongly influences their nutrients uptake and their development.
These lack of standards prompted the International Union of Radioecology (IUR) to set
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measurements protocol. The IUR compiled a data set with all the transfer parameters
estimated using such standards. This data set is updated every time new measurements are
available.
The second category of factors influencing the transfer factors variability regards the
physiological requirements of the plants and the physico-chemical factors that govern the
distribution of the radionuclides between the soil solid phase and the soil solution. Roots
uptake is regulated by several factors, first of all by the deficient, sufficient and excess levels
of nutrients or radionuclides present in the soil solution. Secondly by the plant requirements
and finally by the soil conditions which make such element available, absorbed or fixed to the
soil system.
Consequently, it is very difficult to generalise: different species react differently to similar
environmental conditions. In addition, plants belonging to the same species have different
absorption rate since the soil characteristics and the nutrients (and radionuclides) availability
might not be the same.  Obviously the uptake of radionuclides which have not any
recognised physiological role as Pu and other actinides, is not governed by the previous
assumption.
Transfer factors can be considered as a good tool for a first approximation of the fluxes
within the ecosystem considered.The use of transfer factors is not the only approach that has
been used to estimate the absorption of radionuclides by plant roots. A second method
regards models where the soil-plant transfer has been predicted on the basis of the soil
characteristics.
The Absalom model, which has been developed in conjunction with the SAVE and
RESTORE project describes the roots uptake in function of the soil clay content, organic
matter, pH and exchangeable K.
In the FORESTLAND project, a similar model has been developed. The soil system is
described by several compartments which estimate the portion of radiocaesium available and
unavailable. Obviously these models could still improved, for instance in the Absalom model
quantitative information on soil clay mineralogy might mechanically improve the model
perforce. However, the use of such models is more likely to reduce the variation, and thus
the uncertainty on the fluxes between the soil and the plants that transfer parameters could
introduce.
In the VI and V Framework programme, ten projects had produced Decision Support
Systems (DSS) for terrestrial environments: CESER, FORIA, LANDSCAPE, RECLAIM,
RESTORE, SAVE, SAVE-EC, RIFE2, STRESS, TEMAS. (EC, 2002) (see glossary). These
systems have different objectives and address different tasks. As a result, some of them
could be considered unique and thus their comparison could present some difficulties.
On the other hand, they consider similar environment as it is shown in the fig 1. For instance
models such as TEMAS, SAVE and RESTORE can be applied for a rural scenario and a
semi-natural ecosystem. On the opposite, systems as RIFE2, LANDSCAPE have been
designed to give prediction only in semi natural ecosystem.
In the projects FORECO remediation strategies for forests were critically evaluated and a
decision tree provided to find the best strategy for forest ecosystems after contamination on
the example of the Chernobyl accident and provides a classification of restoration options
considering dose reduction but also long-term ecological quality and economy. This aspect is
also covered in CESER which addresses the long-term ecological consequences of
restoration options in agricultural and semi-natural ecosystems. A ranking methodology is
provided which helps the user to find the best strategy with the highest activity reduction
effects and the less economic and ecological impact for a given landscape. Restoration
strategies for different ecosystems were also suggested within RESTORE which especially
took into account social – psychological aspects on self-help strategies and which was
closely related to the inco-Copernicus project RECLAIM where the objectives were set to
further provide detailed information for the radioactive contaminated sites in Russia, Ukraine,
Belarus and Kazakhstan.
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SAVE and SAVE-EC provides a detailed method on the dependence of radiocaesium
transfer on soil characteristics and consequently agricultural but also semi-natural products
such as sheep milk and meat and its spatial and temporal variation throughout Europe and
Eastern Europe, whereas SEMINAT provides models and parameters on the long-term
dynamics of radionuclides in semi-natural environments such as meadows and forests.
In LANDSCAPE model predictions for three different forest models on radiocaesium transfer
scenarios for different endpoints in boreal forests were tested against measurements in
experimental sites. The project covered major processes which influence radiocaesium
concentration in vegetation and fungi, the quantification of radiocaesium intake of key
herbivores such as moose and the quantification of forest management on radiocaesium
dynamics. The RODOS contribution will provide the information how the natural and semi-
natural environment is covered in this system and how more detailed findings can be
integrated.
The usage of GIS techniques is especially dealt in STRESS, SAVE, SAVE-EC, and
RESTORE which give indications on the spatial-temporal variation of activity concentrations
within landscapes and food products. The dependence of the transfer of radiostrontium on
soil types has been developed within RESTORE but due to lack of data (available only for
the 30 km Chernobyl exclusive zone) could not be verified. Further completely different
ecosystems (as the Semipalatinsk test site) have been tested on the generic nature of the
models developed within SAVE and RESTORE and have be applicable within certain limits
of uncertainty. Side effects on ecology have been covered by CESER and it will be tested
how this system can be considered to contribute to RODOS. TEMAS can select the optimum
management strategy for complex agricultural scenarios on whichever place of the European
Community territory with different levels of contamination, uses and dimensions. The
evaluation model was developed identifying relevant parameters and equations as
consequence of the study of different real and simulated cases. At present the decision is
based on radiological and cost criteria. All delivered software have been tested and
compared.

Rural

Semi-natural
Countermeasures

Save
Restore

TEMAS

CESER

Foria

LANDSCAPE

Rife2

Save-EC

RECLAIM

RECLAIM

Figure 1. Environmental domain of the systems considered
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2.2. Comparison of models

The first part of the EVANET-TERRA project had the aim of assessing the Decision Support
System developed during the IV and the V Framework Programme. Such assessment had
the objective to understand the capability of each system and to propose an adequate
strategy plan for a cross comparison between them, in order to evaluate their response for a
European scenario.
Three environments have been considered: rural, semi-natural and urban. The RESTORE
project considers even freshwater ecosystems, but such environment is not going to be
tested.
The following figures and tables summarise the systems domain, developments approaches
and soil characteristics required. Using this representation the comparison between them is
straightforward.

RuralRural

UrbanUrban FreshwaterFreshwater

SemiSemi --naturalnatural
RESTORE

RECLAIM

LANDSCAPE
CESER
FORIA
RIFE2

TEMAS

SAVE
STRESS

T
E

M
A

S

Fig. 2. Environments considered by the DSS

The approaches that had been adopted for the development of such systems are different
from model to model (Fig.3). Systems as LANDSCAPE, SAVE and RESTORE adopted a
dynamic semi-mechanistic model, which combines Transfer parameters with the use of a
mechanistic model, which evaluate the radiocaesium available in the soil solution as a
function of the soil characteristics (table1). The Absalom model, implemented in RESTORE
and SAVE, has been developed for rural environment, soil to crops, while the LANDSCAPE
model is for semi-natural environments.  On the other hand the other systems adopt transfer
parameters, consequently soil characteristics are not considered in the evaluation of plant
contamination via roots uptake.
FORIA and CESER are two systems that differ the most. They evaluate the most suitable
countermeasure plan for the scenario under consideration. The novel approach is the
consideration of secondary effects of each countermeasure; consequently the best strategy
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plant might not be the one with the highest reduction in the dose. However they have
different environmental domain, rural for CESER and semi-natural for FORIA, as a
consequence a cross comparison between them is not feasible, and the comparison with the
other systems presents a few difficulties. SAVE, TEMAS and RESTORE/RECLAIM do not
consider secondary effects, thus the countermeasures suggested are chosen only on the
base of their reduction in dose or activity concentration in the environment.

SemiSemi--mechanisticmechanistic

Transfer parametersTransfer parameters

CompartmentCompartment

DynamicDynamic

Decision treeDecision tree

RESTORE

SAVE

TEMAS 

RIFE2

CESER

LANDSCAPE

STRESS

RECLAIM

FORIA

SemiSemi--mechanisticmechanistic

Transfer parametersTransfer parameters

CompartmentCompartment

DynamicDynamic

Decision treeDecision tree

RESTORE

SAVE

TEMAS 

RIFE2

CESER

LANDSCAPE

STRESS

RECLAIM

FORIA
Fig. 3. The approaches adopted for different systems

The table 1 is reporting the characteristics that SAVE, TEMAS, RESTORE, RIFE2 and
CESER required.

Table 1. Characteristics of the DSSs
However it is important to point the fact that CESER is using these soil characteristics to
assess the side effects of the countermeasures considered, while the other systems evaluate
the activity concentration in the

Deposition
Transfer
parameters

Chernobyl Uniform Tagg TF

Spatial
resolution

Soil
characteristics

Countermeasures

RESTORE
CESER
LANDSCAPE
SAVE
TEMAS
STRESS
RECLAIM
FORIA
RIFE2
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3  THE PLANT - ANIMAL/PLANT - FOOD TRANSFER MODULE IN THE DSS IN
NATURAL/SEMI-NATURAL AND AGRICULTURAL ENVIRONMENTS AND
APPROPRIATE COUNTERMEASURES

3.1. Introduction

Irradiation for humans can occur via external and internal exposure by radionuclides.
External exposure is due to irradiation by the passage of a cloud during an accident,
irradiation from contaminated surfaces and, in medical investigations, due to X-ray or
radionuclide therapies. Internal exposures occur from natural radionuclides and artificial
radionuclides release into the environment either during normal operation of nuclear
installations, accidental releases or as a consequence of nuclear weapons detonation.
Radionuclides can enter the body either via wounds, through the skin, inhalation or ingestion
of contaminated food and liquids. Due to the high contribution of contaminated foodstuff to
the total dose in many circumstances, understanding, description and modelling of
radionuclide transfer in food chains is one of the important topics in radiation protection and
radioecology.
Animal products, especially milk and meat, are important components of the human diet and
therefore play an important role in determining internal radiation doses. In the past, many
experiments concerning the transfer of radionuclides to farm animals have been performed.
Most of which have considered the radioisotopes of Cs, Sr, I and to a lesser extent H.
Results from these studies is utilized in radioecological models.
Countermeasures to reduce especially radiocaesium, radioiodine and radiostrontium in
animal products have been studied, tested and implemented, including those for animals
living in semi-natural environments (Hove et al. 1990, Howard et al. 2001) However, to apply
countermeasures most effectively the behaviour and transfer in animals needs to be
understood and properly modelled.
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Fig. 4. Major pathways for human contaminationContamination of food products is a major
contributor to internal exposure for human consumers, Fig.4. Contamination of food products
from both intensively farmed, free ranging and wild animals can represent a major route of
internal radiation exposure for human from both routine and accidental releases of
radioactivity into the environment. Predictive models to estimate the transfer of a given
radionuclide to animal food products make use of published data on radionuclide behaviour
in the animal, such as distribution and retention in different organs or tissues and subsequent
excretion routes. Depending on the availability of experimental data, compartment models
comparable to the models used in ICRP documents for dose estimates to humans such as
ICRP 60 have been developed to describe empirical transfer rates between different key
compartments once the radionuclide has entered the body. In simpler (animal) models,
activity concentrations in an animal product of concern, and consequently the activity intake
by humans, can be calculated based on the known activity intake in time and the activity
concentration with the product considered.
Animals can be contaminated by three different routes: through the skin or by wound, by
inhalation, and, most importantly, by ingestion of contaminated feed. Uptake through the skin
or wounds is usually not an important route of contamination, although skin lesions can
provide a direct entry for radionuclides into an animals circulation system especially for those
radionuclides for which gastrointestinal absorption is low. To describe the transfer of
radiocaesium from feed to the milk (Fm) and meat (Ff) a transfer coefficient have been
introduced by Ward, et al. (1965). The transfer coefficients were defined as the equilibrium
ratio between the radionuclide activity concentration in milk (Fm), or in meat (Ff), and the daily
intake of this radionuclide. Such transfer coefficients are applicable only for a constant long-
term rate of activity intake by adult animals.
However, the suitability and validity of this parameter now often used in radioecological
models was discussed later by the same authors (Ward & Johnson 1989). One of the major
problems is the need for equilibrium conditions, which are rarely achieved, especially for
long-lived radionuclides such as Co, Pu etc. due to the restricted lifetime of animals.
Therefore, for a variety of radionuclides this might lead to an underestimate, especially of  Ff

values. A second problem is that the physical and chemical form,  source and stable or
analogue intake of the radionuclide will influence the transfer coefficient. Therefore those
values determined in laboratory studies with ionic radionuclides often do not reflect reality.
Transfer coefficients are affected by many different factors. They vary with physics-chemical
form of the radionuclide, stable element status, physiological status (lactating, non-lactating),
growth rate and feeding level (Howard et al., 2001). Variations of the transfer coefficients
therefore can be in the order of 2 to 3 orders of magnitude. The table 2 gives a summary of
the Ff transfer values, for radiocaesium, regarding several animal species.
Transfer coefficients are adopted by several assessment models, for the estimation of the
animal tissues contamination after an accidental or routine release. (e.g. Müller and Pröhl,
1993). Most of the approaches are based on a conventional equilibrium transfer factor. For
dynamic models, transfer coefficients are combined with biological half-lives (i.e. the time
taken for the radionuclide activity concentration in tissues, or milk, to be reduced by one half
of its initial value) (Crout et al. 2002, in press). More complex compartment models (Galeriu,
D et al. 2001) are used to describe the behaviour of radionuclides in animals, however they
do not necessarily result in a higher reliability of more accurate prediction.
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ANIMAL
TRANSFER COEFFICIENT,
d/kg

REFERENCE

Chicken 3.5 Voigt et al.(1993)
Grouse 10 Moss and Horrill (1996)
Lactating sheep 0.18 Howard et al.(1995)
Lamb 0.046 – 0.35 IAEA (1994)
Goat 0.012 – 0.38 IAEA (1994)
Moose 0.03 – 0.07 Johanson (1994)
Red deer 0.49 Mayes et al. (1994)
Roe deer 0.35 Keszthelyi et al.(1990)
Beef cattle 0.01 – 0.06 IAEA (1994)
Reindeer 0.30 Jones et al(1989)
Pig 0.03 – 1.1 IAEA (1994)

Table 2. Transfer coefficients for radiocaesium to muscles (Howard et al., 2001).

One of the simpler methods to describe the transfer of radionuclides to animal products is the
aggregated transfer factor Tag. This factor describes the activity concentration in the product
related to the deposited activity (Bq kg-1 / Bq m-2). This measure has especially been
introduced to allow a rapid prediction of the potentially expected activity concentration in a
given animal (but also plant) product used for human consumption. It is quite obvious that
this factor changes with time according to the effective ecological half-lives in different
ecosystems. For radiocaesium the following steady state model based on experimental data
in the Chernobyl affected areas has been proposed (Voigt & Semioshkina. 2000):
Tagt   =  (A1*exp(-k1*t) + A2*exp(-k2*t)) * Tag0

• Tagt = Aggregated transfer factor at time = t  (m2/kg)
• Tag0 = Aggregated transfer factor at time = 0 (1986)  (m2/kg)
• A1 = Empirical parameter (fitted to 0.814)
• A2 = Empirical parameter (1 - A1  =  0.186)
• k1 = Empirical first order decay constant fast pool (0.6935  y-1)
• k2 = Empirical first order decay constant slow pool (0.06935 y-1)

The Tag concept is not extensively used in agricultural production systems (although it is in
common usage in the FSU) and should not be used in the first few weeks after a deposition
event when interception and surface contamination are important. However it is valuable in
semi-natural environments where ecological half-lives can be very long and it is difficult to
conduct detailed transfer studies/parameterise appropriate models. In Table 3 some Tag
values for different animal products are given.

Soil typeAnimal Product
Peat Sand Loam Clay

Milk 0.6 0.2 0.1 0.05
Meat 0.444 0.15 0.075 0.035
Wild boar meat 6 2 1 0.5
Roe dear meat 18 6 3 1.5

Table 3. Examples of Tagg values for anomal products (m2/kg) used in RESTORE EDSS
(Voigt&Semioschkina,2000)
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3.2. Models comparison

The DSS that are considered for EVANET-TERRA project use different approaches to
estimate the transfer of radionuclides from the plants to the animals. Table 4 shows the
approaches in available models for plant-animal or plant-food transfer of radionuclides in the
EVANET-TERRA project. Practically every of considered models deals with long-term
prediction, take into account the time dependence of transfer coefficients or have a dynamic
interaction between the compartments.

ApproachProject
Equilibrium
transfer
coefficient

Tagg values Compartment
model

Countermeasure

RESTORE
CESER
LANDSCAPE
SAVE
TEMAS
STRESS
RECLAIM
SEMINAT

Table 4. Approach adopted for the systems considered

Following projects use in the calculation and prediction of food contamination the transfer
coefficients approach:
CESER DSS addresses the long-term ecological consequences of restoration options in
agricultural and semi-natural ecosystems. A ranking methodology is provided which helps
the user to find the best strategy with the highest activity reduction effects and the less
economic and ecological impact for a given landscape.
The RESTORE project had been closely related to the inco-Copernicus project RECLAIM, in
which the objectives were set to provide further detailed information for the radioactive
contaminated sites in Russia, Ukraine, Belarus and Kazakhstan.
SAVE and SAVE-EC provides a detailed method on the dependence of radiocaesium
transfer with soil characteristics for rural environments. However it considers as well semi-
natural products such as sheep/cow milk and meat. All food products are spatially and
temporally described throughout Europe and Eastern Europe.
Aggregated transfer factors (Tagg) are used to calculate the transfer of radionuclides from the
mineral and organic soil compartments to a specified semi-natural product in TEMAS.
The compartment model have been used to provide long-term dynamic for the semi-natural
environment, such as SEMINAT (PEATLAND) and LANDSCAPE. In the LANDSCAPE
system, three different compartment models are used to estimate the transfer of
radiocaesium in a semi-natural environment, to several endpoints. The project covered major
processes: radiocaesium transfer to vegetation and fungi, quantification of radiocaesium
intake by key herbivores such as moose and finally quantification of forest management on
radiocaesium dynamics.
The models consider a different animal species and animal product, for example,
SAVE/SAVE-EC considers eight animal food products: lamb meat, goat meat, cow milk,
sheep milk, goat milk, beef, pork, poultry and eggs. But most of models confined to a cow
and ship and corresponding milk and meat. The models available for EVANET didn’t
consider explicitly the processes of radionuclides absorption in gastro-intestinal tract of
animals, metabolism and recycling between different organs.
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GLOSSARY

CESER – Safeguarding the Human Food Chain through Countermeasures may have
negative Impacts on the Environment, Economy and Humans
FORECO – Forest Ecosystems: Classification of Restoration Options Considering Dose
Reduction, Long-term Ecological Quality & Economic Factors
LANDSCAPE - An integrated approach to radionuclide flow in semi-natural ecosystems
underlying exposure pathways to man
RECLAIM – Time-depended Optimisation of Strategies for Countermeasures use to reduce
population radiation dose and reclaim abandoned areas
RESTORE – Restoration Strategies for Radioactive Contaminated Ecosystems
RODOS  - A Real-time On-line Decision Support System for off-site emergency management
in Europe.
SAVE/SAVE-EC Spatial Analysis of Vulnerable Ecosystems in Europe
SEMINAT – Long Term Dynamics of Radionuclides in Semi-Natural Environments:
Derivation of Parameters and Modelling
STRESS – Spatial and Temporal radioecological Survey Systems
STRATEGY – Sustainable Restoration and long-term Management of contaminated rural,
urban and industrial Ecosystems
TEMAS – Techniques and Management Strategies for Environmental Restoration and their
Ecological Consequences
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Advanced methods for re-use and disposal of TENORM

D. Weiss
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ABSTRACT : In general, TENORM is the acronym for Technologically Enhanced Naturally
Occurring Radioactive Material. The elevated radionuclide concentrations are the result of
chemical or physical processes taking place during exploitation or (re-)processing of raw
materials.
While implementing EURATOM guideline 96/29 in the German legislation, in June of 2001 an
essential pre-condition was created for re-use or disposal of TENORM. An essential
progress has been achieved allowing to re-use TENORM or to dump it together with other
residuals and waste, if the specific activity do not exceed the limits defined in the Radiation
Protection Ordinance (StrlSchV). Otherwise, if the specified limits in terms of concentration or
radiation dose are exceeded, than these materials must remain under radiological protection.
A practical application of the new German regulation turns out to be difficult especially for
highly contaminated residuals taking into account problems arising from adaptation of the
respective legislation on radiation protection, soil protection, waste management and
transportation of dangerous goods.
The report tackles new chances of re-use and disposal of some TENORM arising from the
new legislation taking into account different levels of contamination. Some options for re-use
and disposal of selected TENORM will be described and evaluated. The problems arising
from the licensing procedure will be discussed and elucidated how significant obstacles of
the foreseen disposal ways can be overcome.

1  INTRODUCTION

The acronym TENORM summarizes solid substances which are resulting from physical or
chemical processes applied in exploitation or processing of mineral raw materials or
reprocessing of mineral by-products and wastes. In many cases the radionuclides of the
natural decay chains ar not in radioactive equilibrium due to its different physical-chemical
properties. Furthermore, TENORM often contain heavy metals and sometimes organic
compounds. Their radioactivity may cause an enhanced exposure to both, workers and
members of the public.
The defined concentration level for “enhanced” is derived from the annual dose limit for
members of the public considering basic exposure scenarios. In Germany and some other
EU member states this dose limit is 1 mSv/yr from which a minimum specific activity of 0.2
Bq/g per radionuclide of the U 238 decay chain and the Th 232 decay chain was derived.
Subsequently, natural or processed materials with lower specific activities turn out from
radiation protection regulation.
In preparation of the new German Radiation Protection Ordinance (StrlSchV) it was decided
to include a list of such materials with enhanced natural radioactivity (s. Annex XII, part A of
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StrlSchV) which can be realy expected in Germany. That was the outcome of investigations
carried out during the drafting of this regulation. This list comprises sludge and scales from
the exploitation of natural gas and crude oil and residues and by-products from processing of
raw phosphate, iron and non-iron ores and minerals. In contrast to Germany, the most EU
member states defined for their national radiation protection regulations only a minimum level
of the specific radioactivity independently of the kind and origin of the material.
According to actual investigations [1] in Germany the precipitates (scales) in tubes from the
extraction of natural gas and crude oil seem to be of prior importance due to high enrichment
of radium isotopes and its decay products and the presence of metallic mercury. Therefore
the following explanations are focused to different options of the re-use and disposal of such
materials.
In addition, the problems connected with the re-use of slag from former copper smelting will
be discussed.

2  RECENT SITUATION

The report [1] contains an overview on the kind, amount and range of specific activities of
TENORM in Germany includung such TENORM which are not listed in the German
Radiation Protection Ordinance, e.g. scales from geothermal applications and sludge from
water treatment. The following explanations are only directed towards scales and sludge
from oil and gas extraction and slag from copper melting.

2.1  Oil and gas extraction

Naturally occurring radionuclides are present in varying concentrations througout
hydrocarbon reservoirs. The type of rock formation largely determines the radionuclide
content of the reservoir; sedimentary rocks show low radionuclide concentrations whereas
phosphate rock types have high levels. The waters associated with the rock formations often
contain barium, calcium strontium and radium. During the oil and gas extraction barium
precipitates as sulfate inside the tube. Radium isotpes are co-precipitating due to their
chemical similarity to barium. Consequently, the radioactivity of the scales result primarely
from Ra 226 and Ra 228. The long-living daughter products, i.e. Pb 210 and Po 210 and
Th 228 regrow in relation to its physical half life compared to the half life of Ra 226 and
Ra 228, respectively. Therefore the specific activities of Pb 210 and Po 210 will grow up to
that of Ra 226, whereas the specific activity of Th 228 will exceed the Ra 228 activity by a
factor of 1.46 (flow equilibrium). Sometimes Pb 210 is enriched against Ra 226 if the connate
waters contain high amounts of lead.
According to [2] the specific activities of Ra 226 and Ra 228 in scales from the German oil
fields may reach 300 Bq/g and 390 Bq/g, respectively. The maximum concentrations of these
radionuclides from gas fields amount up to 650 Bq/g and 360 Bq/g, respectively [3].
Nevertheless, Ra 226 concentrations above 50 Bq/g were measured only at about 5% of the
analysed scales from the gas fields in Saxony-Anhalt [4].
Based on a roughly calculation in [5] the annual amount of scrap from all German on-shore
oil and gas extraction units is about 10.000 t containing approximately 1.000 t scales. The
rise of sludge containing more than 100 Bq/g cross activity is given in [1] with 400 m3/yr per
off-shore oil extraction unit and 50 m3/yr per on-shore extraction unit. The amounts of
contaminated sludge from natural gas extraction are ten times lower.
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2.2  Copper slate smelting

Copper slate mining and smelting in Germany was finnished in 1990. Beside the huge
amount of waste rock material from the former copper slate mining, a lot of smelting residues
such as copper slag and Theissen mud is still remaining in the landscape. According to [1]
about 3 Million m3 of copper slag were heaped up. The Theissen mud result from generating
of fly ash by means of the so called Theissen cleaning process. The Theissen mud was
dumped into 10 artificial ponds with a total volume of some 100 Thousands m3. Recently all
these ponds are remediated by multy-layer covering according to the German regulations for
chemical toxic waste management.
The slag contains mainly U 238 and Ra 226 in the range of 0.4 Bq/g to 2.0 Bq/g, whereas
Pb 210 and Po 210 reaches about 10 Bq/g each in Theissen mud [1]. That is the result of the
thermal processing due to the low volatility of uranium and radium and the high volatility of
lead and polonium.

3  RE-USE OF COPPER SLAG

The use of the slag from copper smelting of the Mansfeld region (Saxony-Anhalt) have
already a long tradition mainly as construction material. The hot glutinous slag was either
heaped up or filled in a casting box to form bricks. A lot of roads and public places were
constructed by means of these bricks, not only in this region but also everywere in Germany
and middle Europe. Also some wave brakers at the North Sea coast are made from copper
slag bricks. Nevertheless, the greatest portion of the slag is recently still heaped up.
The structure of copper slag is like glass with a high resistency against weather effects. The
only radiological problem is rising up from the gamma dose rate of about 200 nSv/h to 400
nSv/h in dependance of the Ra 226 concentration whereas the emanation of Rn 222 is
strongly limited due to the glass-like structure.
Because the recultivation of big copper slag heaps is impossible the re-use of the slag was
considered as a practicable solution of the problem. Therefore allready in 1991 the German
Commission on Radiological Protection (SSK) recommended the re-use of copper slag for
the construction of roadbeds [6]. Nevertheless, the company which processes this material
needs a licence from the Radiation Protection Authority based upon the Radiation Protection
Ordinance (VOAS) of the former GDR. Furthermore, for the re-use of this material this
authority had to grant a permission on the basis of the Order for re-use of contaminated
materials (HaldAO). Both regulations remained their validity till 2001 on the territory of the
former GDR. Since the implementation of the new Radiation Protection Ordinance (StrlSchV)
in 2001 the permission for the re-use of the copper slag was redrawn by the State Authority
of Saxony-Anhalt, although it would be possible if considering only the limit of the
radionuclide concentration given in this new regulation. But the new Radiation Protection
Ordinance is only applicable to recent work and not for residues resulting from past
processing of such materials.
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4  RE-USE AND DISPOSAL OF RESIDUES FROM OIL AND GAS EXTRACTION

Since a coupple of years different methods for re-use and disposal of sludge and scales from
gas and oil extraction are applied or the licensing process is running. The preference of an
option depends e.g. from the radioactivity level and the presence of mercury in connection
with the changing legal grounds. Following, different options for re-use or disposal of
contaminated scrap or separated scales are discussed.

4.1  Re-use or disposal of contaminated scrap

Untreated tubes could left in place. But, unfortunately that is not applicable for feed pipes due
to restrictions by the German Mining Act. 
Its dumping on common land fills, clay pits or holes from open pit mining was only possible
(as long as the regulations from the former GDR were still in force) if the specific activity of
the scales inside the tubes is lower than 0.2 Bq/g and mercury is absent. This option was not
applied because its smelting was prefered due to economical reasons. With respect to the
above mentioned maximum specific activity no restrictions for smelting exist.
Recently also higher contaminated scrap could be dumped on such places according to
Annex XII part C of the StrlSchV if mercury is absent. But for such scrap with specific activity
of the scales higher than 0.2 Bq/g the unrestricted smelting is not allowed. The dumping at
land fills of low contaminated scrap with a total activity of the scales between 0.2 Bq/g and
about 1 Bq/g was allready executed. But the portion of such tubes is to small to apply this
option on a broader scale in connection with the expenditure of radiactivity measurements to
control the maximum permissible specific activity.
During the last three years GRS worked out an option for the disposal of scrap poluted by
both, natural radioactivity and mercury in an underground disposal site for toxic waste [7]
basing on the principles of the StrlSchV in connection with the regulations for toxic waste
management and the transportation of dangerous goods. This option is applicable for a cross
activity of the scales up to 40 Bq/g. A great progress was achieved in licensing process till
spring of this year. Now this process was interrupted by the Mining Authority of Saxony-
Anhalt due to intervention by the owner of this underground disposal site which is a separate
part of an operating potash mine.
Therefore huge amounts of scrap contaminated by both, radioactivity and mercury are
recently piled up at storage areas of the oil and gas companies. At the moment, the only
option is its restricted smelting by the Simpelkamp company having a licence for smelting of
such scrap. This application of thos option is limited due to very high costs.

4.2  Re-use or disposal of separated scales

The scales can be separated from the pipes by means of sand blasting or high pressure
water jet techniques. Sand blasting is prohibited in Germany since some years because the
dose to workers resulting from inhalation of dust is unacceptable high. 
In contrast, the application of high pressure water jet techniques becomes increasing
importance. The remaining radioactivity of the cleand up tubes is lower than 0.1 Bq/g.
Therefore the unrestricted re-use of such tubes should be possible but at the moment only its
smelting is allowed.
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For the re-use or disposal of the separated scales different methods are applied. The
common method was the backfilling of the scales into the boreholes. Recently this method
was stopped by the responsible Mining Authority due to stronger demands for the long term
safety, i.e. for the exclusion of the migration of mercury into the groundwater. Nevertheless,
some geological formations where oil and gas extraction takes place fulfil these conditions
and backfilling takes place again.
The last option is directed towards the recycling of mercury in connection with the storage of
the residues resulting from that process. This method concerns te demercurisation of sludge
from oil and gas industry. Recently this method was modified for scales. According to [1] the
recycled mercury is of highest purity. After the selectiv purification the sludge or the scales
still contain the same specific activity as before. These residues - in case of sludge after
partial dewatering – are mixed with a GeopolymerR (high-alkali (K-Ca)-Poly(sialate-siloxo)
binders) for immobilisation [7]. The sludge or the scales, that means waste, are going to be
again a waste after demercurization, but
- on the one hand an important raw material (mercury) is extracted and on the other hand a
high toxic substance is removed;
- simultaneously, hydrocarbons are removed ;
- the remaining radionuclides are safely encased for the long-term due to conditioning by
means of GeopolymerR; 
- the storage of the immobilized residues in land fills or underground dump sites is possible in
accordance with the legal frame conditions.

5  LEGAL FRAME CONDITIONS FOR RE-USE OR DISPOSAL OF TENORM

The above described methods for re-use or disposal of some TENORM are only applicable if
they are in agreement with the legal frame conditions. That concerns not only the regulations
on radiological protection but also those on recycling and storaging of common residues and
waste as well as on the transportation of dangerous goods. In every case – except for the
controlled smelting by Simpelkamp Co. – the precondition for the implementation of each
practice is the release of the concerning residue from the radiological supervision according
to § 98 of StrlSchV in connection with Annex XII, part A (kind of material) part B (maximum
permissible specific activity), part C (maximum permissible specific activity of the total
material of an landfill) and/or part D (keeping of the dose limit of 1 mSv/yr).
The procedure necessary for the release of such materials from radiological supervision is
much more complicated than assumed, because the regulations for the different legal
aspects are not well tuned. This will be demonstrated exemplary for the following two cases.
The Radiologial Protecton Autority can release such residues from supervision if the above
mentioned canditions are fulfiled. On the other hand, in case of joint disposal with common
waste the Autority which is responsible for common waste affairs must allocate a single
disposal facility. But the owner of this facility can only accept such material after its release
from radiological supervision. For that reason the most of licencing processes are not yet
finally decided, especially if autorities from different German states are involved into this
process.
A further problem is rising up from the regulations for transportation of dangerous goods. In
Germany it is not allowed to store such radioactive waste and contaminated residues
(TENORM) at disposal facility for toxic waste which are transported under the regulation for
transportation of radiactive materials on roads. This option for disposal is interupted because
the maximum permissible concentration of natural radinuclides for release from radiological
supervision may be higher than the minimum specific activity according to the regulation on
transportation of radiactive materials. Whereas according to the StrlSchV the release is
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based on the maximum specific activity of that nuclide with the higest activity, for
transportation issues the sume of all long living radionuclides must be considered. For stady-
state conditions this value is 100 Bq/g but for non-equilibrium conditions it depends from the
portion of radioactive thorium isotopes having a 10times lower boundary limit than e.g.
radium or lead isotopes. That results in a “flowing minimum permissible activity” for
transportation as the following figure demonstrates.
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Figure 1: Minimum cross activity for release from transportation regulation in dependance of
the portion of Th 228 against the portion of Ra 226, Ra 228, Pb 210 and Po 210 [8]
Nevertheless, the most of the above disussed problems are now solved or being on way.

6  SUMMARY AND CONCLUSIONS

•   The most of TENORM can be released from radilogical supervision according to § 98
StrlSchV.

•   The main problems which have to be solved during the licensing process arising from the
superposition of different legal aspects which have to be taken into account.

•  There is not only one preferred option for re-use or disposal of a special kind of TENORM,
e.g. scales from oil and gas extraction but it depends from different factors as
- level of the specific activity  or
- presence of chemical toxic substances.

•   One grucial probleme needs still an answer. What´s with such material which must remain
under radilogical supervision according to § 99 StrlSchV? Are these materials radioactive
waste or not?
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ABSTRACT: The STRATEGY project (Sustainable Restoration and Long-Term
Management of Contaminated Rural, Urban and Industrial Ecosystems) has established a
holistic framework for the selection of optimal remediation strategies for long-term
sustainable management of contaminated areas in Western Europe. A fundamental
requirement of this framework was the development of databases containing state-of-the-art
information on individual countermeasures that might be applicable to food production
systems and inhabited areas. A datasheet template was designed taking into account all of
the criteria that decision-makers might wish to consider when evaluating different
countermeasures.  These included a short description of the option, its key attributes,
constraints, effectiveness, feasibility, waste generated, doses incurred, costs, side effects,
stakeholder opinion and practical experience.  A compendium, comprising datasheets for
101 countermeasures was produced based on existing information and new data. The
compendium underwent extensive peer review. For some criteria, the inclusion of more
detailed guidance was made possible by adopting a CDROM format with hyperlinks to
underlying documents, where relevant. The countermeasures compendium has been well
received by national and international bodies and plans are currently being made for its
further development under the direction of the IAEA/FAO and the EC.
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1  INTRODUCTION

Following a large-scale release of radioactivity into the environment, food production systems
and inhabited areas may be contaminated for many years.  Accident response throughout
Europe has tended to focus on management of the early phase, addressing issues such as
evacuation, sheltering, restrictions on food and drinking water and provision of stable iodine
tablets. Currently, there is little systematic consideration of the long-term management to
ensure the sustainability of these areas.  To sustain acceptable living and working conditions
in contaminated areas we need to construct practicable restoration strategies that address
the many different types of environment, land use and ways of life.

The STRATEGY project (Sustainable Restoration and Long-Term Management of
Contaminated Rural, Urban and Industrial Ecosystems) was launched in 2000, with part
funding from the European Commission, under its 5th Framework Programme.  The overall
objective of the project is to establish a holistic framework for the selection of optimal
remediation strategies for long-term sustainable management of contaminated areas in
Western Europe.  A fundamental requirement of such a framework is the development of
databases containing state-of-the-art information on individual countermeasures that might
be applicable to food production systems and inhabited areas.

Many individual countermeasures have been developed since the accident at the Chernobyl
Nuclear Power Plant, Ukraine in 1986. Much of the information on these countermeasures
was initially based on their effectiveness in terms of dose reduction and cost. However, it is
now acknowledged that the costs of the countermeasures may be both social and economic,
and there may be benefits other than dose reduction.  This paper describes the work carried
out under the STRATEGY project on the compilation of a state-of-the-art compendium of
countermeasures that considers a wide range of criteria.

2  COMPILATION OF INFORMATION

2.1  Selection of countermeasures

A large number of potential countermeasures were identified from the literature and critically
evaluated with regard to their applicability in Europe.  The final selection of countermeasures
is given in Table 1.  It comprises 29 agricultural countermeasures, 12 rural waste disposal
options, 10 countermeasures for use in aquatic and forest ecosystems and 36 methods for
urban/industrial environments.  In addition, 15 non-technical ‘social’ options were identified
that could help society or individuals deal with the contamination at a more local level.
There were additional countermeasures described in the literature that were not considered
further because of their ineffectiveness (e.g. bioremediation, administration of clay minerals
to soil, leaching of soil), inappropriateness for application in the medium to long-term (e.g.
administration of stable iodine to livestock) or a lack of relevant information (e.g.
administration of alginates to animal feed, selection of different crop variety or species).



63

2.2  Development of a datasheet template with selected criteria

As the volume of information on individual countermeasures grows, there is a requirement to
systematically record data in a standardised format to facilitate comparison between options.
A datasheet template was designed for this purpose, taking into account all of the criteria that
decision-makers might wish to consider when evaluating different countermeasures (Table
2).  These include a short description of the option, its key attributes, constraints,
effectiveness, feasibility, waste generated, doses incurred, costs, side effects, stakeholder
opinion and practical experience.  Datasheets containing information on these criteria were
produced for all 101 countermeasures. They were then circulated for internal comment within
the project before being sent to international experts and end-users for peer review.  The
datasheets for urban and industrial countermeasures have already been published [1 and 2],
whilst those applicable to food production systems are in press [3].
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Table 1 Countermeasures, and waste disposal options contained within the compendium

Agricultural Countermeasures
Administration of AFCF boil to ruminants
Administration of clay minerals to feed
Application of K fertilisers to arable soils/grassland
Application of lime to arable soils/grassland
Clean feeding
Change of hunting season
Dilution
Decontamination techniques for milk
Distribution of saltlicks containing AFCF
Distribution of concentrates with AFCF
Distribution of concentrates with added calcium
Deep ploughing
Early removal of crops
Feeding animals with crops/milk > Intervention levels
Food bans

Live monitoring
Manipulation of slaughter time
Ploughing, fertilising and reseeding of unimproved pastures
Processing of milk for human consumption
Processing of crops for consumption
Salting of meat for consumption
Selective grazing regime
Select edible crop that can be processed
Select alternative land use
Slaughtering dairy cows
Shallow ploughing
Skim and burial ploughing
Suppression of lactation before slaughter
Topsoil removal

Rural waste disposal options
Biological treatment (digestion) of crops
Biological treatment (digestion) of milk
Burning of carcasses
Burial of carcasses
Composting
Disposal of contaminated milk to sea

Incineration
Landfill
Landspreading of milk and slurry
Ploughing in of standing crops
Processing and storage of milk for disposal
Rendering

Aquatic and Forest
Addition of lime to lakes or catchments
Addition of potassium to lakes
 Bans on drinking water consumption
Construction of dykes or barriers
Purification of drinking water at water treatment plants

Regulation of contaminated water flow through reservoirs
Switching or blending of drinking water supplies
Forest soil treatment with fertilisers
Modification in tree felling time
Restriction on the use of wood

Industrial
Application of detachable polymer paste on metal surfaces
Chemical cleaning of contaminated metal surfaces
Cleaning of contaminated ventilation systems
Cleaning of contaminated plastic and coating surfaces

Electrochemical cleaning of metal surfaces
Filter removal from industrial areas
Physical cleaning of metal surfaces
Ultrasound treatment + chemical decontamination

Urban
Ammonium treatment of walls
Application of clean sand or soil around dwellings
Change of roof
Deep ploughing (park areas)
Fire hosing of roads and walkways
Garden digging
High pressure washing of dwellings
High pressure washing of roofs
Intensive indoor surface cleaning
Lawn mowing
Mechanical abrasion of wooden walls
Pruning or removal of trees and shrubs
Re-surfacing frequently occupied areas
Road planing

Roof cleaning by cleaning device
Roof cleaning with pressurised hot water trolley
Sandblasting of walls
Shallow ploughing (park areas)
Skim and burial ploughing (park areas)
Snow removal
Topsoil removal and applying lignin coating
Topsoil removal by machines
Topsoil removal manually
Triple digging
Turf harvesting
Turning flagstones
Vacuum sweeping roads and walkways

Social Countermeasures
Advice on use of fire ash
Compensation scheme
Dialogue and Consultation: Citizen’s Jury
Dietary advice
Do nothing
Education programme in schools
Evacuation/sheltering
Food labelling

Information/Advice Bureau
Medical check-up
Provision of counting/monitoring equipment
Raising intervention limits
Relocation
Restrictions on gathering of free food
Restrictions on the use of recreational areas
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Table 2 Criteria used to describe countermeasures

Criteria Issues
Key attributes Objective

Other benefits
Countermeasure description
Target
Target radionuclides
Scale of application
Contamination pathway
Exposure pathway pre intervention
Time of application

Constraints Legal
Social
Environmental
Communication

Effectiveness Countermeasure effectiveness
Factors influencing effectiveness of procedure (Technical)
Factors influencing effectiveness of procedure (Social)

Feasibility Required specific equipment
Required ancillary equipment
Required utilities and infrastructure
Required consumables
Required skills
Required safety precautions
Other limitations

Waste Amount and type
Possible transport, treatment and storage routes.
Factors influencing waste issues

Doses Incremental averted doses
Factors influencing incremental averted dose

Intervention Costs: Equipment
Consumables
Operator time
Factors influencing costs
Communication costs
Compensation costs
Waste costs
Assumptions

Side effect evaluation Ethical considerations
Environmental impact
Agricultural impact
Social impact
Other side effects

Stakeholder opinion
Practical experience
Key references
Comments

2.3  Inclusion of ‘second layer’ documents on CDROM

The datasheets are both comprehensive and concise and intended to be generally applicable
across Western Europe. Nevertheless, for some criteria (e.g. legal, social and
communication constraints, ethical considerations, cost-effectiveness, wastes, additional
doses and stakeholder opinion) the inclusion of more detailed guidance was considered
appropriate.  Presentation of this additional information was achieved using a CDROM
format [4] whereby hyperlinks were created between particular criteria in the datasheets and
relevant ‘second layer’ documents.  A brief summary of what is contained in the second layer
documents is given below.
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2.3.1  Legal, social and communication constraints

The feasibility of individual countermeasures will not only depend on technical constraints but
also on a variety of legal, social and communication issues.  Legal constraints are discussed
in terms of environmental legislation (e.g. for nature conservation, freshwater resources,
atmosphere, marine, waste), maximum permitted levels of radionuclides in foodstuffs,
protection of cultural heritage, declarations on human rights, conventions on workers rights,
ownership and access to property, and liability for possible damage to property.  Social and
communication constraints (e.g. acceptability of countermeasures on animal welfare
grounds, rationales for choosing a particular countermeasure) unlike technical or legislative
constraints are shown to be less rigid and insurmountable.

2.3.2  Ethical considerations

A number of ethical criteria are important in the evaluation of countermeasures.  In this
context, decision-makers need to ask questions on whether:

(i) The distribution of cost and benefits is equitable. Countermeasures that reduce
collective dose (e.g. by banning foodstuffs) often change the distribution of dose, from
consumers/farmers to workers/consumers/populations around waste facilities.
(ii) The risks are imposed or voluntary. Voluntary countermeasures (e.g. provision of
counting equipment, dietary advice and self help measures for farmers) that are carried out
by affected individuals, or that increase personal understanding or control over the situation,
respect the fundamental ethical values of autonomy, liberty and dignity.  Imposed
countermeasures (e.g. bans on amenity use, radical changes in farming practice) are highly
disruptive and infringe upon liberty.
(iii) The action carries a risk of serious environmental damage. Countermeasures that
change or interfere with ecosystems may have uncertain or unpredictable consequences for
the environment.  Environmental risk raises a variety of ethical issues including
consequences for future generations, sustainability and balancing harms to the
environment/animals against benefits to humans.

General information is provided on the ethical criteria against which each individual
countermeasure can be evaluated.

2.3.3  Cost effectiveness

Calculating cost-effectiveness (i.e. the direct monetary cost of reducing a unit collective dose
(euros/person Sv) is a useful tool in a decision-making.  It gives the least costly method of
achieving a specified reduction in dose, or it can predict the maximum reduction in dose for a
fixed cost. A cost-effectiveness analysis may be an important first step in excluding some
countermeasures.  A methodology is described for calculating cost-effectiveness for all of the
countermeasures contained in the compendium that lead to an averted collective dose.
Actual cost-effectiveness is both scenario and site specific.
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2.3.4  Wastes

The generation of waste as a result of implementing a countermeasure is frequently
overlooked in assessing practicability.  However, the volumes of waste produced can be
considerable (e.g. following food bans, topsoil removal, processing or decontamination of
milk, fire hosing of roads and walkways). Therefore, careful consideration must be given to
the management of waste before selecting a countermeasure. Twelve options for the
management of rural wastes have been identified (Table 1), ranging from relatively simple in
situ disposal methods to off-site commercial treatment facilities. Few of these options have
been previously considered in the context of restoration strategies. They are described in
individual datasheets and form part of the countermeasures compendium. A separate
second layer document describes 15 management options for wastes arising from
countermeasures directed at urban or industrial areas.  These range from techniques for the
disposal of contaminated soil and vegetation to sophisticated methods for volume reduction.

2.3.5  Additional doses

The implementation of most types of countermeasures will lead to additional doses to those
implementing them, and to those affected by the wastes generated. The additional dose is an
incremental dose that specifically excludes doses from contamination already present in the
environment.  A series of calculations to specifically calculate the additional doses incurred
by operatives (e.g. farmers and factory personnel) from the implementation of agricultural
countermeasures is described.  All of the major relevant pathways, external irradiation,
inhalation of resuspended material and inadvertent ingestion of contaminated material were
considered.  A complementary approach is described for estimating doses in various
representative locations inside and outside selected urban and industrial environments.

2.3.6  Side effect evaluation

The implementation of countermeasures leads to direct costs (e.g. manpower,
compensation) which can be easily quantified and side effect (or indirect) costs (e.g. ‘non
use’ values such as loss of biodiversity, deterioration in animal welfare, and ‘use’ values such
as restrictions in hunting, fishing, swimming), for which it is more difficult to ascribe a
monetary value.  A more holistic approach to decision making needs to take into account the
indirect effects of countermeasures. Five methods to value the indirect effects of
countermeasures are described: choice modelling (preferred technique), contingent
valuation, travel cost, hedonic pricing and production function approaches.

2.3.7  Stakeholder Opinion

Stakeholder participation is an important mechanism to explore the benefits or
disadvantages of individual countermeasures, and is an essential step in developing a
decision framework.  Close liaison with the FARMING stakeholder network [5] facilitated
evaluation of the datasheets for agricultural countermeasures and rural waste disposal
options from stakeholder perspectives in the UK, Finland, Belgium, Greece and France.
Opinion from the UK node of the FARMING network was included in the datasheets.  The
divergence of opinion between national groups is discussed further in a linked document ([6]
which attributes these differences to variations in geomorphology, climate, land
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management, infrastructure, consumer confidence and culture. Stakeholders were consulted
in small groups or individually for feedback on the other categories of countermeasures.
Their comments have been incorporated into the datasheets.

3  FUTURE DEVELOPMENTS AND APPLICATIONS

The countermeasures compendium has been well received by national and international
bodies and plans are currently being made for its further development. For example, the
datasheets for agricultural countermeasures and rural waste disposal options are being
taken forward by the FAO/IAEA joint division for adaptation to other climate types.  They may
also be used to update IAEA Handbook 363 [7].  Furthermore, plans to expand the
compendium in a new Integrated Project (EURANOS) are being negotiated under the
auspices of the EC Framework Six Programme.  Countermeasures applicable to the pre-
release and early phase will be identified and new datasheets compiled.  Existing datasheets
will be extended to cover radionuclides of importance in the early phase, as well as those
from potential terrorist devices.  Updated versions of the CDROM, for both food production
systems and inhabited areas, are expected by the end of 2005. These revised
countermeasures compendia will form the main input to recovery handbooks being
developed in collaboration with stakeholders for future use in Europe.
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ABSTRACT : In France, for several years, IRSN has been working on technical solutions for
the rehabilitation of rural, urban and industrial areas, contaminated by radioactivity. However,
the post-accidental rehabilitation is a complex problem. It concerns others elements than the
radiological quality of the territory and implies various stakeholders. On this basis, IRSN is
deeply engaged in actions involving these other stakeholders, in particular in rural
environment. The FARMING project constituted an interesting initiative in this direction, since
it aimed to set-up a multi-field network, with European stakeholders, engaged in a common
reflection about the rehabilitation of a rural territory, following a nuclear accident. Within this
framework, this group has been involved in the evaluation of a rural countermeasures
compendia, suggested by STRATEGY, another European network. The French working
group gave various comments, on the scientific, technical and strategical points of view. It
first addressed the two main options of rehabilitation objectives, “concentration” or “dilution”
of radioactivity, with their respective advantages and drawbacks. It then suggested some
actions to realize “in normal time” in order to facilitate the management of the nuclear crisis.
And finally proposed some new strategic criteria to add to the datasheets.

1  INTRODUCTION

The contamination of a rural territory following a nuclear accident would have a strong
potential to destabilize food production industry. And in France, where food production is,
from an economic but also historical point of view, a very significant activity, such an event
could durably unsettle economy, but also public institutions functioning and even social
relations.
After Chernobyl accident, a real need has thus been identified, in France, like in some other
European countries, to initiate a reflexion on the consequences of a nuclear accident in the
long term. However, the main improvements in terms of preparation to a nuclear crisis mainly
benefited to the management of the emergency phase.

Then, the complexity of the radioactivity integration’s mechanisms into the environment and
into the foodchain, but also the important number of concerned actors and the inevitable
incompatibilities between their respective expectations of the rehabilitation, make the post
accidental management a challenging question for the responsible organisations at local,
national and international levels.
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The involvement of persons in charge of agriculture in a collective reflection on the conditions
and means of the post accidental situation’s management seemed therefore necessary, in
order to allow them to express the farmers point of view.
Research  about  rehabilitation of contaminated territories after a nuclear accident is mainly
been conducted by radiation protection experts, with a few involvement of agronomists and
farmers representatives. But the updating and therefore the expansion of present knowledge
required a broadened framework through in depth discussions between radiological
protection experts and various actors of the food production sector.

The FARMING Program, gave, three years ago, an occasion for IRSN to come up to these
expectations. Coordinated by a Research Institute for Agronomy, the French Farming Group,
met during two annual seminars, that framed the discussion on the stakes and conditions of
the post accidental management of the agriculture and food industry.

Then, the means to achieve rehabilitation have also been discussed for one year on the
basis of the countermeasures compendium for agriculture and food, produced by another
European program, STRATEGY.
This paper provides an overview of the approach adopted and of the French agriculture and
food countermeasure working group achievements.

2   THE FRENCH AGRICULTURE AND FOOD COUNTERMEASURES WORKING
GROUP

The mobilization of the actors was a multistage process. In a first step, a core stakeholder
group was created.. This group, coordinated by National Institute for Agronomy Paris –
Grignon, and chaired by a representative of the French Department for Agriculture is mainly
composed of:
• French Farmers National Association (FNSEA),
• National Federation for Milk Producers (FNPL),
• Institute for Radiological Protection and Nuclear Safety (IRSN),
• Study Centre on the Evaluation of Protection in Nuclear Field (CEPN),
• A NGO called Formation pour l’Epanouissement et le Renouveau de la Terre (FERT).

The second meeting of the French Group took place on the 16th and 17th October 2002.  It
was given the title ‘what will we do at the local, national and European level, the day, month
and year after a nuclear accident if there are post-accidental consequences on a territory and
its agricultural area’.

A wide range of agro-technical institutes were then invited to take part in the evaluation of the
STRATEGY countermeasures, after two briefing meetings, during which members chose a
scenario, for the countermeasures’ evaluation.

The  agro-technical institutes that finally participated to the evaluation were :
• Animal Husbandry Institute,
• Arvalis - Plant Institute,
• Association for Technical Co-ordination in Agriculture (ACTA),
• Inter-professional Technical Centre for Oleaginous Plants (CETIOM),
• Inter-professional Technical Centre for Fruits and Vegetables (CTIFL),
• Inter-professional Technical Centre for Vine and Wine (ITV),
• Technical Institute for Linen (ITL),
• Technical Institute for Pig (ITP).
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The working group divided in two subgroups respectively specialised in vegetal and animal
food productions. The results of the subgroups were finally integrated together.
Some adjustments were also carried out to adapt the evaluation of the STRATEGY
countermeasures to the French processes and context.
In order to comply with time constraints, the working subgroups decided to target the study
on ten countermeasures among the forty-one, according to the interests and competencies
of the participants. The selected countermeasures are:

• “Animal food production” working group
o Live monitoring
o Distribution of concentrates with AFCF
o  Slaughter dairy cows
o  Dilution
o  Salting of meat for subsequent consumption

• “Vegetal food production” working group
o  Food bans
o  Deep ploughing
o  Select edible crop that can be processed
o  Select alternative land use
o  Incineration

3   ACHIEVEMENTS

All in all, it arises that the document proposed by STRATEGY is a first very useful synthesis
of the existing solutions, as regards the health protection of the people and rehabilitation of
the environment after a nuclear accident.
However, the analysis of the STRATEGY document put into light technical, strategic and
methodological questions concerning the countermeasures and the approach selected for
their evaluation.

3.1 Specificities of the French context

Some of the results of the French working group seemed, to the other European
stakeholders, to be very specific to France, and thus not extensible to the whole Europe. The
description of some specificities of the French economical and social context was
consequently a good instrument for better further comprehension.

The French agriculture is firstly characterized by a significant diversity of food products and
modes of production, due to the diversity of climate and relief, agricultural traditions or
regional specialization.
This multiplicity of contexts may, in crisis period, generate a large panel of specific local
constraints and of available rehabilitation means, that could deeply influence the
countermeasures efficiency. The local component of rehabilitation objectives definition may
then vary a lot from case to case, what makes national reflexion even more complex.

Its second characteristic is a relatively important effort of the farmers towards the « quality
process ».
Actually, the recent food or sanitary crises at the national and European levels have called
into question some of the food industry intensive methods, and have therefore generated a
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durable demand of “quality” for the food. This demand covered several aspects, like for
example the respect for environment or the gustative quality of food. It began to express
itself throught the success, for example, of organic food and agritourism.
Some farmers and food industries, who perceived these changes, began to invest into
extensive farming, improvement of traceability, development of “labels” and diversification of
the agricultural activities.
The “quality process” appears therefore as a source of confidence and then, as a key factor
for the choice of rehabilitation strategies.

3.2  Main results on the selected datasheets

3.2.1 A definition problem: In time of crisis, which foodstuffs would be considered as unfit for
human consumption?

One of the first difficulties met by the two sub-groups has been the definition, with the
countermeasure “food bans” for instance, of a threshold between marketable food and food
to be banned for the crisis period.
A first response was given by radiation protection experts, with the Council Food Intervention
Levels for Food (CFILs), which define maximal acceptable concentrations levels in
marketable food for several radionuclides. Then, if the levels for one radionuclide are
exceeded, food will be banned.
But some agricultural stakeholders brought up a problem of acceptability, for the consumer,
of food labelled as coming from the contaminated territory but characterized by
concentrations below the CFILs. Actually, the strong demand for quality in food production
and the high availability of other foodstuffs than the ones produced in the contaminated
territories may incite the consumers to reject these contaminated foodstuff..
Then, trying to sell these could even reactivate mistrust towards entire food production,
notably quality foodstuffs, exported at the international level, like cheese or wine.

Within the French context, banning all foodstuffs coming from the contaminated territories in
order to preserve the image of quality for food production might be more profitable, than
using CFILs as threshold. However such a policy would have many drawbacks and would
undoubtedly deserve careful consideration by the food and agriculture stakeholders.

3.2.2 A strategic choice: « diluting » or « concentrating » the contamination

French stakeholders classified the evaluated countermeasures in two main categories, that
correspond to two options of rehabilitation: “concentration” or “dilution” of the radioactivity. All
the countermeasures belonging to one of the categories are characterized by quite the same
social and economical constraints.

•  The « dilution » strategy means a reduction of the radiological concentrations in the
food products and in the environment by increasing the volume of contaminated
material.
“Dilution of contaminated milk with milk contaminated below the CFILs” or “deep
ploughing of the contaminated soil” are for instance “dilution” countermeasures. In the
first case, the problem of CFILs acceptability could signify drop of the sales and then
of the farmers income. In the second situation, agricultural stakeholders pointed out
that radionuclides will be irreversibly integrated into the environment, by the farmers,
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what may rather be badly accepted by the population and could destabilize the
existing confidence towards food production.

•  The « concentration » strategy means, on the contrary, a reduction of the volume of
contaminated material for storage. “Slaughter dairy cows”, then “incineration” for
subsequent storage would decrease the volume of contaminated material but
increase the radionuclides concentrations in wastes. This strategy seemed to be
more acceptable for the population, but is characterized by high implementation costs
and problems of storage feasability.

« Dilution » strategy has often been perceived as an irreversible redistribution of the
contamination that asks the question of the residual risk acceptability and « concentration »
strategy raises problems of feasability.
But French stakeholders also pointed out that the acceptability of “dilution” and the costs of
the implementation of the “concentration” could significantly vary according to the scale of
the accident and to the local characteristics of the rehabilitation.

3.2.3 Influence of the legal and the communication constraints on the feasability and the
acceptability of the countermeasures

3.2.3.1 Legal constraints:

The implementation of some countermeasures proposed by STRATEGY raised problems of
legal feasability evaluation. In fact, the European legislation, as far as quality of food
production or environmental management is concerned, becomes stricter and stricter with
the years. And some of the proposed countermeasures would be forbidden “in normal time”.

In “crisis period”, legal texts specify that some adjustments to the “normal time” legislation
could be realised, but without precising up to what point.
It has also been difficult for French stakeholders to estimate the legal feasibility of the
countermeasures. This difficulty impacted on the reflection about rehabilitation strategies,
because strategic choices could be limited, if the means to achieve the objectives are
forbidden by the law.

3.2.3.2 Communication/ information constraints:

The experiment of recent food crisis demonstrates that communication strategy would be a
key element of the crisis management, since it will partly define the perception of the crisis by
the population.
But in time of crisis, it seems that the information sources will be numerous, with no
coordination between them, and also possible inconsistencies. This situation of uncertainties
could then create suspicion towards the rehabilitation managers at the national and local
levels and increase the socio economical crisis generated by the contamination.

French stakeholders therefore emphasised the importance of a preparation of the information
sources “in normal time” in order to organize the coordination and form them to explain
simply and precisely the situation in “crisis period”.
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3.2.4 Proposal for criteria addition

A wide range of criteria have been defined by STRATEGY and integrated in the datasheets
for the countermeasure appraisal. The French stakeholders proposed some additional
criteria to widen the information contained in the datasheets.

The first one is related to the “local constraints”, in order to assess the local feasibility of the
countermeasure and the possible evolution of the contamination throughout the different
environment of the territory.
The second one involves “the interactions with the others considerations of the living, of the
economy, of the civil society” in order to improve the relevance of the countermeasure as
strategic rehabilitation tool.
The third one concerns “the interactions between the countermeasures, in the time and
space” in order to set up coherent rehabilitation strategies and increase their efficiency.
At last, a hierarchical integration of the principal characteristics of the countermeasure with
the “global efficiency criteria” makes it possible a fast comparison between the
countermeasures.

4   PERSPECTIVES

This framework gave to IRSN a good opportunity to initiate a discussion with some French
responsible for agriculture and food industry. It allowed to inform these persons about the
consequences of a nuclear accident and also to collect their advices about the strategic
rehabilitation choices and the means to achieve these aims.
But only ten countermeasures among the forty-one have today been appraised by the
French working group. And then, only the food production sector has been studied.

The follow-up of the collective work in view of the preparation to the management of a
nuclear crisis will be organised by the French group within the framework of the European
integrated project EURANOS, during the 6th PCRD.
French stakeholders will work on countermeasures strategies related to rural as well as
urban areas.
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ABSTRACT: The debate on the need for a system of radiological protection of the
environment drives regulators to urge scientists on conceptualisation of methods
demonstrating explicitly that the environment is protected against radioactive contaminants.
As regards the FASSET database on radiation effects to non-human biota, one of the major
difficulties in the implementation of ecological risk assessment for radioactive pollutants is
the lack of data for chronic low level exposure. A general way to deal with situations for
which there are no relevant data as regards the actual situation where the risk is to be
estimated is to use safety factors. The highest are their values, the highest is the uncertainty
on the risk estimate, but, on the other hand, any safety factor could be reduced as more data
become available. Going back to radionuclides for which data are sparse, both concerning
fate and effects in ecosystems, derivation of ecologically relevant and scientifically defensible
benchmarks become a critical issue in ERA. The scope of this paper is to illustrate the
relevance of the development of a greater depth of understanding of radionuclide fate and
biological effects at several hierarchical levels to support quantitative risk assessments with
defined and acceptable uncertainty bounds.

1  CONTEXT AND GLOBAL SCOPE

At the present time, international debate on the need for a system of radiological protection
of the environment [1,2] drives regulators to urge scientists on a rapid conceptualisation and
implementation of methods demonstrating explicitly that the environment is protected against
radioactive contaminants. This debate is obviously brought together with the preservation of
resources, habitats and genetic and biological diversity; these major issues do not point out
any perticular stressors but pollution in general. The recent FASSET project funded by the
European Commission, has provided a framework for the assessment of environmental
impact of this category of pollutants, with, among others, an extensive database on radiation
effects to non-human biota [3]. For chemicals, Ecological Risk Assessment approach
constitutes the traditional methodology to help the demonstration of the providence of an
appropriate level of protection for ecosystems [4]. ERA is a process that evaluates the
likelihood that adverse ecological effects may occur or are occurring as a result of exposure
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to one or more stressors. According to this methodology, in complementarity with health risk
examination, any risk assessment to biota from exposure to radionuclides is to be associated
with (1) different source-terms and environmental released scenario, (2) exposure pathways
and potential biological effects at different organization level, (3) estimation of no-effects
values and finally, (4) risk calculations as the ratio between predicted concentrations in the
source of exposure and estimated no-effects concentration. One difficulty in the
implementation of ecological risk assessment for radioactive pollutants is the lack of data for
chronic low-level exposure. Indeed, most studies on the effects of radionuclides on non-
human organisms have focused on acute exposure to high-doses of radionuclides, mainly by
external γ irradiation. A general way to deal with situations for which there are no data (or no
relevant data as regards the actual situation where the risk is to be estimated) and then to
propose a method to manage with the unknown is to propose the use of assessment/safety
factors. The use of these factors is proposed by the European Commission in its Technical
Guidance Document [5] to accommodate uncertainty in risk assessment data for existing and
new chemicals and to reduce the probability of causing deleterious effects on the ecosystem.
An expected ecologically meaningful safe/acceptable levels (called Predicted no-effect value)
is derived from ecotoxicological data from the so-called “base-set” organisms (e.g. for
freshwaters, primary producers –algae; primary consumers –daphnids; predators –fishes).
The weakness of the method relies on the need to make allowance for the various
extrapolation issues from laboratory base-set to actual ecosystems (i.e. acute to chronic
exposure conditions, single species to multiple species systems; laboratory to field). This
extrapolating method consists in applying to the lowest observed effect values L(E)Cx% from
the base-set, a largely arbitrary conservative and protective factor ranging from 1 to 1000
according to the quality and relevance of existing effects data. Obviously, this pragmatic
method corresponds to a precautionary approach to environmental management mainly
applied during the screening stage. The highest are the safety factors, the highest is the
uncertainty on the risk estimate, and flexibility of the method recommended for their
determination is crucial as any safety factor could be reduced as more data become
available. Going back to radioactive substances for which data are sparse, both concerning
fate and effects of radionuclides in ecosystems, derivation of ecologically relevant and
scientifically defensible benchmarks become a critical issue in the implementation of any
ecological risk assessment methodology. Within this global framework, the scope of this
extended abstract is to propose and illustrate the relevance of a research plan (1) to
scientifically support the previously cited extrapolation issues, (2) to develop a greater depth
of understanding of radionuclide biological effects at several hierarchical levels, (3) to fit with
proper interpretation of biomonitoring data, and finally (4) to support quantitative risk
assessments with defined and acceptable uncertainty bounds. In other words, at the present
time, “we know what we do not know” and we are aware to which extent the knowledge gaps
will be critical to go towards a robust methodology for ERA associated with radionuclides.

2  GAPS ON WILDLIFE CHRONIC INTERNAL EXPOSURE TO α OR β EMITTERS
ARE AMONG THE MOST CRITICAL FOR ERA

2.1  Background

According to the Fasset Radiation Effects Database examination [6], gaps are particularly
crucial for chronic exposure of some taxonomic groups whatever the irradiation pathways
and for internal contamination by α and/or β emitters whatever the wildlife group. Concerning
this latter, situations of chronic exposure at low levels are likely to cause toxic responses
distinct from those observed after acute exposure at high doses because of the
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bioaccumulation phenomena. Biochemical mechanisms can lead to a gradual accumulation
of elements present at trace level in the external medium, inducing a highly localised deposit
within tissues or cells. These highly localised accumulations of radio nuclides, coupling
radiological and chemical toxicities, particularly for “heavy” elements such as actinids, may
give rise to particular biological responses of a cell group, capable of causing functional or
structural abnormalities. The assessment of these bioaccumulation phenomena investigated
within the ENVIRHOM programme [7], is primordial with regard to internal exposure to radio
nuclides since they increase locally both the radionuclide concentration and the biological
effect of the delivered dose. Gaps of knowledge within this field constitute a strong limitation
to our capability to make a reasonable risk estimate. Internal doses cannot be accurately
calculated and potentially associated biological effects at any organisation level remain fairly
unknown.
Throughout the following sections, only examples related to uranium on the element
behaviour (whatever the considered isotope) are given. Experiments devoted to the
establishment of dose (in terms of delivered energy)-effects relationship are in progress with
several U isotopes such as U-233 to enhance the delivered dose and to contribute to the
understanding on interaction between chemo toxicity and radio toxicity. In any case, issues
discussed hereafter are generic to any radionuclide.

2.1.1 Radionuclide bioavailability is a key knowledge to obtain an accurate assessment of
both exposure and effect: media quality criteria are needed

The biogeochemical behavior of a radionuclide depends on the chemical properties of the
corresponding element (redox states, ability to form complexes with inorganic and/or organic
ligands…). It is now well established that the knowledge of the distribution of the element
(radioactive or not) amongst its various physico-chemical forms (speciation), is needed to
understand both the mobility (transport) and the biological reactivity (transfer and effect). It is
commonly admitted (but a number of exception exists!) that the bioavailability and toxicity of
dissolved metals are closely linked to the metals' chemical speciation in solution. Metal
uptake, nutrition and toxicity normally vary as a function of the concentration of the free-metal
ion in solution (Free-Ion Model; FIM), thus complexation of a metal normally leads to a
decrease in its bioavailability. The prevailing paradigm for metal uptake by aquatic
organisms, i.e. the Free Ion Model or its derivative the Biotic Ligand Model, assumes that
metals enter living cells via facilitated caution transport. Antagonism with other cations is
implicit. The following example of uranium and freshwater phytoplankton illustrates the
relevancy of considering geochemical behavior (or medium quality criteria) of the
radioelement to better predict bioavailability for organisms. Whatever the considered
radioactive isotopes, H+ / UO2

2+ antagonism explains large discrepancies observed under
different pH exposure conditions and the FIM has been successfully applied to describe
uranium – algae interactions in simple well-defined exposure media. Cellular uptake as a
function of U concentration follows typical Michaelis-Menten saturation processes with a
somewhat similar half-saturation but clearly contrasting maximum uptake rates. Uranium
uptake increased markedly (up to ~4X) with pH (5 ‡ 7) in spite of the substantial decrease
(55 ‡  0.02 %) in the proportion of calculated free uranyl ion concentration in solution within
this pH range [8]. Globally, these marked differences in uptake rates will lead on
consequences in terms of delivered dose and obviously observed effects, pointing out the
need for media quality criteria. Bioaccumulation studies carried out on a bivalve model
(Corbicula fluminea) also revealed a significant pH effect on the bioaccumulation rate (x14
when pH 8.1 ‡ 7) [9].
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2.1.2 Chronicity is a key exposure situation to an accurate assessment of both dose
calculation and effect: exposure conditions (concentration and duration) strongly modify
the radionuclide internal distribution at various biological scales

For a given living organism, the chronicity of any exposure to a pollutant obviously leads to
different bio kinetics but also to different toxicity mechanism than when the exposure is
acute. For example, a set of experiments was performed with an invertebrate model (the
bivalve Corbicula fluminea), to compare the bioaccumulation rates and tissue distributions
after a short-duration exposure combined with a high contamination level, with a semi-
chronic exposure conditions to a low concentration. A marked difference of U distribution in
organs was observed as a function of exposure levels and duration. Gills were favoured in
the case of high exposure levels (this organ contributes to 40% of the total internalised
quantity when bivalves are exposed to 6.3 µM during 7 days), whereas the visceral mass
presented higher accumulation levels for environmentally-relevant representative U
concentrations level (85% of the total internalised quantity when bivalves are exposed to
0.4 µM during 42 days). These results suggested that the main primary toxicity of uranium
should potentially take place in the gills for acute exposure and in the digestive gland for
chronic exposure. Obviously acute to chronic extrapolation involved large uncertainties in
terms of exposure assessment and delivered dose to the target organs. Concerning
chemicals, acute-to-chronic ratios used in ERA vary over a wide range from 1 to 20000
depending on the species and the chemical; many are less than 50 [4,5].

2.1.3 Considering different scales for biological effects (from early to delayed and from sub
cellular to high level of organization) is crucial to evidence ecologically relevant
indicators

When pollutant exposure level increases (dose and duration), organisms counteract this
stress with a wide range of physiological responses in the dose-effect continuum, from
exposure to resultant disease. Effects at higher hierarchical level are always preceded by
early changes in biological process, from subtle biochemical disturbances to impaired
physiological functions (behaviour, growth, reproduction), increased susceptibility to any
other added stresses, reduced life span. For example, laboratory experiments were carried
out to analyze the first valve closure response of Corbicula fluminea, exposed to uranium
during a 5-hours period and equipped with a non invasive method of valve recording. Minimal
sensitivity threshold determined, expressed as uranium concentration in water inducing the
valve closure of fifty percent of the bivalve, was 0.05 µmol/L of total uranium at pH 5.5 after
300 minutes of exposure [9]. For the same organism, the exposure to uranium at 0.25 µmol/L
resulted in a significant decrease in ventilation rate (divided by 3) in comparison with the
reference condition. For unicellular algae, growth inhibition experiments (pH=5,
EC50=340 nM) showed that toxicity appeared when a critical point of 10-6 nmole/cell of
internalised U was reached, and then was proportional to internalised uranium by the cells.
Most of these data could be relevant as regards the population dynamics and as a first
approach to bridge the gap between the (sub)individual level and the ecosystem level,
simplified life-history models may be used to make ecological relevant links between test
results on various effects endpoints and their implications for population dynamics (density,
survival, recruitment, time for reproduction, capacity to produce offsprings).
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3   CONCLUSION AND PERSPECTIVES

We are aware of missing knowledge and scientists can fill data gaps through futher testing
and investigations consistent in quality and quantity with the magnitude of the current
uncertainties brought by these gaps. The previously cited unresolved issues in terms of risk
assessment are to be investigated to propose in a rational and transparent process,
scientifically defensible environmental criteria for radionuclides based on ecological relevant
endpoints. From the point of view of the present discussion and illustration, derivation of the
no-effect dose or dose rate is of main interest and is to be linked to the trend to integrate the
behaviour of pollutants (bioavailability, bioaccumulation, biotransformation) to develop
knowledge. Apart from introducing media quality criteria, another challenge would be to link
the observed effects at infra or/and individual scale with the population dynamics in the
ecosystem using ecological modelling approach. The set of experimental data needed will
also contribute to answer the question of how and to which extent radionuclides and other
stressors may affect different organisms and therefore change community structure,
distinguishing direct (toxicity) or indirect (food-chain) effects.
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ABSTRACT : This paper is intended to review existing data on the efficiency and acceptabil-
ity of agricultural countermeasures for reducing of internal exposures introduced by con-
sumption of foodstuff produced on land contaminated by 137Cs and 90Sr. Currently, there are
strongly reduced state budget resources for mitigating the consequences of the Chernobyl
accident. No more than 50% of the required agricultural protective measures could be fi-
nanced in the last years. There is an increased need for an optimal use of available re-
sources. New efforts are needed to identify sustainable ways to make use of the most af-
fected areas that reflect the radiation hazard, but also revive the economic potential for the
benefit of the community. In this reason the practical complex assessment and justifying of
countermeasure application in the most contaminated rural districts of Belarus is the main
direction of rehabilitation activity for radiation protection of people in the remote period after
Chernobyl accident. Countermeasures have to lead to the profitable or self-sufficient produc-
tion of extra yield with low radionuclide contamination. The complex of the effective counter-
measures has been worked out and implemented mostly in public sector of agriculture. How-
ever, particular attention must be given to the production of private farms of several hundred
settlements, where samples of milk still contain radionuclides of 137Cs and 90Sr in excess of
the established limits.

1  INTRODUCTION

The Chernobyl accident has resulted in Belarus with the radioactive contamination covering
about 23% of territory then populated by 2.2 million people. The land of 265,000 hectares
with deposition of 137Cs over 1480 kBq m-2, 90Sr – over 111 kBq m-2, and Plutonium isotopes
– over 3.7 kBq m-2, have been excluded from agricultural use. Now agricultural production is
conducted on 1.2 million hectares of land contaminated by 137Cs with deposition 37-1480 kBq
m-2. Some part of this land, 0.4 million hectares, is simultaneously contaminated with 90Sr as
well (6 -111 kBq m-2). Iodine -131 was released with very high activities and contaminated
large areas were comparable to 137Cs. However, because of the short half-life of 8 days, 131I
decayed very fast, its long-term harmful effect on humans is presently evident [1].
As active soil particles continue to decay, leaching of radionuclides out of them results, with
their subsequent transformation into forms available to plants. This proves that the risk of ra-
dioactive contamination of vegetable products continues to exist, especially with 90Sr. The
risk is equally true in respect of edible, feeding, and herbs. Vertical migration in soil of 137Cs
and 90Sr goes very slowly. On non-arable lands all the stock of radionuclides is concentrated
practically in the top layer of humus. On arable soils, radionuclides are distributed rather
uniformly along the whole depth of the tilled layer. Radionuclides in the topsoil are potentially
available for uptake by plant roots for long time period.
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The agricultural sector has been the area of the economy worst hit by the effects of the acci-
dent. Imposing radiological controls has reduced the markets for foodstuffs from the affected
areas. This problem has been aggravated by the Chernobyl psychological stain, which has
caused some urban consumers to reject products from these areas. As a result, revenues
from agricultural activities have fallen and main types of production have declined. The re-
moving of the best fertile arable land, due to radioactive fallout, as well as the outflow of
young educated manpower, has affected the whole economy. However, the Government has
provided significant financial support and promoted the idea of the rehabilitation of contami-
nated territories, lack of understanding of how to conduct an active economic farm regenera-
tion activity has meant that much more efforts have to be done to develop an appropriate
strategy and its practical implementation.

2  REMEDIATION STRATEGIES AND PRACTICE

The implementation of countermeasures is a main element of the radiation protection people
on contaminated land. The main task for the agriculture on the contaminated territory is the
output of products with the radionuclide content within the permissible levels. The level of
contamination of agricultural products depends on several factors, including the radionuclide
deposition, the soil types, texture and chemical properties, the biological characteristics of
the growing plants etc. Technological cycles of the agro-industrial production allow applying
countermeasures in the key chains of radionuclides transfer: soil-plant, fodder-animal, raw
material-foodstuffs. The protective measures have been implemented in two stages.
In the first short period after the accident on the Chernobyl NPP the specialists developed
recommendations on farm activity on contaminated land. The priority in countermeasure
strategy has been addressed at the changing the crops and at the chemical amendments,
trying to improve the soil fertility and reduce the level of radionuclides in soil solution by ap-
plying adsorbents and increasing the concentration in soil solution of competitive ions, as K,
Ca, and Mg. In the following years those recommendations were several times revised and
updated. In the first stage (1987-1991) severely contaminated land was taken out of use.
Crops, such as lupine, peas, buckwheat and clover, which accumulate high levels of radi-
onuclides, were completely or partly excluded from the crop sequence. The acid soil was
chalked, increased amounts of phosphorus and potassium fertilizers were introduced, and
some marshy plots were drained, deep ploughed, improved and used as grassland. Feeding
animals with clean fodder at the final stage before slaughter has proven to be very efficient.
Overall, the countermeasures implemented mostly in public agriculture sector, had been ef-
fective. The 137Cs transfer into agricultural products decreased than by a factor of 3.5. [3]
The second stage of detailed countermeasures has been under way since 1992, taking into
account the characteristics of every individual field or cattle farm. Methods are being devel-
oped to reduce vegetable product contamination by means of controlled mineral nutrition, by
using traditional and new types of fertilizers. In animal farming, such approaches as selection
of fodder depending on its contamination level, nutritional value and additives were sug-
gested. At last period the countermeasure priority has been directed on meadows improve-
ment for the cows of personal farms where the milk contaminated above permissible level
(100 Bq l-1) was produced. It was suggested to improve of 1 hectare of pasture and meadow
per cow, as well as 0.5 kg of combined fodder with caesium-binding additives per cow and
per day has been prescribed [4]. Programs have been developed for the cooperative and
personal farms of the 11 most contaminated districts. The countermeasures applied allowed
producing the main foodstuffs with 137Cs and 90Sr levels below "Republican permissible lev-
els" (RPL-99). These activities significantly contribute to reducing individual doses and
maintaining the confidence of urban residents in the safety of food products in the shops and
markets. Nowadays the radiation situation is comparatively favorable in the public sector.
The protective measures carried out so far, in combination with natural sorption and fixation
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of 137Cs in soils, enabled a 10-12 times reduction in the inflow of 137Cs to agricultural prod-
ucts. In the last 5 years production of milk with excess content of 137Cs in the public sector
fell 5.5 times. Due to a system of yearlong monitoring of 137Cs content in the animals, the re-
turn ratio of cattle did not exceed 0.1% of the overall amount of cattle entering processing for
meat production.
The 90Sr content in agricultural products is monitored selectively; its concentration in food
products has decreased by approximately 2-3 times since 1987. However the concentrations
of 90Sr above permissible levels are still found in samples of cereal grain and leguminous
crops, as well as in samples of whole milk produced in several districts of Gomel region [2].
In spite of the considerable progress already made, more work is needed to reduce the ex-
cessive contamination of some foodstuff produced on small personal plots and farms. The
main problem today relates to internal irradiation resulting from the consumption of contami-
nated foodstuffs, especially milk, meat and forest products. During the 1997-2001, the num-
ber of settlements where production of milk with 137Cs content in excess of 100 Bq per liter
was recorded dropped by 1.8 times [2], (Table 1).

Table 1. The number of settlements in contaminated area of Belarus where the milk pro-
duced at personal farms exceeded the permissible level of 137Cs activity (> 100 Bq l-1).

Region 1997 1998 1999 2000 2001

Brest 97 90 73 54 49
Gomel 380 351 143 225 225
Grodno 7 2 4 4 1
Minsk 7 7 3 1 1
Mogilev 89 66 56 43 50
Belarus 580 516 379 327 326

The low pace of this number’s decline is of special concern. Overall, up to 10% of milk pro-
duced in private households still contains radionuclides in excess of the established limits.
Private households use milk mainly for personal consumption, putting people’s health at risk,
especially that of children.
Serious concerns primarily relate to the so-called “highly contaminated territories” where
137Cs deposition is above 555 kBqm-2. Presently more than 150 thousand people perma-
nently reside in these areas. The areas with contamination level between 185 and
555 kBqm-2 on poor sandy and peat soils or marshy and low-production pastures are also
problematic for production of the required quality foodstuff. The overall level of contamination
is falling gradually as a result of natural radioactive decay. The high-risk groups, however,
face stable or sometimes even increased exposure as a result of the decline in the use of
protective soil treatments. A psychological barrier has radically reduced the export of agri-
cultural produce, particularly from the contaminated areas of Belarus to other countries of the
CIS. This factor, combined with others, has led to an essential decline in the total agricultural
production. Highly contaminated districts of Belarus are characterized by poor demographic
structure. Totally more than 135 thousand people were relocated and about 200 thousand
people became forced migrants who left the contaminated regions unorganized. As a result,
the majority of young, well-educated and skilled specialists leaved the contaminated area.
[2]. Poverty forces many people to eat contaminated mushrooms, berries and game, to feed
contaminated hay to their cattle and eat contaminated milk and meat.
Currently, there are strongly reduced state budget resources for mitigating the consequences
of the Chernobyl accident. No more than 50% of the required agricultural protective meas-
ures could be financed in the last years. It is evident that resources should be concentrated
on the most contaminated areas with poor or vulnerable soils where country people grow and
consume their own food – and on efforts to revive the economies of the affected areas in
ways, which are compatible with the continuing radiation hazard.



86

Remediation strategies are defined here as combination of different countermeasures that
may be applied in rural settlements in the long term after Chernobyl accident with the aim to
reduce annual doses below 1mSv and to produce final agricultural product with radionuclide
137Cs and 90Sr concentration below the national permissible levels. Therefore, the choice of
the economically sound countermeasures for application in the specific local conditions is the
task of first priority. Innovative ways need to be developed to increase the knowledge and
ability about how to live safely in environments affected by radioactive contamination.
Several approachas to reduce population exposures and improve the competitiveness of
agriculture, economic and technical aspects are being studied. These include: 1) using the
contaminated land for growing industrial crops, such as rape, sunflower and sugar beet, or
high proritable potato and 2) modernizing and upgrading the present facilities for processing
of wegetable oil, and also potato and grain processing into starch and alcohol . The solution
to these problems requires international co-operation and large scale investment. Therefore
the lessons of the  pilot projects carried out with international assistance have to thoroughly
considered [5,6,7,8,9].
Presently neither rapid self-recovery of the affected territories or direct restorations of the
objects of the national economy are possible. But we may accelerate the long-term process
of rehabilitation with profitable or self-sufficient activities that are possible on radioactive
contaminated areas to improve the conditions for living and economic development. The
complex estimation and assessment of efficiency of the countermeasures are the first initial
step of above-mentioned development.

3  COUNTERMEASURE EFFICIENCY

The justification of the countermeasure application includes analysis of radiological situation
and assessment of efficiency of different countermeasures. The efficiency of the counter-
measures is based on limitation of radionuclide transfer to final products and is defined by
range of the specific factors. Traditionally, the main criterion for comparable evaluation of
countermeasure efficiency is a reduction factor (RF) of radionuclide content in final product.
Unfortunately, many countermeasures require large subsidies or the self-cost of final pro-
duce is too expensive to sell. When selecting an appropriate countermeasure for a contami-
nated area the optimal solution to a given problem will consider radiological criteria as well as
economic and social factors [10].
From the point of view of protecting critical groups, only a narrow range of countermeasures
(such as improving private pastures, distributing fodder with caesium binders and restriction
for consumption of contaminated forest products) are effective. But from the point of view of
overcoming environmental constraints to economic development, only those countermea-
sures, which allow production at competitive or self-sufficient costs, can be considered as
effective. The efficiency may be evaluated by economical parameters, averted dose and
cost-benefit analysis of averted dose per man-Sv [11].
Many studies have been targeting possible agricultural countermeasures, in response to high
concentration levels in food and agricultural crops. The evaluation of countermeasure effi-
ciency carried out on natural and agricultural ecosystems radioactive contaminated by the
Chernobyl accident had been done recently in the framework of the Project “Radioecology”
of the French-German Initiative for Chernobyl. The database “Countermeasures” which in-
clude the results of 5261 experiments carried out during 1987-1999 on land affected by the
Chernobyl accident was compiled by experts from Belarus, Russia and Ukraine in coopera-
tion with scientists from France (IRSN) and Germany (GRS) [12, 13].
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3.1 Radical improvement of meadows

Radical improvement is the most efficient practical countermeasure on meadow ecosystem
contaminated after Chernobyl fallout. Radical improvement of meadows is applying for crea-
tion of new sod by destroying the old root mat, soil cultivation, fertilization, liming and sowing
of mixture of valuable legume and cereal grasses. The nature of action and efficiency of
countermeasures applied at radical improvement of hay-land and pastures strongly depend
on types of meadow and soil properties. The improvements of water regime by drainage on
over moisten peat and mineral soils are extremely expensive nowadays, about 3000-4000
Euro per hectare. During last decade in Belarus radical improvement of meadows was con-
ducted mainly on soils with satisfactory water regime.
The traditional surface improvement is less effective; it includes fertilization, surface liming
and soil cultivation without destruction of sod. Generalization of collected experimental data
shoved that radical improvement of meadow with liming, application of high rates of P-K fer-
tilizers, sowing of grass mixtures allows to reduce 137Cs transfer from soil to hay by 1.3-4.4
times [13]. Surface improvement of meadows with liming, fertilization and under sowing of
grasses by special seed-drill may be also very effective (Table 2).

Table 2. Influence of fertilizers on productivity of natural and improved meadow and 137 Cs
transfer from alluvial soil to hay of perennial grass (137 Cs deposition 1110 kBq.m-2, average

for 5 years, 1994-1999)

Yield of dry mass
Treatments t ha-1 Increase

factor

Net profit €
ha-1

Profitabil-
ity, %

 Hay activity
137 Cs

Bq kg-1

Reduc-
tion fac-

tor

Natural meadow
Control 2.3 1.0 - - 1764 1.0
N120P60K120 7.7 3.3 66 72 798 2.2
N120 P60K180 8.0 3.5 65 64 411 4.3

Improved (undersowing) meadow
Control 2.6 1.0 - - 1455
N120P60K120 8.6 3.3 80 83 432 3.4
N120 P60K180 8.7 3.3 74 70 354 4.1

The radical improvement of meadows and pastures for private cows of rural inhabitants is the
countermeasure of high priority nowadays. It has been supported and financed by Chernobyl
Committee of Belarus on area 7700 ha in 2002. The radiological effectiveness of radical im-
provement of meadows in practice may be evaluated by factor 2-3. The total cost of radical
meadow improvement is calculated as 604 Euro on 4 years of using meadow. Annual gain
from milk yield response to meadow improvement can be calculated as 200 € per cow, and
net profit as 49 €. Thus we have the economically effective countermeasure with adverted
dose of internal irradiation up to 0.5 mSv-man at initial 137Cs activity of milk 220 Bq l-1and re-
duction factor 3.

3.2 Prussian blue for cows

Caesium - selective sorbents are most distributed and known, concerning to group of salts of
trivalent iron of ferrocyanide acids: Prussian Blue (ferrocyn), Giza salt, Nigrovitch salt from
which higher selectivity and capacity of absorption possess Prussian Blue [14]. The studies
in territory of the CIS’ countries have shown that caesium binders reduce the 137Cs transfer
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from fodder to the animal products milk and meat by factor 1.5-6.0 [13,14,15]. The easiest
and cheapest method of feeding is by direct incorporation of PB into concentrate during
manufacturing. In this way, it is not necessary to give any special instruction to the farmer on
how to use the PB. This procedure is currently in use in Belarus, where a special concentrate
with PB is produced and distributed in rate of 0.5 kg of concentrate per cow daily. For the
conditions of the actual agricultural practice, the average value for reduction factor 3 for milk
is assumed. The Prussian blue application is especially effective at settlements where lack of
meadows suitable to improvement is observed. Annual cost per cow (28 Euro) and cost of
adverted dose (4850 Euro per man-Sv) are acceptable for decision-makers.

3.3 Agrochemical countermeasures

Raising and maintaining the level of soil fertility is of primary importance. This is mainly be-
cause of nature of soil-forming processes, which have led to the development of predomi-
nantly low-yield Sod-podzolic (Podzoluvisol) and swampy soils. Balanced rates of fertilizers
on the background of acid soil liming and manure application are the most widespread, ap-
plicable and effective countermeasures to restrict of soil-to-plant radionuclide transfer and
provide the profitable increase of crop yields.
It was found that liming changed the reaction of Podzoluvisol soils from pH (KCl) 5.0 to pH
6.5-7.0, and reduced the 137Cs accumulation in perennial grass up to 2 times. But pH values
for maximum yield of growing plants on Sod-podzolic loamy sand soil were different: 6.7 for
barley, 5.9 for potatoes and 4.9 for lupine. The priority criterion for the choice of the counter-
measure treatments has to take into consideration the value of extra yield obtained. An ex-
ample of combined radiological and economical justification the optimal liming treatment for
potato plants is presented in Table 3.

Table 3. Influence of fertilizers and liming on potato yield and radionuclide accumulation on
Podzoluvisol loamy sand soil (Deposition of 137Cs – 370 and 90Sr - 37 kBqm-2, 137Cs activity of

potato tubers on
Control treatment - 10.2 Bq kg-1, 90Sr activity of tubers - 11 Bq kg-1).

Treatments
Yield of po-

tato
t/ha

Net  return
€ ha-1

137Cs activity
 RF

90Sr activity
RF

Control      (pH 4.9) 16.2 - 1.0 1.0
Dolomite 6 t  (pH 5.9) 17.6 67 1.6 -
Dolomite 18 t (pH 6.7) 15.4 -95 1.7 -
N70p60k160 (pH 4.9) 24.3 403 1.8 1.2
N70p60k160 (pH 5.9) 26.4 509 2.1 1.5
N70p60k160 (pH 6.7) 23.1 298 2.3 1.7
LSD05 1.4

It can be seen that the highest yield of potato in experiment, 26.4 tons per ha and 137Cs ac-
cumulation reduction by factor 2.1, has been achieved on 6 tons dolomite + N70p60k160
(pH 5.9) treatment. This treatment resulted in net profit 509 € per hectare. The liming with
higher rate of dolomite (18 t.ha-1) provided the neutral soil reaction (pH 6.7), but resulted also
in sufficient decrease of yield and net profit. However, production of potato on fertilized back-
ground remained profitable (298 € ha-1), application of 18 tons of dolomite per hectare on
unfertilized background was evidently excessive, as provided the net economic loss 95 €
ha-1. Application of dolomite 18 t ha-1 on fertilized background was profitable and it reduced
activity of tubers by factor 2.3 for 137Cs and by factor 1.7 for 90Sr in comparison with control
treatment.
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It is well known that potassium, as a chemical analogue of caesium, could effectively inhibit
the transfer of radiocaesium from soil to plants. However, the inhibitory effect is strongly de-
pendent of K status of soil, which will determine the effect of K fertilization as countermea-
sure to reduce the Cs concentration in crop production. The genotypic differences in 137Cs
uptake between the various crops are very important, however these also depend on ex-
changeable potassium content in soil [16]. The experiments in Belarus were carried out on
soils characterized by different levels of K supply. Increasing doses of potassium, balanced
with NP fertilizers were applied on each level of K supply. The example of experiment with
spring wheat is shown in Table 4. It was found that improvement of K supply level of
Podzoluvisol loamy sand soil from exchangeable K2O 150 to 250 mg kg-1 allowed to increase
significantly crop yields and to reduce of radionuclide 137Cs transfer from soil to potato tubers
and wheat grain by factor 1.8-2.0.   High K-fertilizer rates up to 160 - 240 kg K2O per hectare
are effective for crop cultivation on loamy sand soils with low potassium content. Only mod-
erate potash fertilizer rates are needed for rich K-supplied soils (K2O 250-mg kg-1 and more)
to replace of the crop K-removal

Table 4. Yield and 137Cs activity of wheat grain depending of fertilizer rates and K-status of
Podzoluvisol loamy sand soil related to 137Cs deposition 370 kBq m-2.

Soil test
level _2_
mg kg-1

Treatment Yield of grain
 t ha-1

Net return
 € ha-1

137Cs activity of
grain Bq kg-1

Reduction
factor

Control 3.24 10.2 1.0
N70P60 4.06 25 8.9 1.1
N70P60K80 4.58 54 8.9 1.1
N70P60K160 4.79 61 6.4 1.6

150

N70P60K240 4.90 60 5.1 2.0
N70P60K80 4.90 77 5.1 2.0
N70P60K160 4.90 69 3.8 2.7250
N70P60K240 5.00 67 3.6 2.8
N70P60K80 5.00 85 3.8 2.7
N70P60K160 51.3 86 3.6 2.8350
N70P60K240 52.1 81 3.5 2.9

The introduction of leguminous plants to crop sequence is very important for the increase of
protein yield and for the soil fertility improvement. It is especially valuable on contaminated
land, where after Chernobyl accident leguminous crops were excluded due to high concen-
tration of radionuclides in plants. The research work has been done to determine parameters
of radionuclide transfer to leguminous plants depending on soil fertility status and potassium
fertilizer rates. The field experiments with pea and clover were conducted on Podzoluvisol
loamy sand soil at experimental farm “Strelichevo” in Gomel region. Treatments include dif-
ferent levels of soil acidity and the increasing K-fertilizer rates 60, 120, 180 kg ha-1. Radionu-
clide deposition of 137Cs  - 407-503 kBq m-2, 90Sr - 41- 44 kBq m-2. Application of optimal K-
fertilizer rates (p60k120 for peas and p60k180 for clover) promoted sufficient yield increase of
peas (on 30%) and clover (on78%) with reduction of radionuclide concentration in crops by
factor 1.8-2.2. Balanced plant nutrition resulted both in the essential net return (30-50 € ha-1)
and the possibility of expanding area of legumes cultivation on the soils contaminated by ra-
dionuclides.
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3.4  Growing potatoes on personal fields

Potatoes and milk are the basis food products of man diet, especially in country area. Recent
research has shown that 137Cs content in potato tubers does not exceed the permissible level
at the potato growing on radioactive contaminated land in Belarus. However up to 240-300
kg of potatoes is consumed per man during year and potato yield determines significant
share of the outcome of families. Therefore the reducing of 137Cs content in potatoes and in-
creasing of potato yield could be allowed to improve of quality life of rural inhabitants on
contaminated areas. The application of protection measures on private plots are restricted by
lack of the knowledge and financial deficit. The involvement of rural inhabitants in processes
of self-rehabilitation and self-development could be a way to improve the quality life on ra-
dioactive contaminated territory [6,7,9].
Within the ETHOS approach the project “Potatoes” was carried out in four villages of Stolin
district of Brest region of Belarus during 2000-2002 [9]. In 2003 the project has been
expanded on Slavgorod district of Mogilev region. The inhabitants of six villages were partici-
pants of teams involved to reduce of radionuclide content in potatoes and to increase the
potato yield. The 137Cs content in potato tubers varied from 10 to 69 Bq.kg-1. The potato was
grown on the background of manure 40-80 t.ha-1. The yields of potatoes on private plots
were low and made of 15-20 t.ha-1. The participants tested on their plots the experimental
technology of potato cultivation developed by BRISSA on the background of traditional tech-
nology that farmers used before the experiment. The experimental technology included the
selections the seeds of new potato varieties, application of fertilizers and plant protection
means. The developed technology of potato cultivation has allowed increasing a yield of po-
tato tubers in 1,6 times and reduce the radionuclide concentration on 20-30% in comparison
with control plots. The 1€ invested to the potato experiment provided 1.5-2.0 € of net return.
Therefore the management of yield and radiological quality of potatoes cultivated on private
contaminated plots allowed to reduce of irradiation dose on rural inhabitants and increase the
outcome of their family.

3.5  Alternative land uses

The utilization of contaminated land aimed at cultivation some industrial crops are of signifi-
cant scientific and practical interest. For last decade in Belarus within the framework the in-
ternational projects the attempts were undertaking to realize ideas of processing of rapeseed
into biodiesel and biolubricants. Despite of high safety for an environment, these products do
not maintain a price competition to products made from mineral oil. Presently the edible oils
are competitive on Belorussian market and processing of  rapeseed for edible oil have long-
term outlook for rural economics. The studies and manufacturing application were carried out
in 1995-2201 within the framework of IAEA TC Project BYE 5/004. In a unit area the straw
and pod’s part of rapeseed plants accumulates 70.2% of 137Cs and 88.3% of 90Sr, the roots
26.5 and 5.9% respectively of the total absorbed radionuclides in biomass. Only 3.2% of
137Cs and 5.8% of 90Sr contained in rapeseed from this overall uptake are potentially involved
in the food chain “soil-plant/forage-animal-man [8]. There was an opportunity to compare of
the efficiency of different countermeasures applied for growing and processing rapeseed
(Table 5.)
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Table 5. Efficiency of countermeasures on rapeseed production

Activity reduction of rapeseed productsCountermeasures
137Cs 90Sr

Liming 14% 42%
Fertilization N90P90K180 42% 27%
Liming 6 t/ha and fertilization N90P90K180 45% 59%
Variety selection 2,5 times 3,0 times
Rape oil processing (crude oil) 250 times 600 times

The developed agrochemical measures allow reducing the radionuclide concentration in
rapeseeds on 45-59%. The introducing of rapeseed varieties with minimum sizes of radionu-
clide accumulation allows to reduce radionuclides uptake by rapeseed in 2,5-3,0 times and
technological measures in oil product in 250-600 times.  Determination of 137Cs and 90Sr in
refined oil samples have shown that both radionuclides concentrations were below  the limit
of detection, in spite of  the rapeseed grown on loamy sand soil with high deposition level up
to 555 and 55 kBq m-2  respectively. Usually the additive of rapeseed cake in concentrated
forages to average 10%, so that 137Cs and 90Sr concentration in cake were in permissible
limits and it allowed feed a cake to all kinds of animals without restrictions. The rapeseed
production and processing are profitable technologies, both for the farmers and for the proc-
essing industry. Farmers can receive net return up to 30  € per 1 t of rapeseed, and proc-
essing enterprises up to 103 €  from sale of 1 t of edible rapeseed oil. During the implemen-
tation of the project, the production area of rapeseed on contaminated land has increased 4
times.

4  CONCLUSIONS

The priority in countermeasure application should be directed on personal fields and farms to
remedial actions that provide the profitable agricultural production as well as provide the
dose reduction. The radical and surface improvement of meadows is the most effective
countermeasures in husbandry. They provide RF of 137Cs grass activity about 3 times in
average. These countermeasures are profitable. 137Cs binders (Prussian blue) are also ef-
fective with RF 3 and with reasonable requirement for investment.
Soil fertility improvement through liming, manure and NPK application is the basic remedia-
tion measure in the long-term period after Chernobyl accident. Balanced fertilizers with K-
fertilizer rates up to 160 - 240 kg K2O per hectare are profitable for crop cultivation on soils
with low potassium content.  Improvement of K supply level of Podzoluvisol loamy sand soil
from exchangeable K2O 150 to 250 mg kg-1 allowed to increase crop yields and to reduce of

radionuclide 137Cs transfer from soil to crops factor1.8-2 Only moderate potash fertilizer
rates are needed for rich K-supplied soils (K2O 250-mg kg-1 and more) to replace of the crop
K-removal. The implementation of project of modern technology of potato growing on per-
sonal plots (ETHOS approach) has a high social significance. The involvement of rural in-
habitants in processes of self-rehabilitation and self-development could be a way to improve
the quality people life on radioactive contaminated territory as a common heritage.
 Growing and processing rapeseed  allow gains from contaminated territories Food-grade oil
practically free from radionuclides. The IAEA TC project BYE/5004 is successful combination
of scientific development, technical decisions, maximal use of local resources and productive
cooperation Belarus with the international organizations.
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Task related Exposures in German Nuclear Power Plants
under Decommissioning

J. Kaulard
W. Pfeffer
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ABSTRACT: The presentation will give an overview on the actual task related radiological
situation of important decommissioning projects. Starting with the collective doses of the
plants actually under decommissioning in different phases, more detailed information on
personnel exposures as well as task related exposures and breakdowns for dedicated
groups of workers will be shown for selected plants. The data presented indicate that
decommissioning of nuclear power plants can be performed with low or moderate collective
exposures and quite small personnel doses even for plants with unfavourable radiological
conditions due to the early design of the plants. More detailed task specific data allow for
deeper analyses of working conditions during special tasks and for dedicated groups of
workers. It becomes obvious that the availability of detailed data will be indispensable for
evaluations performed by an external organisation, but data availability to some extent may
be a problem for the plants actually under decommissioning due to the non adapted
dosimetric systems and the manual work necessary to compile the data. It is expected that in
the future more detailed information will be available when plants with similar design and
better adapted dosimetric systems are able and willing to compile and deliver data for
evaluations aiming to identify potential issues for improvement and optimisation of
radiological aspects of decommissioning.

1  INTRODUCTION

In Germany a great number of nuclear power plants and research reactors has been shut
down for decommissioning. Actually 16 prototype- and power reactor-units at 11 sites are in
decommissioning. This does not include research reactors and the two early power reactors
KKN (Pressure tube reactor, Niederaichbach) and HDR (Superheated steam reactor,
Karlstein), which have been shut down quite early and have already been dismantled
completely.
Since many years GRS has gathered data on the exposure of occupationally exposed
personnel of nuclear facilities in operation in Germany; GRS also is engaged in the
international “Information System on Occupational Exposure” (ISOE) hosted jointly by
OECD/NEA and IAEA. With increasing numbers of decommissioning plants, it was
meaningful also to account for the radiological data of the personnel of decommissioning
plants with a focus on larger NPPs. The main aim in this case is to increase the information
and experience in radiation protection of decommissioning plants and – to the extent
possible – to try to identify some potential for improvement and optimisation of radiation
protection.
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This talk will present some selected data derived from the data base on radiological data
available at GRS covering as well exposure data for the personnel and task related data for
the tasks performed in the decommissioning and dismantling activities in some German
units. Doses during decommissioning depend on various parameters. For instance, the type,
the capacity of the unit, the design, the decommissioning strategy (safe enclosure,
dismantling) and the time between shut down and start of dismantling will have a significant
influence. Due to the large variety in German decommissioning projects a focus especially
will be on the NPPs of Gundremmingen (KRB-A), Greifswald (KGR) und Würgassen (KWW).
Some additional data will be presented for KMK to demonstrate some of the activities in the
post operational phase of his plant. In addition KWL will be addressed shortly as an example
of the decommissioning strategy “safe enclosure”.
An overview over all projects and information, how the plants addressed fit into the whole
picture, the collective doses of the 11 decommissioning sites can be found in fig. 1.

Fig. 1 Overview of collective doses of different decommissioning sites in 2002 in
Germany

The relevant parameters of the sites discussed in more detail in this presentation may be
summarized as follows:
•  KWW is a BWR with 640 MWe . It was shut down in May 1995 and dismantling was
licensed in 1997 quite shortly after the final shut down. In addition some effort and man
power was taken to try to keep decommissioning times short;
•  KRB-A is a 252 MWe BWR with steam transformer. Final shutdown was in January 1977.
Dismantling was licensed in 1983 and started after a quite long preparation phase. In
addition the dismantling period was prolonged due to the pilot projects in dismantling
techniques;
•  KGR represents a decommissioning site with 4 operational WWER 440 units and one
WWER 440 unit in commissioning. The units were shut down in 1990 and decommissioning
was licensed in 1995. Dismantling is performed by removal and intermediate storage of as
big units (pipe segments, pressurizer, steam generator) as possible to take credit from decay
of radioactivity before final segmenting and conditioning. In addition it has to be recognized
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that KGR due to design and decontamination has quite low dose rates in comparison to other
German NPPs of the first plants commissioned;
•  KWL (BWL, conventional re-heater) is addressed as it shows the effect of a plant being
transferred to „safe enclosure“ (the same holds for the gas cooled THTR 300). This affords
only a limited amount of work and low doses. It has, however, to be mentioned that KWL
started some activities aiming at waste disposal and preparation for later dismantling (plant
decontamination) resulting in some increase of the collective dose;
•  KMK is a 1302 MWe PWR which was definitely shut down in 2001 after a quite long shut
down period due to formal reasons. In June 2001 the utility applied for the license to
decommission the plant. After final shut down the transition into the post operational phase
was performed by e.g. removal of the fuel.
It should already be mentioned here in the introduction that the data available are not
exhaustive for all plants. This means we will not be able to present a complete set of data
and the guidance how to dismantle a unit under optimized conditions. Actually differences in
the dosimetric systems and the amount of work necessary to compile selected datasets
restrict the availability of more detailed data in some cases. This can be easily understood
considering that for older plants now under decommissioning for some time the dosimetric
systems may not allow easily to assign doses or work times to dedicated tasks, and manual
work as well as some effort would be necessary to derive the data from the electronic system
or even from paperwork. So this presentation will give selected examples of data available
now to show the information that can be derived from data and the benefit that may be drawn
form this evaluation. On the other hand and as a consequence the need for a harmonized
and detailed data acquisition will become obvious. Due to our good experience of data
acquisition from the plants which now still are in operation – and those which have started
decommissioning in the recent years - we expect that the situation regarding data availability
will improve.
In the first part of the presentation a short overview will be given on the historical data of the
collective doses of the plants under consideration to give an impression of the changes of
collective doses during the plant’s life and especially when the plants are finally shut down
and when dismantling activities are performed. Later on data from the post operational and
the dismantling phase will be shown. As, however, the data of the total collective dose of a
plant only can give a limited basis for any comparison, some data on the personnel exposure
regarding mean personal doses and dose distributions will be documented. To get a more
reliable basis for task related data, job-doses will be used and for some special cases data
normalized by the amount of work necessary to perform the task can be presented. In
addition data can be given for dedicated groups of the personnel to identify special groups
with higher exposure in the decommissioning activities.

2  COLLECTIVE EXPOSURES IN OPERATION AND DECOMMISSIONING

The data of the collective exposures listed for the units considered in this paper are
presented in figs. 2 to 5 giving the data for the full operational and decommissioning periods
of the plants.
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Fig. 2 Collective dose of KRB-A during operational and post operational phase and
dismantling

Fig. 3 Collective dose of KWL during operational phase, preparation of safe enclosure
(1986/1987), safe enclosure (starting 1988) and actual work phase (starting 1998)
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Fig. 4 Collective dose of the site KGR. The site covered 4 units in operation and one in
commissioning. This also defines the activities in the decommissioning phase

Fig. 5 Collective dose of KWW showing the operational and post operational phase
and the beginning dismantling phase
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Fig. 6 Collective dose of KMK presenting a short operational phase (1988), long shut
down and beginning activities of the post operational phase

In the operational phase of the units the increase of the collective dose due to the increase of
the dose rate caused by accumulation of corrosion products as well as some events of
modifications, repair, back fitting and also the clearance of the consequences of accidents
(KRB-A), but also the consolidation of the collective dose in later operational phases (KWW)
with quite normal outages and limited modifications can be identified. For KMK the course of
the collective dose of the personnel results from the long shutdown, but also from the
reduction of the work after the conservation of the unit. 
In all units the reduction of the collective dose of the personnel after final shut down becomes
obvious. The dose in the first time of the post-operational phase is often mainly dedicated to
fuel- and waste handling and to post operational routine activities. In this time activities may
be performed to dismantle conventional systems or buildings of the unit which are no longer
used, if a respective license has been applied for and granted. For the early
decommissioning sites this time was necessary to prepare the documents for the application
of the license to decommission. After the license has been granted, conventional or only
slightly contaminated non necessary systems of the site will be dismantled with low doses. In
the later course of the dismantling often a slight increase of the collective dose can be
identified which results from the dismantling of higher contaminated or in case irradiated
systems and components of the plant. An example may be taken from fig. 2 for the time
period mid of the 90 ties, when activities were performed to dismantle the steam dryer,
control rods incl. guide tubes, parts of the pressure vessel internals and parts of the residual
heat removal system.
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3  OVERVIEW OF PERSONAL EXPOSURES DURING DECOMMISSIONING

Form the collective doses and the numbers of persons the mean personnel dose for utility
and contracted personnel can be calculated. The respective data are presented for one year
in fig. 7. Due to the sources it has to be stressed that in this case for the utility personnel the
numbers may be understood as a mean individual dose, whereas for contracted personnel
only the doses received in the plant under consideration is considered. This means that the
individual doses for contracted personnel may be higher, if the persons work in more than
one plant1.

Fig.  7 Mean personal dose of utility and contracted personnel for decommissioning
plants in 2002

The data show that the mean personnel doses in decommissioning differ significantly for the
plants depending on the personnel implementation strategy the work load and the number of
personnel engaged.  It is quite obvious that e.g. in KKR and KGR mainly utility personnel is
active, whereas in the other decommissioning units contracted personnel has the higher
mean personnel doses. THTR and KMK may be taken as an exception of this rule due to the
limited amount of work performed in the year displayed. Looking at the bandwidth of the
data, the mean personnel doses of the utility personnel in all units during decommissioning
are mostly significantly below 1 mSv per person with only a few plants in a few years having
higher data with single years up to 2 or 3 mSv/year, if the utility personnel carries the burden
of the work. The plant specific personnel dose for contracted personnel shows data which
normally stay significantly below 2 mSv per person and year.
As averaging of data may hide special peculiarities it will be interesting to look at the detailed
distribution of doses of the personnel. These data also are available for the personnel active
in nuclear facilities and are presented for three sites in figs. 8 to 10.

                                                  
1 The contractor’s company is responsible to keep the dose limits, and the radiation passport will be an
important tool to survey and document the exposure
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Fig. 8 Distribution of personal doses in KGR in 2002

For KGR it is interesting that due to the utility-philosophy mainly utility personnel is engaged
in the decommissioning of the plant, contracted personnel is only active in limited numbers
and the data are not reported to us due to different dosimetric systems. The doses of the
utility personnel measured with film dose meters are well below 10 mSv per person with the
dominating fraction (about 70 %) below 0.5 mSv.

Fig. 9 Distribution of personal doses in KWW in 2002

The data for KWW show that the main activities are with the contracted personnel. For the
lower dose range the distribution resembles the distribution of KGR. In the higher range the
number of persons is slightly higher. Due to the different tasks the distribution of the utility
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personnel in 2002 does not indicate doses higher than 5 mSv/year, which was the case for a
few persons in the previous years.

Fig. 10 Distribution of personal doses in KMK in 2002

In contrary to the two other examples chosen, KMK presents only small personnel doses,
which is caused by the limited amount of work in the early stage of the decommissioning and
the low dose rate in the plant due to the long time of formal shut down.
Some additional information regarding personnel doses will be given in chapters 4 and 5.

4  TASK RELATED DATA

With the data presented in chapter 3, only some overview can be obtained over the exposure
situation in NPPs. To gain a better understanding, the tasks performed during
decommissioning need to be evaluated in more detail. Selected examples of task specific
evaluation, which were chosen from the data available, will be summarized in this chapter
with a special focus on data from KWW.
Fig. 11 and fig. 12 present the changes of important activities in KWW during the operational
and the decommissioning phase of KWW. With the final shutdown in 1995, not only the
collective dose decreases, but as can be seen from fig. 12 also the importance of work areas
is changing with increasing relative contributions of waste, dismantling and cutting activities,
as well as decontamination activities in several years due to system decontamination before
dismantling. It is interesting, that a part of the activities still is dedicated to activities of
inspection, maintenance and even modification for systems still in operation and e.g. for
preparation of system decontamination.  The data summarise the collective data of several
tasks performed in each area. Due to the complexity of these contributions it is hardly
possible to assign working hours or personnel numbers to these collective data.
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Fig. 11 Contribution of collective doses to total collective dose for different work
areas KWW
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An example of dose contributions according to the monthly dosimetric evaluation is
summarized for the data of the decontamination and dismantling of the reactor pressure
vessel head over a period of several months in 2001. Obviously the decontamination
activities dedicated to the job have caused the highest collective and mean personnel dose,
whereas amongst others due to the decontamination the following activities show
significantly less collective exposures.

Table 1 Data for decontaminating and dismantling of pressure vessel head (contracted
personnel) in KWW
Year Month Activity max

Dose
Rate

Collective
Dose

Number
of

Personnel

Mean
Personnel

Dose
2001 6 Decontamination Pressure Vessel Head 5 13,82 8 1,73
2001 7 Decontamination Pressure Vessel Head 5 0,649 4 0,162
2001 8 Decontamination Pressure Vessel Head 5 2,633 4 0,658
2001 9 Decontamination Pressure Vessel Head 5 2,116 4 0,529
2001 11 Dismantling Pressure Vessel Head 5 2,432 7 0,347
2001 12 Dismantling Pressure Vessel Head 5 1,599 7 0,228

If for the data in table 1 also the man-hours allocated to the different monthly activities would
have been known, the mean job dose rate could have been calculated for comparison.
Tables 2 and 3 will present this job dose rate as an example for the improvement of
information if these data are available.

Table 2 Dismantling of steam generators in KRB-A
Dismantling area Number Work performed Man-Hours Dose in

mSv
Job-Dose
Rate in
µSv/h

Steam Generator 2
(1st SG dismantled)

1 Preparation,
Dismantling/Cutting,
Post Processing

9000 176 19,56

Steam Generator 1
(2nd SG dismantled)

1 Preparation,
Dismantling/Cutting,
Post Processing

7300 138 18,9

Steam Generator 3
(3rd SG dismantled)

1 Preparation,
Dismantling/Cutting,
Post Processing

6400 90 14,06

For the dismantling of the steam generators a specific technique, ice sawing, which was
developed in KRB-A, was developed. The dismantling activities in this case covered cutting,
decontamination, clearance, super compacting of the steam separator, waste handling,
super compacting of SG-tubes, waste handling and decontamination for melting of tube
sheet. It can be seen from the table, that there was a significant reduction of the collective
dose and of the time spent for the work which resulted from the review of the performance of
the previous work and the experience feedback possible. The mean task related does rate
(job-dose rate), which could be calculated in this case as the quotient of the collective dose
for the task and the man-hours necessary, also could be used as an additional indicator for
the averaged working condition during this work. In table 3 an additional breakdown presents
information on the work steps when dismantling the recirculation lines of the primary circuit.
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Table 3 Data of the dismantling of the three recirculation lines of the primary circuit of
KRB-A

Work performed Man-Hours Dose in mSv Job-Dose Rate
in µSv/h

Planning activities 52 0,016 0,31
Work preparation 62 1,676 27,03
Scaffolding 109 2,42 22,2
Cutting 60 1,215 20,25
Transport 9 0,286 31,78
Total 292 5,613 19,2

The data show that basically the collective exposures of the work are quite low, though the
dose rates at the recirculation lines are expected to be relatively high. Obviously the
preparatory work which covered the Work preparation and scaffolding caused the highest
collective dose, whereas cutting and transport show lower collective doses.  Cutting was
performed in a semi-remote technique by plasma torch, which contributes to the reduction of
the collective dose.
The examples presented give an indication that work steps performed in a nuclear power
plant can be evaluated with respect to working conditions if the necessary data as e.g.
collective exposures, number of personnel active, and work load performed as well a
reasonable breakdown of the work sequence are available.

5  EXPOSURE OF PERSONNEL GROUPS DURING DECOMMISSIONING

Basically the work to be performed during decommissioning will be performed by well defined
personnel groups, which may be identified in the dosimetric system. In addition it is possible,
to identify the man-hours, which were accounted to each group, and the persons belonging
to this group. This allows to compare the radiological conditions of work groups in a plant and
– to some extent – between plants.
Though also in this field there are some limitations of data availability for some plants, it is
possible to present the potential of this kind of evaluation using the plants of KWW and KMK
as an example.
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Fig. 13 Collective doses and shares to the total collective dose for different groups in
KWW in 2002

Fig. 13 presents the shares of the collective dose in one year for KWW. It can be taken from
the graph that mechanical work and work dedicated to cleaning, waste handling and
decontamination as well as radiation protection dominate the collective dose, but insulation
and scaffolding also give some contribution. Moving to fig. 14 the picture is changed, as
obviously the mean personnel doses of scaffolding and insulation are significantly higher
than those of the groups domination the collective dose. The number of persons contributing
to the collective dose is given in fig. 15 as a reference. Comparing these numbers in fig. 15
with the collective doses in fig. 13 shows that for the dominating groups the relative shares of
collective doses and numbers of persons engaged are similar.
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Fig. 14 Mean personal doses for different groups in KWW in 2002
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Fig. 15 Number of persons in different groups in KWW in 2002

Basically the mean personnel doses not really will give an impression on the working
conditions of these personnel groups. To normalise the dose by the amount of work
performed, the mean task related dose rate as the quotient of the task related collective dose
and the time accounted to this task was calculated for the groups. The results are presented
in fig. 16. Again the distribution has changed showing that the work situation for the
personnel in mechanical, scaffolding and insulation, but also for personnel of the shift
(operation) seems to be quite similar, whereas for the other groups smaller values are
calculated. This can be understood considering that the first groups mentioned will work on
dismantling activities close to dose rate relevant places, where as the other groups may act
more remote or in lower dose rate areas (e.g. cleaning, waste handling, radiation protection).
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Fig. 16 Mean task related dose rate for different groups in KWW in 2002

Whereas for KWW a year of the dismantling phase was chosen, the situation displayed for
KMK is different, as for this plant mainly work in the first time of the post operational phase in
2001 are presented. This becomes obvious in fig. 17, as the doses are significantly lower
and with these lower doses the shares differ from the data presented in fig. 13: fuel handling
and radiation protection are dominating with some additional contributions from cleaning, m-
technique and operation (shift).
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Fig. 17 Collective doses and shares for different groups in KMK in 2001

The numbers of personal also are lower than in KWW due to the early stage of
decommissioning. The mean personnel dose of the groups are very low, but also in this case
groups with higher exposure can be identified; in this case also persons performing insulation
and fuel handling, whereas radiation protection, cleaning and mechanical work are on a
similar low level.
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Fig. 18 Numbers of personal for different groups in KMK in 2001

Fig. 19 Mean personal doses for different groups in KMK in 2001

As for the data presented for KWW, the distribution of mean task-related dose rates of the
groups is significantly different from the distribution of collective doses or mean personnel
doses: the insulation staff works in the highest mean task related dose rate, whereas the
other data are quite low compared to this level. Considering the activities performed by the
staff, this result for insulators is consistent with the experiences in other NPPs.
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Fig. 20 Mean task related dose rate for different groups in KMK in 2001

As a result of these data it can be summarised that the evaluation of data for
decommissioning tasks is a good tool to identify personnel groups with higher exposure and
under not favourable working conditions as e.g. higher mean dose rates.



112

6  SUMMARY

The different possibilities to evaluate data sets of radiological conditions in tasks performed
in the decommissioning of nuclear power plants have been presented using some selected
data sets of actual decommissioning projects in Germany. With these data sets it was shown
that there are good possibilities to understand and to compare radiological scenarios aiming
to find indicators and possibilities for potential improvements and ALARA-evaluations.
Decommissioning of nuclear power plants can be performed with quite low collective doses
and low personnel exposures even in plants, which showed unfavorable radiological work
conditions and high collective doses during operation, but certainly many factors and
especially the work areas and the work load assigned to decommissioning contribute to the
collective dose applied.
Also without going more into details of the different units and sites, which would have been
far beyond the scope of this presentation, it is obvious that actually it hardly will be possible
to find some systematic in the plants actually under decommissioning or to derive
experiences or findings from the data, which could be generalized over all units. The reason
can be found in the broad range of types and concepts of the units under consideration in
decommissioning.
It is, however, expected that with increasing sets of data and experience also from these
units some conclusions may be drawn in the future. In principle certainly these activities, data
sets and evaluations will get more significance, when larger power reactors of similar type
and construction will be decommissioned and dismantled.
In addition to research projects already under way in actually decommissioning plants
gathering and evaluating of future data will gain more importance, as data drawn from
experiences of different decommissioning units of similar type can be joined and gathered in
a super ordinate systematic process.
These activities, however, will afford systematic contribution of detailed data, as this certainly
will be a indispensable condition for an effective and comprehensive evaluation. It is to be
stressed, that there is a significant active co-operation of utilities contributing data, and we
would like to thank these partners in the plants for their support. But one has to be aware,
that there still are boundary conditions due to technical and historical reasons as mentioned
in the introduction, which hardly can be solved for the plants under decommissioning now.
But we are optimistic that in future there will be a possibility for a more comprehensive data
acquisition with future decommissioning projects, as we   hope that practices applied in the
operating plants in the ISOE-project can be transferred to the decommissioning phase.

7  SOURCES OF DATA

Data are derived from the GRS-database. The data contained in the data base have been
compiled with support of the German utilities in a project funded by the Federal Ministry for
Environment, Nature Conservation and Reactor Safety (BMU).
Data for KRB-A have been taken from research  reports supplied by KRB and evaluated in
the frame of the contract mentioned above.
The authors would like to express their gratitude to the BMU for the possibility to perform
these evaluations in the project funded and to the staff of all NPPs contributing data for their
significant effort to support the project.
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8  LIST OF ABBREVIATIONS

ALARA As Low As Reasonably Achievable
BWR Boiling Water Reactor
GRS Gesellschaft für Anlagen- und Reaktorsicherheit
HDR Heißdampfreaktor Karlstein, (Superheated steam reactor)
ISOE Information System of Occupational Exposure
KGR Kernkraftwerk Greifswald, (PWR, 5 times 440 MWe WWER)
KKN Kernkraftwerk Niederaichbach, (Pressure tube reactor)
KKR Kernkraftwerk Rheinsberg, (PWR, 70 MWe WWER)
KMK Kernkraftwerk Mülheim Kärlich, (PWR, 1303 MWe)
KRB Kernkraftwerk Gundremmingen Betriebsgesellschaft
KRB-A Kernkraftwerk Gundremmingen, Unit A, (BWR with steam transformer, 252 MWe)
KWL Kernkraftwerk Lingen, (BWR with conventional re-heater, 268 MWe)
KWW Kernkraftwerk Würgassen, (BWR, 670 MWe)
MWe Mega-Watt electrical
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Abstract  

The standing of the terms „security“ and „culture“ will be discussed. A brief overview about 
states and operators responsibilities linked to security culture will be given, and a definition of 
the term “security culture” will be explained. The security culture in German nuclear facilities 
will be briefly discussed.  

1  INTRODUCTION 

Security Culture is a term frequently used by security experts. The same holds true for safety 
culture as a key word by safety experts.  

We all have a picture of the meaning of security, even though there is no precise definition. 
The same applies to the word “culture”. Of course, we all believe to know what culture 
means, it has been discussed for generations what culture actually stands for.  

Can the joining together of two undefined terms bring about a clearly definable term?  

In the following I will try to approach this term “security culture”. I am going to outline what 
component contributing to security culture. And I would like to propagate the development of 
security culture.  

2  THE TERMS SECURITY AND CULTURE  

According to a well known encyclopedia culture in its widest sense anything created by man, 
as apposed to anything given by nature.  

In German we combine the word “culture” with many different kinds of words. Literally 
translated there is the word reading-culture; language-culture is another such term, 
frequently heard. Then there is also the term conflict-culture or political-culture. I have also 
heard the term building-culture being used, in reference to the futuristic new hotel in Dubai.  

We all know, that language changes over time. The change from French-fries to liberty or 
frieden fries is not rearly a good example for such a development of change. Books written 
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50 or 100 years ago have a different language style than books coming out today. Also 
todays buildings look quite different from those built 50 or 100 years ago.  

If language, literature and architecture change over time, then culture changes.  

This means, culture is not static. On the contrary, culture is constantly subject to change. 
This is not new, but it is none the less important within the context of the understanding of 
security culture.  

In contrast to the term culture, the term security is more easily clarified. The term security 
has only a few possibilities of interpretation. The term security covers everything necessary 
for the protection (not for the safety) of the population and the facilities against malevolent 
human arbitrariness.  

In order to join security and culture together, I would like to speak about the physical 
protection of a nuclear facility.  

3  SECURITY CULTURE IN A NUCLEAR FACILITY  

I devide the physical protection of a nuclear facility into two responsibilities:  

• The responsibility of the state  

• The responsibility of the operator  

The responsibility of the state covers an extensive picture with many elements. In this 
context I like to talk about a mosaic or a puzzle of different element. By using this term I have 
in mind the large  number of rules, regulations and guidelines, which the state has issued for 
the protection of nuclear facilities.  

Here is a small selection:  

• Design basic threat  

• Atomic law  

• Light water guideline  

• Illumination guideline  

• Guard-guidelines  

• Guidelines on reliability  

• Periodic examination of security systems  

• Physical protection of Kat. III facilities  

• Periodic check of the physical protection  
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I call this system of rules and regulation the “state security system” for the protection of 
nuclear facilities.  

Of course there are requirements for the state system to meet:  

• The definition of the DBT must be realistic  

• It must be encompassing and complete  

• The requirement of rules and regulations have to be able to be fulfilled  

• It must leave room for development to be able to react to news aspects  

This roughly covers the state security system for the protection of nuclear facilities.  

Now let’s look at the responsibilities of the operator.  

They too consists of a picture, puzzle or a mosaic of different, single elements. These 
concern the concrete measures for the physical protection of a nuclear facility. These 
measures can be divide into personnel and technical measures  

Here is a small selection:  

• Detection system at the outer perimet  

• TV-System  

• Lightening system  

• Entry control system  

• Truck barrier  

• Control system for relevant safety systems  

• Measures against an insider  

• Periodic teaching of the guards  

• Exercises between guards and police  

• Nomination of chef of physical protection  

I deliberately use here the words “puzzle” or “mosaic”. A puzzle or a mosaic will not work if 
one element is missing, in other words the picture will not be complete. A physical protection 
system needs to be complete or else it will not function. This means on the other hand that 
single elements of the system (the mosaic) can influence / disturb the whole system.  

I call the operator responsibilities “security management” of a nuclear facility. The security 
management of a nuclear facility is the direct application of the rules and regulations of the 
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state security system. In ideal case one mirrors the other: on the one side the rules and 
regulations, on the other side the measures.  

This leads me to my understanding of security culture.  

To my mind we can talk of security culture, if the state security system and the security 
management of the operator are in balance.  

Here are two examples:  

1. It makes no sense if the state defines a threat within the DBT, e.g. on attack with tons of 
explosives, if on the other side the security management is not able to realize adequate 
measures against such an attack. Requirement and measures are not in balance.  

2. An operator offers sound technical reasons as to why a technical security system needs to 
be checked only on a half yearly basis and not on a monthly basis as required by the 
state. This is another case where required measures are not in balance. This can only be 
repaired if the state changes the rule.  

This is my understanding of a “security culture”: It is the balance between the state security 
system and the operator security management.  

4  SECURITY CULTURE IN GERMANY  

From the beginning of the peaceful use of nuclear energy, 35 years ago, the physical 
protection of nuclear facilities was a focus of attention. The state security system of physical 
protection has been a developmental process. This is documented by the large numbers of 
rules, guidelines and recommendations issued over the years. And the development 
continues to be an ongoing process. I mention in this context the changes that have taken 
place after Sept. 11 or the new aspects to protect computerized systems. Those responsible 
on the side of the state react quickly and consequently to new situations.  

The operator on the other side needs to ensure and to prove, that his security management 
fulfils the requirements of the state security system. He does this regularly within the 
framework of the periodic analyses of his plant, or in the wake of special occurrences such 
as Sept. 11.  

Should state requirements not be fulfilled, the operator has to modernize his facility. This has 
been done continuously in all German facilities.  

For this reason we apply the term of a far reaching security culture in all German nuclear 
facilities.  
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ABSTRACT : The Institute for Radiological Protection and Nuclear Safety and more
particularly, the Radioactive Material Security Department of this Institute acts as technical
support to the Authorities in the application of the Law of July 25th 1980 concerning the
protection and control of nuclear material in France. This paper briefly describes the
French system for nuclear material control and accountancy, with its legal support and
IRSN implication. In the second part, lessons learned in implementation of the regulations
are presented for each of the technical articles required by the regulation. It is followed by
the inspectors’ activities and other important induced implementations.

Keywords : nuclear material; inspection; regulation.

1  INTRODUCTION

Since February 22nd 2002, the Institut de Radioprotection et de Sûreté Nucléaire – IRSN
has been legally independent from the Atomic Energy Commission (Commissariat à
l’Energie Atomique – CEA). Within the IRSN, the “Direction de l’expertise nucléaire de
défense – DEND acts as the technical support of the Authorities in the application of the
Law of July 25th 1980 concerning the protection and control of nuclear material.
The IRSN performs various types of inspections in facilities dealing with nuclear material
in order to ensure strict compliance with national regulations. In addition to the law and its
associated decrees, the main text applied by the inspectors is an order dated of
March 16th 1994. Articles of this order prescribe the technical conditions for the control and
accounting of nuclear material.
This paper describes the French system for accounting and control of nuclear material,
the inspection regime as well as experience gathered in France in several major topics
dealing with accounting and control.
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2  FRENCH REGULATIONS CONCERNING PROTECTION AND CONTROL OF
NUCLEAR MATERIAL

2.1  The law of July 25th 1980

The law of July 25th 1980 and the associated regulations set up a national system for
protection and control of nuclear material, including inspections of nuclear facilities and of
nuclear material. These inspections are carried out by specialised, qualified and sworn in
individuals. The law defines the principles and the general guidelines that must be
implemented in order to prevent and, if necessary, immediately detect any disappearance,
loss, theft or diversion of nuclear material. Those principles and general guidelines are
applicable to all nuclear material located on the French territory. In these regulations, the
intention of the legislator is expressed in the key words licensing, control and sanctions.

Licensing : Prior authorization, granted by the Competent Authority is required for
whoever would exercise nuclear material import, export, storage, transfer, use and
transport activities. Administrative and technical requirements complete the authorization
in relation with the authorized activities.

Control : The administrative, technical and accounting aspects of authorized activities are
concerned by verification procedures, as well as measures intended to prevent nuclear
material unauthorized removal. It is carried out firstly by the operator and secondly by the
Competent Authority who has at his disposal persons exerting this control, qualified and
empowered by the appropriate Competent Authority, sworn in and bound to secrecy.

Sanctions : Significant actions affecting nuclear material have been designated as criminal
offences leading to penal sanctions. Among these offences are, notably, the improper
possession of nuclear material, the undertaking without authorization of the activities
covered by the Law, the obstruction of the performance of control by the Competent
Authority, failure to declare the loss, theft, disappearance or diversion of nuclear material
or impairing safety. Certain actions affecting nuclear material have been established as
criminal offences leading to penal sanctions, which can be severe at times (up to ten
years’ imprisonment). Since 30 July 1989, the law also punishes anyone holding, using or
transporting outside the French territory, nuclear material covered by the IAEA
Convention, without having been authorized to do so by the Competent Authorities
concerned abroad.

2.2  The Decree of May 12th 1981

The Decree of May 12th 1981 specifies that the nuclear material concerned include fissile,
fusible or fertile nuclear material, as well as any material containing one or more fissile,
fusible or fertile elements, whatever their physico-chemical form, ores exempted. These
materials are plutonium, uranium, thorium, deuterium, tritium and lithium 6. It should be
noted that the last three radionuclides are not considered as special fissile nuclear
material by the IAEA. It should also be noted that prior to irradiation, not all nuclear
material can be considered as radioactive substances.
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The enabling decree of the Law specifies the quantities of nuclear material involved
respectively in the regimes of licensing, annual declaration and exemption. These three
regimes are based on the following obligations of the operator :

Licensing : The requirement to obtain a prior authorization from the Competent Authority,
on the basis of a file,

Declaration : the obligation to declare his stock of nuclear material to the Competent
Authority annually,

Exemption : no specific obligation, but the quantities of nuclear material held must remain
below the specified thresholds.

These clauses also indicate the conditions for the granting of the licenses for the
undertaking of one or more of the activities covered by the law, the obligations of the
licensee and the general provisions concerning in particular the inspections and any
penalities.
In addition, the regulations for licensing specify the quantitive and qualitive classification of
sensitive nuclear material into three categories, comparable, exepting a few features, to
that of the Convention on the Physical Protection of Nuclear Material (INFCIRC/274).
The decree specifies also the minimum level of physical protection required for each
category of nuclear material as follows :

Category III : Use and storage within a zone to which access is controlled.

Category II : Use and storage within a protected zone, to which access is controlled,
which is under constant monitoring by guards or electronic surveillance equipement and
which is surrounded by a physical barrier with a limited number of adequately supervised
access points.

Category I : Use and storage within a highly protected zone, i.e. a protected zone defined
for category II material, access to which is, in addition, restricted to persons that have
been subject to stingent background checks, and which is under constant monitoring by
guards, who maintain close links with the public response forces (police or other public
order forces).
With regard to nuclear material accounting for and control, the decree obliges the licensee
to make all necessary arrangements for the following :

a) Accurately determining the quality and quantity of all incoming and outgoing
nuclear material,

b) Locating at any time the nuclear material and determining their use, movements
and transformation,

c) Detecting any anomalies as quickly as possible,
d) Checking by means of periodic physical inventories that the actual situation of the

nuclear material possessed corresponds to the accounting records.

The nuclear material control and accounting (NMC & A) system, should be organized by
the licensee in such a way that the Competent Authority can verify its efficiency and
reliability, centralize the accounting of nuclear material and, whenever necessary, be
informed without delay of the nature and quantity of missing matrerials. The Competent
Authority can, at any time, order a physical inventory verification and compare it with the
accounting records.
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2.3  The Order of March 16th 1994 on the technical conditions of nuclear material
accounting for and control.

This regulatory text stipulates technical arrangements relating to the accounting of nuclear
material possessed by the operator and to their centralization by the IRSN which
technically supports the Competent Authority. The text concerning the operators under the
licensing regime is focused on several major provisions which detail the provisions of the
decree :

•  Nuclear material control : A physical inventory of all material must be performed at
least once a year according to a written procedure. The operator has to correlate
the inventory-taking figures determined by this method with the book inventory. He
should declare to the IRSN any discrepancy in the inventory and perform an
analysis to determine its cause and rectify it.

•  Accountancy approach : Any inventory change in the facilities is reported to the
central accounting data office of the IRSN through given rules : accountancy units,
type of information, justifications needed. He has to keep bookkeeping records of
inventory changes on a daily basis. This book must be protected against alteration
and must be in a form suitable for producing a calculation of each nuclear material
inventory at the end of the month.

•  Quality Assurance : All the activities performed in the frame of nuclear material
control and accounting for should comply with the international quality assurance
standards especially for shipment, receipt and physical inventory.

•  Receipt acknowledgement : Each licensee who receives nuclear material must
physically verify the consistency of what is shipped within 24 working hours
compared to the technical and accounting documents to the shipment. He shall
submit an inventory change report to the IRSN in connection with the physical
verifications mentioned above. This report may be different from the shipper’s
report to the IRSN (input data mistakes, measurement uncertainties, etc...). Those
differences are analysed by the IRSN and technical justifications are normally
requested from the operators.

3  PRESENTATION OF THE FRENCH EXPERIENCE

3.1  Answers given in the implementation of the main regulation articles

3.1.1  Quality Assurance Policy

An important effort of procedure drafting has been initiated by the Order of 1994 to meet
the requirements of a quality assurance policy. The nuclear material activities have been
treated as all other activities submitted to quality assurance, with the same reference
frames (ISO standards). As far as the implementation of the Quality Assurance is
concerned, we may distinguish two types of operators:
The first group deals with operators who work in the field of nuclear activity and who
belong to the licensing regime, the second one is made up of operators mainly belonging
to the declaration regime.
The main operators who work in the field of nuclear activity know fairly well the law and
have the financial and human resources to apply it. These operators are EDF, CEA, and
AREVA, and the application of the ministerial Order of 1994 does not pose a major
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problem. They all have decided to centralise the responsibilities of the accounting of
nuclear material, so it is the headquarters of these companies that have the responsibility
to implement the quality policy required by the regulation. A real difficulty regarding this
quality policy sometimes appears when trying to make the personnel in the facilities
understand that the range of regulations concerns not only the nuclear material used in
the main nuclear fuel cycle, but also the products used for chemical analyses for example,
or any device made with depleted or natural uranium. This can lead to not declaring these
nuclear material. The inspectors must check, in every site, how these types of articles are
taken into account.
For the operators who belong to the declaration regime, the point is different. In fact, most
of these companies hold depleted uranium either as a biological protection in the devices
which use gamma ray sources or counterweight for mechanical purposes. The inspectors
often have to inform these operators because they do not correctly know the regulations
concerning nuclear material. They feel the regulation as a burden with no clear relevance
to their main activity. The implementation of the quality policy is sometimes incomplete,
but the accounting is generally done correctly.

3.1.2  First and second level checks

The Order of 1994 imposes two level checks so that the receiver can determine in quality
and quantity the nuclear material received. This point provided a better mastery in nuclear
material exchanges.
In the 24 hours following the delivery of the nuclear material, a first level of check is
applied to ensure that there are no discrepancies in relation to the shipper’s information,
using fast, non-destructive assays (item counting, label checking, weighing, radiation
measurements, etc..).
Later on just before actual use, a second level of check is carried out to verify accurately
the quality and quantity of the nuclear material received. If this check is not possible at the
facility, the receiver of the materials should carry out audits or have them carried out at the
shipper’s facility. In fact the operators rarely choose this second possibility.

3.1.3  Acknowledgment of receipt

For a long time, upon a shipment-reception of nuclear material between two installations,
the national accountancy decremented bookkeeping stocks of the sender and
incremented automatically those of the receiver for exactly the same quantities. Now the
addressee declares by an "acknowledgment of receipt" what it estimates really to take. In
this way, he remains fully responsible of his own bookkeeping. When nuclear material are
shipped, the receiver will be only credited of a value well identified as provisional state in
the national database. This one will be replaced later on by the declared value by the
receiver. That avoids the creation of anomalies in declarations in case of a transport
cancellation for example. Furthermore this obliges operators to take into account
immediately the nuclear material exchanged and the national bookkeeping can more
efficiently monitor all materials in transit.
This working procedure is practically standardized for all French nuclear operators.
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3.1.4  Shipper receiver protocol

The Order of 1994 introduced a shipper-receiver protocol, which is obligatory for
plutonium and uranium enriched to more than 20 %. The regulation does not formally
impose a threshold for the writing of protocols. The operators have to produce a document
even in the case of the dispatch of waste, samples or standards. These protocols allow
the definition, in advance, of the respective roles of the shipper and the receiver of nuclear
material. Protocols must be checked and passed by the Ministry of Industry before any
transport. This allows the Competent Authority to know both the controls applied by
receiver at the arrival and the controls before the implementation of the nuclear material.
The IRSN takes charge of analysing these documents.
These protocols have many advantages. As the protocol studies all cases of rejection, it
reduces the risk of being refused by the receiver. Another example, if a dispute occurs
over the quality or the quantities of the nuclear material between the shipper and the
receiver, the protocol provides that a laboratory is appointed to arbitrate the issue. That
makes the protocol define clearly the acceptability threshold values and the name of a
referee laboratory. It is also possible for the receiver to have assurance about the
accuracy of the reliability of the shipment of the nuclear material through an audit of the
quality policy of the sender. Some times ago, the first versions of protocols were often
refused because they did not include that type of information. That is no longer the case.
Moreover, the same principle has been extended by certain operators on a voluntary
basis, to the transportation of nuclear material, such as depleted uranium or uranyl-nitrate
solutions. These types of protocols are now particularly used when transfers between two
operators require regularly transportation.

3.1.5  The ledger

The presentation of stock variations is henceforward exclusively realised from
computerised databases. For the most important nuclear sites the ledgers of all entities
are edited either by the accountant of the site in a single document (AREVA), or by the
accountant named in each entity (CEA). For most small owners of nuclear material, the
ledger is often an edition of an extracted datasheet. To warrant authenticity of the values,
inspectors demand a manual signature on monthly stocks. Although the paper support
remains an official reference, inspectors ask for their checking on database interrogations.

3.1.6  Inventories

The Order of 1994 requires operators to make a yearly physical inventory of the nuclear
material present in their installations, and to send a written report in the following 45 days.
Some operators thought that they could avoid doing so because being under the quality
assurance policy, they knew at any given moment the nuclear material present on the site.
They thought that they were on a “permanent physical inventory”. In this case, the
inspectors were obliged to explain that the aim of the law is to detect a theft or a false
declaration and only a physical inventory can provide knowledge about the presence or
absence of an article. There are several methods of carrying out a physical inventory. One
of them used by a lot of operators is computer accounting, which extracts a listing and
checks the presence of an article with weighing when it is possible. This method allows for
the detection of a theft or a false declaration. This method was accepted especially for
operators who have many references in a same installation. On the other hand, for
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operators using biological shielding with uranium, only an identification of the articles is
required because the uranium is not often accessible. One point that operator must
understand is the conservation of the technical documentation signed by the on-site
personnel who carry out the annual physical inventory. In fact, many operators working on
the document used to clean it by erasing all traces of notes taken by the personnel as well
as the signatures, which justified the work. These practices have been given up and the
inspectors now have all original drafts.

3.2  Inspections and analysis activities in nuclear material control and accountancy

The law of July 1980 institutes a checking of the efficiency and of the reliability of
dispositions taken by nuclear material owners. This checking is mainly realised by
inspectors of the IRSN commissioned by the Competent Authority. The Radioactive
Material Security Department employs about 50 inspectors, 15 of whom are domestic
safeguards inspectors who inspect all nuclear facilities holding nuclear material in France
except the military facilities. 3 inspectors are specialists in accountancy, 5 are specialists
in nuclear material measurements, and the others are in charge of physical protection.
Since the inception of the national control system in France, the inspection effort concerns
each year facilities under the authorization regime as well as the declaration regime. In
France, there are approximately 250 facilities holding nuclear material under the
authorization regime and more than 500 small owners under the declaration regime
recorded in the national accountancy. The majority of these facilities are part of nuclear
sites, such as research centres, industrial complexes and nuclear power plants. These
facilities cover the entire nuclear fuel cycle, from mining of uranium to the storage of waste
and plutonium recycling in the manufacture of mixed oxide (MOX) fuel, and include spent
fuel reprocessing.

3.2.1  Inspection activities carried out with licensees

The number of inspections in the field of accounting and control is about 100 per year,
which represents a global effort (preparation, inspection, drafting) of about 70 man-
months. The experience of the IRSN is based on different types of inspections with
different aims, and may concern :

•  Physical control,
•  Accountancy,
•  Measurement of nuclear material,
•  Physical Inventory taking or checking,
•  Receipts and shipments,
•  Documentation checking,
•  Quality assurance,
•  Data processing system evaluation,
•  Vacuity report.

Two inspectors are generally involved for each inspection. Moreover, if the scope of the
inspection is accountancy, measurement of nuclear material or data processing system
evaluation, the inspector in charge of the facility, often calls on other inspectors from
specialised divisions of the IRSN. This is always the case when measurements with
spectroscopic devices are requested on specific containers with nuclear material or
wastes. This also applies to accounting inspections which require specific extractions from
the database of the national accounting system, and an on-site analyse, with a laptop
computer.
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3.2.2  Inspection activities carried out with small holders of nuclear material

As seen above, the French protection and control system of nuclear material is an original
system based on detailed and comprehensive regulations, taking the small users of
nuclear material into account in a specific way. They are submitted to the declaration
regime and called “declarants”. The main nuclear material detained by small owners are
depleted uranium and thorium. These materials are present in manufactured equipment
(radiation shielding in industrial gammagraphy and radiotherapy, collimation devices and
other accessories). The control and accounting are often difficult because the nuclear
material are present in devices without the possibility of accessing it. For example, the
weight of uranium shielding is associated with a model and masses are determined by the
manufacturer. So the masses have the same values for one type of equipment all over
France.
Declarants have to meet requirements such as, annual declaration of stock and inventory
changes, annual physical inventory and physical protection of nuclear material.
Inspections carried out in such facilities allow to check the enforcement of regulation and
also to provide information to the operator about this regulation.
Up to now, about 30 “declarants” are controlled each year, which represents a global
effort of about 7 man-months.

3.2.3  Analysis activities

In order to be allowed to hold nuclear material, an operator is requested to produce
mandatory files to the Competent Authority. The analyses performed by the IRSN cover
technical and organisational provisions. They strongly complement inspections that
consist of on-site verifications. For each analysis, the engineer in charge of the facility
receives the document with the analysis request issued by the Authority. Considering the
topic of the file, he can perform the evaluation himself or refer to specialists. A technical
visit of the facility is also possible to discuss specific points with the operator.
Each year about 150 files or documents in the field of accounting for and control, 150
inventory reports and 15 shipper/receiver protocols are analysed by written reports by
IRSN. Apart from inventory reports, the analyses of these files are submitted to the
Authority who finally notifies its decision to the operator.

3.3  Other important induced implementations

3.3.1  Training courses for the operators

The training department of the CEA “Institut National des Sciences et Techniques
Nucléaires”, (INSTN) organizes every term a session of 5 days specially devoted to the
management of nuclear material. This session applies to all interested persons by this
subject without no circumscription. It allows to strengthen the operator’s personnel training
in order to improve their qualification and to obtain an external proof of the teaching
implementation to be presented in case of inspection or audits. Trainers are mainly
experts coming from the different departments of the IRSN, each with their specialty
(Accountancy, Transportation, Nuclear measurements..), as well as representatives in
charge of nuclear material management in CEA centers.
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3.3.2  Exercises of inventory in case of emergency

The crisis situations for nuclear material in nuclear facilities are provided for in the French
regulation, as the decree of May 12th 1981 specifies, " In any circumstance, the Ministry of
Industry can order a physical inventory of the materials and its comparison with the
accountancy records ". Such an inventory can be ordered in facilities holding plutonium or
high-enriched uranium, in case of a theft, a blackmail to a theft or a suspicion of materials
theft for example. The operators must be able to provide an answer to the question "can
the stolen materials come from my facility ? " within a few hours.
To test the organization set in the concerned sites, at the operators and Competent
Authority levels respectively, seven exercises of increasing complexity have already been
carried out in the following facilities :

•  Test fuel fabrication laboratory (1993)
•  Uranium metal processing workshop (1995)
•  Research centre for defence (1997)
•  Research reactor (1999)
•  Research laboratory and reprocessing pilot facility under decommissioning (2000)
•  Nuclear material storage facility (2002)
•  Mox-fuel fabrication plant (2002)
•  Physical inventory taking, involving two different sites (Mox and reprocessing

plants) at the same time (2003).

All these exercises allowed for setting up a methodology in the preparation and the
execution of the exercises of inventory in case of emergency. The main events, which
could occur in case of a crisis situation, have been tested. Moreover, the increased
complexity of the exercises makes possible to develop the preparation of the installations
as well as the organization of the authority for a real crisis.
All these exercises made possible to establish models of the useful documents in the
event of a crisis, and this for various types of facilities. The lacks or inaccuracies noted in
these documents at the time of the first exercises were corrected.
These exercises have made the operators involved, as well as the companies they
depend on, sensitive to the importance of an efficient training for this kind of occurrence.
Finally, the achievement of exercises made possible to implement a crisis center at the
State level and to equip it in means of communication. This crisis center is set up under
the responsibility of IRSN. A procedure for the activation and operation of this crisis center
has also been written. In turn, this document will be improved with the experience
feedback of the next exercises.

3.3.3  Security studies

The French Competent Authority requires, by ministerial instruction that specific studies,
known as security studies, be carried out to assess the effectiveness of the security
arrangements taken for the most sensitive types of nuclear material. These studies cover
the physical protection area and the nuclear material control and accountancy area.
A specific tool has been developed by the IRSN to study the ability of a facility to detect
the disappearance of material by the control and the accountancy systems. Preliminary
security studies in the field of material control and accountancy have been performed by
operators of two different types of facilities, the results of which are very encouraging. A
more detailed security study was carried out for a nuclear manufacturing facility.
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3.3.4  The use of seals

The use of seals has been developed broadly over the last 10 years. The first goal sought
by operators is to simplify the annual inventory. When nuclear material are identified as
out of use for a long time they are regrouped in a safe or the room of a building, which is
to be sealed. They constitute a means of quickly detecting a diversion or an attempt of
diversion or of dissuading from such actions. Conversely their installation on an empty
packing can guarantee vacuity of it.
Since certain provisions at the time of the installation of seals are respected, the only
checking of non violation of the seals makes possible to avoid remaking physical checks
of the material confined or in emergency situation.
The choice of the type of seals must be adapted to containment concerned and must
allow to guarantee a satisfying level of reliability. The IRSN Department in charge of
measurements has proposed different types of seals particularly well adapted to the
needs of operators and has advised the Competent Authority to require such type of seals
for the purpose of the national safeguards. Furthermore, it has identified other types of
seals as not acceptable for the national safeguards.
The installation of seals by the owners is done according to a written procedure and gives
place to the drafting of an official report established according to a specific procedure. An
exhaustive inventory must be carried out and validated by at least two persons, prior to
the sealing.
The management of the seals is ensured by means of a register held by the operator.
The breaking of the seals is performed according to a written procedure. It must take into
account the control of the seals broken (identification and checking of the claw, if
necessary) and their rigorous regisration before destruction.
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Physical Protection of Nuclear Facilities in Finland
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ABSTRACT: This paper will present some legislative, regulatory and administrative
measures to establish, implement and maintain a physical protection regime for nuclear
facilities in Finland. It will review the design basis threat and the system for evaluation of the
current threat. Furthermore the paper will discuss the security, safety and safeguards
aspects of nuclear facilities. The potential subordination of any of these three aspects should
be avoided; instead the need for co-operation is pointed out. Finally some conclusions and
concerns regarding physical protection of nuclear facilities will be described.

1  INTRODUCTION

There are four nuclear power reactors (two BWR’s in Olkiluoto and two VVER’s in Loviisa),
and one research reactor in Finland presently. In the middle of October 2003 the power
company TVO informed that it will continue the negotiations with the preferred bidder based
on their offer on a PWR with an electric output of about 1600 MW. Olkiluoto was selected as
the location for this projected fifth NPP unit in Finland. TVO’s goal is to finalize the
negotiations so that the contract on the plant supply could be made by the end of 2003 and
subsequently to submit the construction license application as soon as possible.

The arrangements used for the physical protection of nuclear facilities and transports of
nuclear material depend on the type of facility and mode of transport. This paper will focus on
physical protection of nuclear facilities in Finland and some cornerstones on which the
protection regime is built. The words nuclear facility could in practise be substituted with
nuclear power plant (or vice versa) in this paper since the research reactor probably will be
decommissioned in a near future and as there are no other nuclear fuel cycle facilities yet in
Finland.

2  LEGISLATIVE BACKGROUND

The utilization of nuclear energy and related activities requires a licence prescribed by our
Nuclear Energy Act (NEA). According the NEA it is the licence-holder's obligation to assure
the safe use of nuclear energy. In particular it is the licence-holder's obligation to assure such
physical protection and emergency planning and other arrangements, necessary to ensure
limitation of potential nuclear damage, which do not rest with the authorities. Also, physical
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protection shall be sufficient during different lifetime phases, such as planning, construction,
operation and decommissioning, of a nuclear facility.

For historical reasons, nuclear power plants in Finland are guarded primarily by the guards of
the power company or a separate subcontractor company or both companies. This system
requires clearly defined responsibilities. As an example, the Nuclear Energy Decree requires
the licence-holder to appoint a responsible manager who has a duty to see to it that the
provisions of the NEA, the rules and regulations issued by virtue of it, and the licence
conditions concerning the safe use of nuclear energy, the arrangements for physical
protection and emergencies, and the safeguards control, are complied with. Furthermore, the
licence-holder shall appoint a person who is responsible for the physical protection of the
nuclear facility. The persons who are appointed to the duties referred to above must have an
approval granted by the Radiation and Nuclear Safety Authority (STUK) for their specific
jobs. The licence-holder shall see to it that these persons have such a position in their work
that they have enough authority and a factual opportunity to attend to their duties effectively.

The Radiation and Nuclear Safety Authority STUK is responsible for the supervision of the
safe use of nuclear power. In addition STUK shall be responsible for attending to the
supervision of physical protection and emergency planning, and for the necessary control of
the use of nuclear energy to prevent the proliferation of nuclear weapons. In order to carry
out the tasks mentioned above, STUK shall in particular:

•  participate in the processing of licence applications pursuant to the NEA;
•  supervise the observance of licence conditions as well as set detailed requirements

concerning the operations referred to in the licence;
•  issue detailed regulations and put forward the proposal for the general regulations

concerning safety as well as physical protection and emergency planning;
•  supervise the observance of the regulations referred to in the point above;
•  set qualification requirements for persons involved in the use of nuclear energy and

control that the requirements are met;
•  provide expertise for other authorities and act as the competent authority required in

certain cases;
•  carry out research and development work necessary for supervision and participate in

international co-operation in the field; and
•  put forward proposals and issue statements occasioned by supervision.

STUK shall also be in charge of passing judgements on such licence applications pursuant to
the NEA as have been prescribed to be determined by STUK, and of supervising that
indemnification regarding liability in case of a nuclear damage has been arranged as
prescribed. STUK may also, upon request by anyone planning to use nuclear energy, check
the plan drawn up by them and issue preliminary instructions on what should be taken into
account with respect to safety, physical protection and emergency planning.

3  DESIGN BASIS THREAT (DBT)

First a few definitions for clarification of the following resolution only:
•  physical protection refers to measures to be taken to thwart any unlawful activities

against a nuclear facility;
•  unlawful action refers to a deliberate activity or measure aimed at endangering a nuclear

facility's safety or the integrity of nuclear material, or posing other kind of a direct or
indirect threat to nuclear or radiation safety, or other negligent, damaging act against a
nuclear facility; and
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•  threat refers to an event during which unlawful action against a nuclear facility is
ascertained or suspected.

The resolution of the Government on the general regulations for physical protection of
nuclear facilities (VNP 396/1991) prescribes, that the design basis for the planning of
physical protection is that unlawful action can be taken by an individual working at a nuclear
power plant, or a group of people or a person not employed at the plant who can be assisted
by a person working at the plant. An individual or a group of people attempting unlawful
action can also have arms and explosives as well as such information and expertise as are
not available to the public. Physical protection shall be based on the assessment of risks and
the need for protective measures arising from unlawful action. Furthermore, physical
protection shall be consistent with the operation of and emergency response arrangements
for a nuclear facility. Physical protection shall also be consistent with the rescue service and
emergency plans made by the authorities in provision against nuclear facility accidents. The
DBT is considered more elaborately in the corresponding STUK guides (classified).

This resolution of the Government from 1991 and the corresponding STUK guides from 1992
have remained essentially unchanged and served their purpose well. The tragic events of
September 11, 2001 and the plans for a fifth NPP unit in Finland however made it quite clear,
that at least some complementary physical protection guidelines were needed. This
essentially gives the background to STUK’s Decision in 2002 on the Specified Physical
Protection Principles (classified). This decision does not change the previous regulations, but
on the other hand reviews some new requirements for the facility's design and physical
protection, such as:

•  structural strength and lay-out of the facility (large passenger airplane crash etc.);
•  safety and working conditions of the personnel (chemical/biological toxins etc.);
•  electromagnetic interference (radio frequency weapons etc.);
•  information security.

Plans exist on how to integrate the above mentioned documents and issues into a more
elegant form of regulations. Reviewing and rewriting the legislation and regulations is by
definition a process without ending.

4  EVALUATION OF THE CURRENT THREAT

One fundamental principle adopted is that physical protection should be based on the current
evaluation of the threat. This principle is important among others because the threat situation
tends to change with time and there might also be delays in the way these changes are
reflected into the legislation and regulations. STUK convened already in the 1990’s a group
of experts on physical protection, the so called ”Threat Group”, whose mission is evaluation
of the current threat (risk assessment). The purpose of this group is also inter alia promotion
of co-operation between the member organisations, which except STUK include among
others Intelligence, Security and Border Guard Authorities. The NPP security managers are
also participating, when appropriate, in order to promote the exchange of information and to
ensure their rapid response to new threat situations, if needed.
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5  SECURITY, SAFETY AND SAFEGUARDS

The Radiation and Nuclear Safety Authority STUK deals with the security, as well as the
safety and safeguards, aspects of the nuclear facilities in Finland. There are undoubtedly
synergies between these aspects. As an example the fundamental principles of physical
separation, subdivision and redundancy as well as diversification works for both safety and
security objectives. Traditionally safeguards has existed more separately as an intrusive
accounting activity, with safety and security concerns mostly related to storage and
transportation of nuclear materials or nuclear waste management. The co-operation between
the different departments of STUK in security, safety and safeguards issues has however
always been excellent, and subordination of any of these three aspects has not been
observed.

Today, in Euratomland, the Euratom Safeguards Activities are however pointing towards a
direction of concern, where safety and security of our nuclear facilities might be at some risk.
One concrete minor example of this is the behaviour of one Finnish Euratom Inspector at one
of our nuclear facilities in September 2003, shortly after the second anniversary of the
September 11, 2001 attacks. In order to make a long story very short (and with the resulting
risk of perhaps oversimplifying), the inspector in question:

•  did not understand the difference between authorisation (which was never questioned)
and identification (which was the topic, and should be in the interest of all parties);

•  did not recognize the plant procedures for personal identification, which were in fact the
same as those in use by our Ministry of the Interior at border crossing points etc;

•  did not recognize the plant procedures for security check of his luggage, or at least
claimed that the check was too careful, lasted for too long a time etc;

•  accused the security personnel, who were only following their procedures, for being rude.

This event was considered as a serious incident from the Euratom side and correspondingly
they demanded certain immediate actions from the licence-holder. Of course Euratom never
sent STUK a copy of their fax-correspondence with the licence-holder. I will leave the
conclusions to the reader, but let me finish this part of the paper with a quotation from one
Euratom Safeguards Report (June 2003): “The Quality Survey on ESO activities is one of the
first measures adopted by the Commission in order to put into practice one of the main
HLEG recommendations, which is, that the European Commission should introduce a much
higher transparency in ESO activities. In practice, this means that the Commission should
consequently define ways to strengthen the collaboration and the exchange of views with the
facility operators, who are considered as partners and not just as the subject of inspections.”

6  CONCLUSIONS AND CONCERNS

Finland has, in my opinion, taken appropriate legislative, regulatory and administrative
measures to establish, implement and maintain a national physical protection regime
applicable to nuclear facilities (and nuclear material) with the aim of:

•  protecting nuclear facilities (and material) against sabotage and other unlawful actions
and mitigating or minimizing the radiological consequences of such actions;

•  ensuring that the responsibilities for implementing the various elements of physical
protection within the country are clearly identified and the prime responsibility for the
implementation of physical protection of nuclear facilities (and material) rests with the
holders of the relevant licenses;
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•  establishing applicable physical protection requirements and means to enforce these
requirements and conditions, including effective sanctions;

•  including a system of evaluation, licensing and inspection of nuclear facilities (and
transports) to grant authorization or verify compliance with applicable requirements and
conditions of the license.

In addition, the physical protection regime is based on the current evaluation of the threat as
described previously. The new reactor of TVO, the projected fifth NPP unit in Finland, is the
first time that the present legislation, guidelines and administrative measures are applied to a
full-scale plant project. How this challenge is managed remains to be seen!

One of the difficulties and concerns is that the physical protection arrangements should be
well balanced and at the same time robust enough. As an example, a demonstration by
some NGO (say Greenpeace as an example), known to be mostly peaceful, should probably
not be handled in exactly the same way as the actions of violent extremist organisations. On
the other hand, terrorists could very well put on Greenpeace overalls and take advantage of
the possible subsequent confusion. Or if the terrorists are smart enough, they will obtain
Euratom Inspector Cards (which are easy to falsify compared to any state passport) and
subsequently have direct unrestricted entrance into the nuclear facility, if we adopt the
previously described Euratom philosophy. It seems to me, that the European Commission is
not too concerned about the terrorist threat.

Anyway, nuclear facilities of today cannot exist for long without a solid foundation based on
sound safety principles, credible safeguards, and robust security arrangements.
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The Physical Protection of Nuclear Material and Nuclear Facilities
in the Czech Republic
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ABSTRACT: The paper describes comprehensively past and present of physical protection
of nuclear facilities and materials in the Czech Republic, particularly: the changes made in
ensuring and legislation of physical protection following the political changes in 1989; the
basic concept and regulation in physical protection and the effort made to strengthen the
national regulatory programmes, as well as a brief survey of the nuclear facilities in the
Czech Republic; experience in design, operation, inspection and licensing of the integrated
physical protection system for nuclear power plants with WWER-440 and WWER-1000
reactors; the role of the police as a response force and  the role of the new private security
companies; the upgrading of the physical protection systems at the different types of the
nuclear installations to fulfill the more strict requirements of the new Atomic Law No. 18/1997
Coll. and Regulation No. 144/1997 Coll., on physical protection of nuclear materials and
nuclear facilities; the follow up actions in connection with IAEA IPPAS missions carried out in
1998 and 2002 are given.

1  INTRODUCTION

The physical protection of nuclear facilities and nuclear materials in the Czech Republic is
considered to be an integral part of nuclear safety. There is no difference in the damage to
the environment by the release of radioactivity whether it is due to failure of technological
systems or to radiological sabotage.  Referring to the basic IAEA recommendations [1-3] to
ensure the commitment following the Convention on the Physical Protection of Nuclear
Material, the Non-Proliferation Treaty and the implementation of safeguards, from the
beginning of the operation of nuclear power plants and other nuclear facilities in the former
Czechoslovakia, the physical protection of these facilities and nuclear materials has been
ensured.
The ultimate objective of the physical protection system (PPS) is to prevent the
accomplishment of unauthorized overt or covert actions to nuclear facilities and nuclear
materials. When a physical protection system is applied to a nuclear facility or to nuclear
materials, its objective is to prevent radiological sabotage of facilities and theft of nuclear
materials. Thus an effective system of physical protection also plays an important role in
preventing illicit trafficking of nuclear materials.
Before the former Czechoslovakia was split into two parts, the State Office for Nuclear Safety
(SONS) was established by the Czech Law No. 21/1992, Coll. [4]. From 1 January 1993,
SONS as a regulatory body has carried out most of the activities performed by the former
Czechoslovak Atomic Energy Commission (CSAEC) in the field of nuclear safety [5]. Since 1
July 1995, SONS also performs State supervision of radiation protection according to Law
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No. 287/1993, Coll. [6] and Law No. 85/1995, Coll. [7]. All former commitments of
Czechoslovakia regarding the aspects of safeguards and physical protection are fully
covered by the Czech Republic. The responsibility and role of SONS are declared by Law
No. 18/1997, Coll. [8]. In respect of the splitting of the Czechoslovakia it is necessary to
mention that there was no gap in ensuring nuclear safety in newly established Czech
Republic. All laws and regulations regarding nuclear safety as well as former decisions of
CSAEC were fully accepted by SONS and by the utilities.

2  PAST PHYSICAL PROTECTION

In the past, the State Defence Council declared nuclear power plants  (NPPs) as installations
of special importance. In accordance with the decision of SDC, physical protection of NPPs
had to be performed by the army forces on the outer perimeter of the facilities. Protection of
inner parts (entry control, search of transport means, etc.) as well as response to terrorist
attack had to be provided by the forces of the Ministry of the Interior. From the very
beginning it was recognized that the efficiency of the PPS should be improved and the
human factor influencing the quality of protection should be minimized and/or excluded.
Thus, in 1982, on the basis of governmental decision, the project on development, design
and construction of the integrated PPS for NPPs started. This decision gave the basic
technical requirements of this system as detection in depth, automatic access control of
persons and vehicles, a fully computerized system, provisions on barrier detection systems
and vehicle barriers, provision of a closed circuit television (CCTV) system, as well as
manufacture of the system’s components by Czech enterprises. The concept of this system
fully corresponded to similar systems operating in western countries at that time. The
performance of the system was based on the recommendations given by the IAEA. The
Research Centre Dukovany was established to realize this system at NPP Dukovany. The
system design including software for the operation of the system was has developed there at
the end of the 1980s. In 1990, the installation of this system at the NPP Dukovany was
started. The system was put into operation step by step within approximately two years, and
the decision of CSAEC for permanent operation from 1 January 1993 was issued. This is the
first integrated system designed to ensure physical protection of NPPs operating WWER-440
type reactors and fully covers the IAEA recommendations published in INFCIRC/225/Rev. 3
and the requirements set Nuclear installations in the Czech Republic by Regulation No.
100/1989, Coll. [9] of CSAEC.

3  PRESENT PHYSICAL PROTECTION

3.1  Strengthening the State system of the physical protection

Strengthening of the national regulatory programme has been established by a new
comprehensive Atomic Law [8]. The proposal of the Atomic Law constitutes the legal basis
for the physical protection of nuclear facilities, nuclear materials and transport of nuclear
materials (paras 2, 3, 4, 9, 13, 18, 20 39 and 44). To follow the basic requirements of the
Atomic Law the new basic national regulation Decree No. 144 on Physical Protection of
Nuclear Materials and Nuclear Facilities and on its Inclusion into Particular Category was
prepared [10]. The new regulation very clearly describes technical and administrative
measures to ensure physical protection of nuclear facilities and materials, as well as nuclear
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materials during transport, categorisation of nuclear materials, parts of nuclear installations
and licensing of physical protection. The provisions of the Decree follow the basic IAEA
recommendations on Physical Protection of Nuclear Material and Nuclear Facilities
(INFCIRC/225/Rev.4 (Corrected)) [11] and provisions of the Convention on the Physical
Protection of Nuclear Material (INFCIRC/274/Rev.1) [3]. The specific physical protection
measures, which are applied to a particular facility, are determined by the State. That
determination is based on factors specific including the State, threat perception, economics,
political infrastructure and culture. According to the Atomic Law [8] the licensee bears the
responsibility of physical protection of his facility and nuclear material. The licensee has to
submit to SUJB for approval a safety report the contents of which are described in the
Appendix of the Atomic Law and in para 18 of the Decree No. 144/1997 Coll.; the safety
report has to show how the requirements to ensure physical protection are fulfilled. All
systems of physical protection of nuclear materials and nuclear installations have to follow
updated requirements set by Decree No. 144/1997, Coll., not later than five years after entry
into force of the Atomic Law (June 1, 2002). These additional requirements determine
general aspects, detailed requirements concerning the design of the technical system
including its maintenance and communication means, requirements concerning the
provisions of guarding as well as the demands of dealing with confidential information. A
detailed description of the contents of the above mentioned chapters is given in para 18 of
Decree No. 144/1997, Coll. [10]. We can also confirm that above mentioned Atomic Law and
Decree fully cover “Physical Protection Objectives and Fundamentals Principles” given in
GOV/2001/41, IAEA, 15 August 2001 – Appendix to GC(45)INF/14 – 14 September 2001.

3.2  Nuclear installations in the Czech Republic

At nuclear installations in the Czech Republic there are very strictly followed the provisions to
ensure the physical protections of nuclear materials in accordance with INFICIRC 225/Rev.4
[11]. In addition the national Regulation [10] requires protecting all nuclear material of
Category I, II and III by using technical alarming systems. Still there are potential to seized
namely depleted and natural uranium and small samples of enriched uranium and plutonium
in the quantities lower than the limit for Category III as given in Table: Categorisation of
Nuclear Material [10]. For these nuclear materials there are no strictly defined measures for
their physical protection (only in accordance with prudent management practices).
In the Czech Republic, only the following steps of the nuclear fuel cycle are covered:
exploration, mining and milling of uranium ore; storage of uranium concentrate (yellow cake);
operation of nuclear reactors; storage of highly enriched uranium (HEU) and other nuclear
materials; interim storage of spent fuel (away from reactor); storage of high level radioactive
wastes; disposal of low and medium radioactive wastes; transport of nuclear materials.
The principal nuclear facilities are briefly described as follows.
NPP Dukovany: four units, WWER-440/type 213, low enriched uranium (LEU), category I;
NPP Temelín: two unit, WWER-1000, LEU, category I;
Nuclear Research Institute rez: reactor LWR-15 (HEU) and reactor LR-0 (LEU), category II;
Czech Technical University, Prague: reactor VR-1P (HEU), category II;
Interim storage of spent fuel (away from reactor) at NPP Dukovany site dry type using cask
CASTOR-440/84, capacity 60 casks, category I;
Storage of fresh fuel (HEU): Nuclear Research Institute rez , category I;
Institute of Nuclear Fuel, Prague, D, N, LEU, category III;
Storage of uranium concentrate: DIAMO, s.p. Straz pod Ralskem and  GEAM, o.z. Dolní
Rozínka, N, category III;
Storage of high level radioactive wastes: Nuclear Research Institute Rez, irradiated HEU and
LEU, radioactive wastes, category II;
Regional repository of low level radioactive wastes at NPP Dukovany, category III;
Repository of radioactive wastes Richard (near city Litomerice), SURAO, category III.
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Note: D - depleted uranium, N - natural uranium, LEU - low enriched uranium, HEU- high
enriched uranium, category j: the level of physical protection.

3.3  Basic concept of the physical protection

The basic concept of the PPS for particular nuclear facilities and/or nuclear material in use
and storage should fulfil the general requirements set up by Decree No. 144/1997 [5]. More
details on the physical protection of nuclear materials and nuclear facilities in the Czech
Republic are given in papers [12 - 16]. To fulfil the requirements set up in this Decree for
nuclear installations of category I the basic concept of physical protection is based on
detection in depth, which can be represented as follows:
The layout of the nuclear facility (see Fig. 1) is divided by the mechanical barriers into three
adjacent areas as follow
- Equipment and nuclear materials of category I must be located in the inner area;
- Equipment and nuclear materials of category II must be located in the controlled area;
- Equipment and nuclear material of category III must be located in the protected area.
For PPS at NPP and nuclear facilities of the category I there is compulsory to installed an
integrated protection system. This system guarantees:
(a) Independent checking of authorized entrance of persons or vehicles into different areas

of the NPP;
(b) Detection in depth, representing detection of unauthorized entrance to selected devices,

depending on their significance in ensuring nuclear safety (three categories according to
“fault tree” analysis).

For another nuclear facilities there is compulsory to have direct output of the electronic
alarming systems [17] to the central security control room of the local Czech police office.
All other provisions regarding the detection systems for barriers and inner areas, delay
components, access control, vehicle barriers, CCTV system and other administration
measures are set up in the safety report and in supplement documents (communication and
guarding rules, response activities, tactics).
Following the amendment of the Law on the Police of the Czech Republic [18] in § 44 of the
Atomic Law, the police guarantees the timely response in the case of emergency situations,
in accordance with the provisions of regulations [10] and governmental decision
No. 937 dated September 18, 2000.
From 1 January 1992, a private security company has provided the inner guarding.

4  UP-GRADING OF THE PHYSICAL PROTECTION

Technical measures:
• All nuclear facilities prepared new safety analysis report declaring that new requirements
has been fulfilled and received from SUJB new licence to ensure the physical protection; only
two facility have a temporary licence because they should in high extend to change the
control system (preliminary based on PC network) or completely installed the new integrated
system (preliminary based only on separate electronic alarming systems);
• At the facilities of the II and III category has been performed direct connection of alarming
systems to local offices of  the Czech police, digital transfer of data by radio;
• Delay time of the mechanical  barriers has been increased: new design of the isolation
zone, additional bared wires concertina, stop-roads equipment, safe doors, bullet resistance
windows, vault type rooms and safes etc.;
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• Implementation of new detection systems with higher reliability and detection probability
and lower false alarm;
• More sophisticated systems to control the entering persons, cars and luggage (rtg .
devices, metal detectors);
• Introducing the biometrics detection (hand geometry, finger print, face recognition system);
Implementation of video capture systems (pre and post alarm evaluation) and using only
CCTV cameras;
• To fulfil the “Two persons rule” by technical system;
• To established the secondary alarm station.

This technical means are supporting by improvement of the administrative measures:
In accordance with national regulations (see Ref. [10]) uranium concentrate [yellow cake] of
an amount of  >1000 kg is considered as nuclear material of category III;
Providing regular tactics exercises of licensee, police and guarding companies;
To fulfil the requirements of QA in preparation of documents, installation, maintenance and
testing of the physical protection systems;
Continuous activities to develop and improve the overall efficiency and reliability of the whole
system.
Most of the up-grades are improving the deficiency of the original design of NPPs, both
WWER-440 and WWER-1000 types, which did not take into account the general
requirements of physical protection (e.g. unsuitable location of vital equipment, insufficient
resistance of building walls, doors, windows, unprotected pipe channel, etc.).

5  IPPAS MISSION

On the request of the Czech government in the end of the 1998 IAEA performed the IPPAS
mission in the Czech Republic focusing on the legislation and regulation aspects as well as
on implementation of the physical protection. The IPPAS team visited NPP Dukovany and
Temelín, training reactor at Czech Technical University in Prague and Nuclear Research
Institute at _e_ (Two reactors, storage of HEU fresh fuel and storage of high radioactive
wastes including the irradiated fuel originally LEU and HEU type).
The results of the IPPAS mission declared the high level of the ensuring the physical
protection at nuclear facilities as well as the legislation covering the physical protection in
whole. Regulatory body and licensee have accepted the final report with recommendations,
suggestions and good practises. Appropriate action has been taken.
As follow-up action in 1999 the workshop on DBT has been carry out in Prague. This was
first opportunity to have a detailed discussion of the representatives of regulatory body,
licensee, Ministry of Interior, Police of the Czech Republic and Intelligence Service on DBT
together with experts of the IAEA, USA, U.K. and Germany. Conservatively the Czech utility
are still basically dealing with DBT defined in early 80´s. There is under preparation to
include the DBT into amendment of the Decree No. 144/1997 Coll.
There was established also direct co-operation between the NRI and Sandia National
Laboratories focusing on up-grade of the physical protection system, which covered not only
technical assistance but also the financial support to improve the physical protection of the
NRI facilities handling HEU (originally 80 or 36 wt. % 235 U). The up-graded PPS is in full
operation from 1. 7. 2003.
We also requested the follow-up IPPAS to visit the NPP Temelin where the physical
protection system has been finished. During mission in 1998 only the project and part of the
outer perimeter was ready. The operation of the physical protection system has been
approved by SUJB in January 2000 and it is in full operation from this time. The licensee
fulfilled the basic requirements that integrated technical system must be in operation at least
3 months before first loading of the fresh fuel into the reactor core (July 5, 2000). This
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integrated system is under frequent inspections of the SUJB and results of inspection show
that system is very reliable and it is operating without problems. Also the IPPAS Mission
which took place in 2002 stated that PPS is comparable with western systems and no
recommendation were given in final report of the mission.

6  ACTIVITIES TO COMBAT NUCLEAR TERRORISM

There are generally applied some activities based on strengthening administrative and
technical measures at nuclear facilities These can be summarised as follows:
Strengthening of the PPS; Co-operation with Police and Intelligence Services; Police -
surveillance of the vicinity of the nuclear facility; Strong limitation of access to nuclear
facilities; Temporary deployment of the ground-air missiles;Prohibited areas - Radius 1.1 NM,
Upper/Lower Limit 5000 ft AMSL/GND; Protective Airspace - Radius 12 NM, Upper/Lower
Limit FL 95/GND  Entry into restricted area for civil aircraft ithe two-way radio contact upon
TWR/APP Brno -MTWR/MAPP Namest or FIC Praha/ACC Praha - MIL ACC  approval only.
Restriction applies also to dept., arr. and the local flight activity of aerodromes located within
the restricted area or whose areas of activity penetrate the restricted area.

7  CONCLUSIONS

Physical protection of the operating NPP is provided by technical means (integrated PPS),
guarding is performed by a private security company and response is guaranteed by the
Czech police. The system fulfil as a minimum, the IAEA recommendation for nuclear material
category I and corresponds to western standards of the physical protection of NPPs. As a
result of of SONS inspections the system is continuously upgraded as given in paper.
All other nuclear facilities are also protected in accordance with IAEA recommendations. In
addition the requirements of SONS and new regulations to reduce the risk of unauthorized
handling of nuclear material also for category II and III require compulsory to use technical
alarming systems.
The efficient state physical protection system of nuclear materials and the state system of
accountancy for and control of nuclear material play a crucial role in preventing the possibility
of illicit trafficking of nuclear materials from nuclear installations in the Czech Republic.
We appreciate very much the effort of the IAEA to provide on the request of the Members
States the IPPAS mission and in this way to promote the international co-operation in the
field of the physical protection and to help the Member State improve the level of the physical
protection of nuclear materials and nuclear facilities.
To support the strengthening of physical protection of nuclear material and nuclear facilities
there are carry out since 1995 jointly organised by IAEA, USA and Czech Republic regional
training courses in this field in Brno (the 6th took place in 2002).
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Figure 1  implementation of the physical protection integrated system at hypothetical facility with
two reactors WWER-440 and away-from reactor interim spent fuel storage
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ABSTRACT:
The German approach to estimate potential radiological consequences caused by a sabotage attack
on shipping and storage casks loaded with spent fuel elements in the near vicinity of interim storage
facility at German NPP sites is described. The source term of radioactive releases in to the
environment is calculated on the basis of a sabotage scenario including a shaped charge attack and
experimental data. The atmospheric dispersion of the released aerosol particles are calculated using a
Monte Carlo particle model and parameters of the German Accident Calculation Bases on the one
hand in a deterministic way for the diffusion categories A - F and on the other hand in a probabilistic
way corresponding to the weather situations and their probability at the storage site as well as the
orographic conditions. The radiation exposures is represented by the potential doses for inhalation
and for ground-shine of an adult versus distance from the storage facility and their probabilities of
occurrence.

1 INTRODUCTION

Potential consequences from conceivable sabotage actions are of increasing public concern,
especially in connection with interim storage of spent fuel elements at German Nuclear
Power Plant (NPP) sites. For the competent authorities aspects of physical protection at the
storage facility have been of concern for a long time. Consequently various kinds of
investigations in this area have been performed in Germany as well as in different other
countries.
According to the German Atomic Consensus Act transportation of nuclear spent fuel
elements is time limited and restricted to spent fuel reprocessing in France and Great Britain.
After reprocessing the fissile material will be used to produce MOX fuel elements, the high
radioactive vitrified waste will be stored at the German storage facilities Ahaus and Gorleben.
Spent fuel element not foreseen for reprocessing has to be stored in temporary and interim
storage facilities at the NPP sites. One aspect of licensing these facilities by the Federal
Office for Radiation Protection is the precaution against sabotage attacks. For that reason
GRS provides an expertise including potential radiation exposure results.
The present contribution describes the German approach to estimate potential radiological
consequences caused by a sabotage attack on shipping and storage casks loaded with
spent fuel elements in the near vicinity of an interim storage facility at a German NPP site.
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2 INTERIM STORAGE FACILITY

In essence their exist two construction designs for German interim storage buldings, the so
called STEAG concept and the WTI concept. The main safety features are
 - Safe Confinement of Radioactive Materials,
 - Safe Conditions of Non Criticality,
 - Sufficient Shielding for Staff and Population,
 - Safe Heat Removal and
 - Precaution against Remaining Risk.

The main features of both designs regarding the aspects in this paper are very similar. As an
example, Fig. 1 shows the cross section of a STEAG storage hall.

Fig. 1   Cross Section of a STEAG Storage Hall
The storage building in general consists of a reception and operation building at the front as
well as the storage hall itself, which are divided by a 0,8 m thick concrete shielding wall. The
length of the hall depends upon the planned storage capacity and amounts to several tens of
meters. All other dimensions are shown in Fig. 1. The casks are placed in rows with 5
positions each. The distance of two neighbouring casks (middle axis) amounts to about 3 m,
a CASTOR type cask has a diameter of 2,44 m.
The bottom and roofing plates as well as the walls are made from steel  concrete of 1,2 m
thickness, the monolithic roofing plate is 1,3 m thick.
At the one side of the storage hall air inlet openings with Z-shaped channels and at the
opposite side air outlet openings are foreseen, both of which can be closed by hand.
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In general the air ventilation of the storage area is caused by natural convection. Entering
through the air inlet the air will be heated up at the casks surfaces and will leave the hall
through the air outlet. Typical air changing values are 20 per hour, i.e. every 180 s the air
volume of the hall is completely exchanged.
The storage facility erected at the NPP site is guarded by a protection fence. For radiation
exposure calculations the minimum distances to the point beyond the fence where public
access is possible as well as to the next settlement are of importance.

3 SCENARIO OF IMPACT

A sabotage scenario was defined by the German Federal Office for Radiation Protection
considering a conical shaped charge attack on to a CASTOR type spent fuel cask.
A penetrating shaped charge jet creates a channel through the cask wall and damages fuel
elements on its further way inside the cask. Thus, fuel rods and hence fuel pellets are
breached and partly pulverized. Due to short term overpressure inside the cask airborne
radioactive material will be released through the penetration channel in to the storage hall
and subsequently via the air ventilation in to the environment at the NPP site.

4 SOURCE TERM CONSIDERATIONS

The action of the shaped charge jet itself, associated ingression of hot detonation gases and
in addition depressurization of damaged fuel rods result in an overpressure inside the cask.
This will lead to a short term release of radioactive dust particles and gases through the
penetration channel. The source term from the cask will be made up of aerosol particles
containing fission products, activation products, uranium and other actinides and of some
fission gases.
The mass release after a shaped charge attack was determined by real scale experiments.
The cask contained fuel elements filled with depleted Uranium (DUO2) as a surrogate
material of low radioactivity instead of spent fuel /1, 2/. As in Germany a pressure of 0,8 bar
inside the cask is an upper limit for conditions during interim storage of spent fuel, this
pressure was also maintained for the experiments. The dust materials released through the
penetration channel after the shot were collected and deposited on different sampling media
for further analysis.
The results showed a released fuel mass fraction of 0,375 g in the respirable range of
aerosol particles with Aerodynamic Equivalent Diameter (AED) of < 10 µm and a fraction
0,350 g in the coarse particle range of 10 µm < AED < 100 µm.
These values serve as a basis for calculating the source term of real spent fuel elements at
interim storages using an appropriate scaling procedure.
Additionally, enhanced release of volatile elements at small aerosol particles known from the
Literature was considered by enhancement factors (see /1, 2, 3/). Gaseous Cesium release
from the fuel rod gap was also taken into account.
The nuclide inventory of the spent fuel elements considered for the interim storages were
calculated using a special GRS version of the ORIGEN burn up code. A selection procedure
allowed to neglect all nuclides contributing less than 0,1 % to the radiation exposure
compared to the nuclide with maximum  contribution.
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5 ATMOSPHERIC DISPERSION AND RADIATION EXPOSURE

On the basis of the source term derived from the experiments mentioned above  calculations
of the atmospheric dispersion of the radioactive materials and of the potential radiation
exposures of individuals in the vicinity of an interim storage building containing a breached
spent fuel cask have been made.
From the experimental findings it could be concluded that the action of the shaped charge
leads to an almost instantaneous release of radioactive material through the penetration
channel. The released airborne radioactive material will be entrained in the highly turbulent
surrounding air and hot explosion gases of the conical shaped charge.
Following the air stream in the storage hall the radioactive aerosols and gases will
subsequently leave the air outlet and be released into the surrounding atmosphere of the
storage building.
For further simulating the distribution of the radioactive materials the advanced atmospheric
dispersion model LASAT, a Monte-Carlo type particle model using modern turbulence
parameters for the calculation of short term dispersion and deposition processes in the
atmospheric boundary layer was applied to the radioactive particles with respect to their size
distribution. Additionally, parameters of the German Accident Calculation Bases, e.g.
describing the influence of buildings as well as the orographic conditions, were also taken
into account.
With the resulting coefficients for near ground air concentration and ground  deposition the
radiation exposures on the one hand was calculated in a deterministic way for the diffusion
categories A - F. The resulting radiation exposure is represented by the potential doses for
inhalation and for ground-shine of an adult versus distance from the storage facility for the
different diffusion categories independent of their probability of occurrence.
On the other hand the results of the particle simulation model LASAT were used to derive
cumulative complementary frequency distributions (CCFD) of ground-level air concentrations
and deposition levels in downwind direction from the location of release and the resulting
doses for inhalation and for ground-shine taking into account the broad spectrum of
atmospheric dispersions conditions at the storage site and their respective frequency of
occurrence.
As one of the results a cumulative complementary frequency distribution of potential effective
dose from inhalation is shown in Fig. 2. The probability, conditional that a release occurred,
of certain effective doses of a person residing at a given distance in downwind direction from
the location of a release can be read from the curves. For this example a site with weather
data typical for the northern parts of Germany and nearly flat terrain has been used, a fuel
burn up of 55 GWd/Mg HM was selected.
The results show e.g. that at 500 m distance doses of 65 mSv and less may occur with a
probability of 80 %, i.e. with a probability of 20 % higher doses up to the maximum value of
300 mSv may occur.
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Te Fig. 2:    CCFD of Inhalation Dose - Particles AED < 10 µm

(Adult, ICRP 72 Dose Coefficients)

6 SUMMARY AND CONCLUSIONS

The approach to estimate potential radiation exposures caused by a sabotage attack on
shipping and storage casks loaded with spent fuel elements in the vicinity of interim storage
facility at German NPP sites was described.
The sabotage scenario includes a shaped charge attack and the source term of radioactive
releases is estimated on the basis of experimental data. The atmospheric dispersion of the
released aerosols is calculated using an advanced Monte Carlo particle model.
The radiation exposure is represented by the potential doses for inhalation and for ground-
shine of an adult versus distance for the diffusion categories A - F as well as and their
conditional probabilities of occurrence with respect to the corresponding weather situations
and their probabilities at the storage site.
The results show that beside the deterministic potential doses for the diffusion categories
A - F, which for some sites result in relatively high values, the conditional probabilities of
occurrence for these dose values give a more realistic picture and thus support the decision
making in the licensing process.
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ABSTRACT: The presentation describes the structural security measures – security zones
and barriers - used for the physical protection of nuclear facilities in Switzerland, especially
nuclear power plants. Part 1 deals with the concept of security zones and barriers:
arrangement and functions of security zones and barriers, requirements on the level of
resistance of security barriers, allocation of buildings, systems and installations to security
zones in nuclear facilities. Part 2 deals with examples concerning requirements, construction
and inspection of the various security barriers, and describes the development of special
components for security barriers.

1  SECURITY ZONES AND BARRIERS CONCEPT

The physical protection concept of nuclear facilities in Switzerland is based on the
design basis threat defined by the security authority, using the safety requirements
stipulated by the relevant authorities as fundamental criteria. In order to have a well-
balanced and effective protection concept, structural, technical, organisational and
administrative aspects need to be carefully harmonised.

1.1 Arrangement and functions of security zones and barriers

The security zones and barriers of a nuclear facility are arranged according to the principles
of defence in depth. The idea is that any intruders would have to overcome a series of
security barriers that represent an increasing degree of resistance the further they penetrate.

The various security barriers and zones perform the following functions:

- The vehicle barrier protects against relevant attacks and hampers unauthorised transport
of heavy equipment into the controlled access zone for vehicles.

- The perimeter barrier surrounds the security area, detects intruders, identifies the
location of the attack and triggers the alarm.

- Security barriers D, C and B provide increasingly higher levels of resistance towards the
interior, and protect and surround each zone containing safety systems and equipment in
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Perimeter barrier

Vehicle barrier

Sicherungszone C

Schranke B

Security zone B

Barrier D

Barrier C

Barrier B

Security zone C

Security zone D

Security area

Controled zone for vehicles

accordance with the requirements on the protection of these systems laid down by the
safety and security authorities.

(The designation of barriers is based on the classification used in Germany. In view of the
different protection concept applied in Switzerland, barrier A is not used.)
The arrangement of security zones and barriers is based on the following model:

Security barriers are required to meet the following general requirements:

Security systems (e.g. central alarm stations, guard houses, etc.) that permit or control
access to security zones must be located behind a barrier with the same level of resistance
that is required for the protection of the corresponding zone.

At access points through a given security barrier, the barrier’s level of resistance must be
maintained (lock gate principle). If by way of exception it is necessary to deviate from or
deactivate this method, access must be controlled in a manner, which achieves the same
level of protection.

If due to local circumstances one or more barriers have to be combined, the necessary level
of resistance must be assured.

1.2 Requirements on the level of resistance of security barriers

Requirements on the various security barriers depend partly on the risk assessments, i.e.
assumptions concerning potential intruders and their means of attack, and partly on the
degree of protection or resistance against attack the respective barriers are required to
provide. Risk assessments and requirements concerning the protection to be provided are
specified by the security authority.

In their risk assessment, the authority specifies the nature of the threat or threats against
which the facility needs to be protected. It contains details regarding the number of potential
attackers, their intentions and methods, as well as the means of attack they can be expected

Security zone arrangement
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to deploy. In this way, operators of nuclear facilities are able to plan and implement suitable
counter-measures. All information relating to risk assumptions is of course classified and
accessible to only a very small group of users. In general it is assumed that intruders might
to some extent be assisted by internal staff, would be thoroughly prepared and possess the
necessary equipment and technical information about the facility (and the security system).
The equipment could or would include means of transport, firearms, mechanical and thermal
attack equipment, explosives, climbing equipment, communication equipment, incapacitation
agents and tools and special know-how for gaining access to IT systems.

The level of resistance security barriers are required to provide against potential attackers is
defined as a resistance time, i.e. a given security barrier must be able to resist a defined type
of attacker using a defined means of attack for a specified period of time. The accumulative
resistance time of barriers D, C and B must be greater than the time the security corps – in
Switzerland, the special unit of the police force of the canton concerned – requires after the
alarm has been raised in order to reach the site and take the necessary action to overcome
the intruders.

1.3 Allocation of buildings, systems and installations to security zones

Equipment, systems or installations in nuclear facilities, the sabotage of which – alone or in
combination, based on analysis – could lead to unacceptable radiological consequences,
have to be located in security zones. The allocation of equipment to security zones depends
on the consequences of malevolent acts considered in the context of the design basis threat,
and has to be carried out by safety experts in close co-operation with physical protection
specialists. In Switzerland, a set of guidelines prepared by the relevant safety and security
authorities describes the allocation of buildings, systems and installations to security zones in
nuclear power plants. The highest security requirements apply to buildings, systems and
installations in security zone B, to which the emergency system designed to remove heat
from the reactor in case of emergency, all supply installations for securing the function of this
system as well as the containment system and integrated pressure-bearing components of
the steam generation system, are allocated.

All systems for securing emergency cooling and removal of heat from the reactor, including
the emergency power system, are allocated to security zone C.

The operations complex, including the central control room as well as external installations
for the supply of cooling water and electrical switching gear, are allocated to zone D.

2 EXAMPLES CONCERNING REQUIREMENTS, IMPLEMENTATION AND
INSPECTION OF SECURITY BARRIERS

2.1 Drive-through prevention

As described in the text above, the aim of drive-through prevention is to protect the facility
against attacks with vehicles and block the transport of heavy arms or explosives into the
security zone. Here, the measures taken to prevent drive-through attacks must be sufficient
to bring any vehicles attempting to unlawfully break through a security barrier to a standstill,
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in accordance with the requirements laid down by the safety and security authorities
concerning vehicle category, weight and speed.

The nature and characteristics of the existing terrain are major factors in the area of drive-
through prevention, so it is essential to take these fully into account when defining the drive
through prevention concept. If the terrain does not provide the necessary protection,
additional measures need to be taken, e.g. installation of certificated barriers.

Drive-through barriers: Bollards and concrete elements

The necessary drive-through protection can be attained with the aid of mobile or fixed
elements that may be installed outside or inside the perimeter of the facility, or even form an
integral part of the perimeter. Here it is not only essential that the barriers themselves meet
the specified requirements, it is also important that they are linked together and anchored in
the ground in a way that ensures they are able to withstand the anticipated impact, and this
needs to be established through calculations or by conducting physical tests.

In special situations, provisional measures may also be taken, e.g. temporary use concrete
elements or steel barriers. However, it is also essential to ascertain that any such provisional
measures meet the specified requirements in full. Special care should be taken to ensure
that provisional barriers are firmly joined together so that they cannot simply be pushed
aside. The resistance time for drive-through prevention must also be maintained after any
collision that may occur between an assault vehicle and the barrier.

2.2 Perimeter barrier

The purpose of a perimeter barrier is to detect intruders, identify the location of the intrusion
and raise the alarm. Although a perimeter barrier is not allocated a resistance time, it
nonetheless has to offer a certain amount of physical protection, e.g. by preventing intruders
from breaking through, climbing over, crawling under, tunnelling, flattening or bypassing it.

Perimeter barrier
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The perimeter usually consists of an outer and an inner fence, while the space in between is
empty and thus does not provide any cover for would-be intruders.

The key element of a perimeter barrier is surveillance, which needs to be secured through
two systems that operate independently of one another, supplement one another in a
suitable manner, and cover the entire area either singly or in combination with one another.
For example, if an optical surveillance system (e.g. video cameras) is installed that may not
function sufficiently when visibility is poor, it is important to supplement it with another system
that functions well regardless of weather conditions or time of day. Options here include
radar or infrared systems, or ground-based devices that react to pressure or are triggered
inductively.

Since the efficient operation of such systems often greatly depends on local conditions, it is
important to adapt them to the specific circumstances and test them on location before they
are definitively installed.

2.3 Security barriers (D, C and B)

D, C and B security barriers form the central defence components in the structural security
concept of a nuclear facility. In the event of an assault, these barriers have to prevent
intruders from reaching the security zones, or at least sufficiently slow them down so that the
response force has time to reach the site and take the necessary action to protect the facility.

The resistance time allocated for this purpose to each component of each security barrier
(walls, doors, windows, etc.) has to be confirmed in the form of an official certificate or
certified by an accredited authority. The criterion here is that it is not possible for an intruder
to break through the barrier within the prescribed time using the relevant means of attack. In
Switzerland, the respective tests are frequently carried out by the Swiss Technology Institute
Concerning Security (+fasif) in Thun.

As already mentioned, the requirements on each category of security barrier differ and the
barriers have to be able to resist increasingly powerful means of attack from the outside for
increasing periods of time, but the procedures used for testing the resistance time are
essentially the same for each category. The authority carrying out the applicable tests, which
is already familiar with the construction plans and/or components of each barrier, chooses
the tools or materials it considers the most likely to be used in an attack, specifies the test
procedure and when the signal is given, launches its attack on the barrier or component. The
length of time required in order to destroy the component concerned, or at least create an
opening large enough for a human being to pass through, is then recorded. The size of an
aperture large enough for a person to pass through is defined in European standards as
follows: rectangle, 400 mm x 250 mm; oval, 400 mm x 300 mm; circle with a diameter of 350
mm.

Attack on security components
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2.4 Special problems relating to security barriers

Safety barriers do not consist solely of solid walls that make it relatively easy to attain the
prescribed resistance time. Many barriers have to be equipped with doors, windows,
ventilation shafts, etc. large enough for a human being to pass through. This means that
certain design and construction problems have had to be overcome through joint efforts
involving specialists of research institutions and manufacturers, as well as operators and the
relevant authorities.

In Switzerland these combined efforts recently led to the design and production of a special
grid that has been installed in a nuclear facility to enhance the security of an insufficiently
protected window in barrier D so that it meets the corresponding requirements without
blocking off too much light. Another joint project that has been realised in recent years
concerns the design of grids for the ducted cooling system of a hall for the dry storage of
spent fuel elements and vitrified high-level waste, which meet the requirements of category C
security barriers while ensuring the necessary air flow.

An especially interesting project was recently initiated in association with the planned
upgrading of the security installations in an ageing nuclear facility. The aim here is to develop
prefabricated elements that are ready to install and meet the resistance time requirements
for category D security barriers without interfering with the existing structural components.
The specifications included a maximum weight per square metre as well as an acceptable
price per unit. This joint project has meanwhile led to the production of a prototype that
meets almost all the defined requirements. The solution that has been developed concerns
an element constructed in sandwich form. The various layers consist of different materials
that possess in combination the properties that provide the required resistance to the various
forms of attack carried out in tests.

3  CONCLUDING REMARKS

The physical protection of nuclear facilities is both highly complex and costly, especially with
respect to the installation of structural and technical security measures upgraded facilities. It
is often the case that solutions have to be specially developed and implemented to meet the
specific needs of the facility concerned, and this means that off-the-shelf solutions are
neither suitable nor readily available. As a consequence, the already costly security
measures become even more expensive. Projects concerning the security measures of new
facilities and the upgrading of existing ones are therefore associated with very high costs,
and in view of this, operators are often very unwilling to accept such plans, and in some
cases even oppose or reject them.

With respect to the conception of security installations and measures, closer co-operation
between operators, manufacturers and the relevant authorities at both the national and
international levels would give rise to more widespread understanding for the measures that
need to be taken, as well as lead to a larger market and thus to less expensive solutions.
This would contribute towards the maintenance of the very high standards that are called for
in the area of physical protection of nuclear facilities.
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ABSTRACT : In the framework of the EU TACIS program, the All Russia Research Institute
of Automatics (VNIIA), the Institut de Radioprotection et de Sûreté Nucléaire (IRSN) and
JRC-Intitute for Protection Security Citizen (IPSC) exchanged information on the state
systems of nuclear materials control and accountancy (NMC&A) in Russia and in France.
This joint study of state systems was a task in a JRC-TACIS project designed to support the
Russian Federation (RF) in the development of instrumentation for NMC&A. The study
confirms many features of good practice common to both systems. The aim of this paper is
to present these elements of good practice along with other general points regarding the
applications of the regulations on site.

1 INTRODUCTION

In the framework of the EU TACIS program, VNIIA, IRSN and JRC-IPSC exchanged
information on the state systems of nuclear materials control and accountancy (NMC&A) in
Russia and in France. This joint study of state systems was a task in a JRC-TACIS project
designed to support the Russian Federation in the development of instrumentation for
NMC&A. The joint study was based on detailed descriptions of regulations, implementing
organizations and types of documents requested by the respective authorities (both French
and Russian). It studied the two State systems in terms of the regulatory framework, the
segmentation of organizational responsibilities and the technical means and procedures. The
exchange of information also included visits to similar LEU fuel fabrication plants in each
country: MSZ at Electrostal in Russia and FBFC at Romans sur Isère in France.

The State’s control of the management of nuclear materials in the two countries, is in many
ways similar, particularly in terms of technological options and in terms of objectives. This
does not mean however, that the pattern of institutional responsibilities nor the approach for
implementation, should necessarily be identical. In fact the two state systems are in different
phases of their history. The French system is based on the law of 1980 and subsequent
decrees and orders whereas the Russian system is based on the law of 1995 and its
subsequent decrees and orders. As a result the French system is in a phase of consolidated
experience of execution whereas the Russian system is in the final stages of a phase of
active innovation designed to implement NMC&A in a new legislative, social and economic
framework. Notwithstanding this important difference between routine execution on the one
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hand, and elaboration of innovation on the other, the joint study confirms many features of
good practice common to both systems. The aim of this text is to present these elements of
good practice and other general points regarding the applications of the regulations on site.
Naturally the resources devoted to this study were limited and hence the description and
reflections contained here do not do justice to such an interesting subject.

2 KEY IDEAS IN RUSSIAN FEDERATION AND FRENCH STATE SYSTEMS
OF NMC&A

The aims of the Russian Federation and French State systems of NMC&A are described in
French law [1] and in the decree n° 962 of the RF government [2]. These aims include
ensuring effective State control of nuclear materials use and avoiding losses, thefts,
disappearance or diversion of nuclear materials (NM). The requirements for ensuring the
achievement of these aims are elaborated in additional decrees and orders [3,4]. These in
turn have led to a number of ministerial requirements to ensure successful implementation.
These and other documents, referred to below in this paper, are the references for the
description of the two systems of NMC&A.

In each system, three similar key ideas are found: the " license”, “controls” and “penalties"
which are translated, in more or less details, by:
•  the necessity of having a license to hold materials,
•  the responsibility of the operator who ensures the first level of control,
•  the inspection or supervision by state agencies of each facility accountancy and

protection of nuclear materials,
•  the materials accounting and its various levels,
•  the controls of received materials,
•  regular physical inventories,
•  preservation of documents,
•  operators’ training.
These common points clearly appear in the Russian decree n° 962 of December 15th, 2000
and in the French order of March 16th, 1994 which represent the basis of the NMC&A
systems.

2.1 Licence

In both countries, a license is required to hold nuclear materials. It is delivered by essentially
MINATOM in Russia and by the “Senior Civil Servant for Defense “ (HFD) of the Ministry for
Industry in France. This license is proper to holding nuclear materials: it is distinct from the
license for operating which is delivered respectively by “GOSATOMNADZOR” (GAN) and by
the “Direction Générale de la Sûreté Nucléaire et de Radioprotection” (DGSNR) on safety
criteria. In both countries, every licensee has to take measures for the accounting,
confinement, surveillance and physical protection of materials. In particular, he has to know
precisely the nature and quantity of all the inputs and outputs of nuclear materials in his
facility. He must reveal immediately any abnormality and make periodic inventories in order
to verify that physical situation is in compliance with the accounting. In both countries, these
plant arrangements are the object of state inspection and supervision.

In France, the concession of a license by the HFD is on the basis of a document (the
“License and Control dossier”, DAC), presented to the authorities for approval. The
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satisfactory elaboration of this document is compulsory for obtaining the license to hold
nuclear materials. It must be produced by the plant and is subject to a detailed analysis by
the authorities assisted by their technical support body, the IRSN [3,5].

The license delivery for operating with nuclear materials in Russia is a GAN prerogative, and
the possession of the nuclear materials is on the basis of a MINATOM contract with the
“State Entity for Federal Property” authorizing transfer of the materials for holding [6]. In
Russia, section 8 of [4] establishes that each enterprise holding nuclear materials must
develop a document defining the organization, techniques and procedures for all aspects of
NMC&A and plant control of NMC&A. To enable plants to develop this document, MINATOM
has issued guidelines [7] to help facilities to develop their own “Facilities Provision on
NMC&A”. In both countries, the operator must able to satisfy the regulations and these
include a facility responsibility for monitoring of NMC&A performance.

2.2 Control

In both countries the nuclear materials control has the same objectives i.e. to avoid losses,
thefts or diversions. Control focuses on the technical and accounting aspects of all
operations, as well as the measures taken to avoid any problem. In a relatively similar way in
both countries, this control is carried out at two levels: requirements imposed on the operator
of a plant and a control role for authorities of the state.

2.2.1 Control by public authorities

In making control effective, both states are concerned to ensure:
•  an independent authority which provides independent oversight of the performance of the

plant NMC&A,
•  efficient and effective use of resources in the State system of control of NMC&A,

In the French system, the operational achievement of these functions are embodied in the
activities of the IRSN. Under the authority of the HFD [3], IRSN performs assessment files
and carries out regulatory inspections (article 5 of [1] and article 20 of [3]). The Institute is
also in charge of the centralization of NM accountancy and of the definition of rules
necessary for this. Because of these functions, IRSN is equipped with a range of technical
expertise in its various departments. In France, the Ministry of Industry controls both civil and
defense materials and is supported technically by IRSN in both spheres. In Russia, materials
allocated to defense, is controlled by the Russian Ministry for Defense and not by the same
authority as for the civil materials.

In the Russian Federation system, supervision on NMC&A performance for civil materials is
the responsibility of GAN. In addition to this, MINATOM, as the Ministry responsible for the
major part of the nuclear fuel cycle (civil and defense), carries out its own ministerial audits
[4] which are concerned to ensure that plants, coming under its responsibility, meet all state
requirements for NMC&A and meet the requirements of GAN supervision. Since MINATOM
is also the Ministry responsible for a large number of important R&D institutes, the ministerial
audits teams are ensured of technical expertise both in the inspection function and in any
R&D aimed at improving plant performance.

The types of inspections or audits carried out by both national systems are rather different
from inspections carried out by IAEA or EURATOM. Verifications carried out by these
international organizations are heavily focused on verification of accounting data for any
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Materials Balance Area (MBA). The national systems can have recourse to verification of
data where required, but there is a considerable emphasis on verification of the quality of the
operators procedures and their implementation. French control, for example, has the
possibility of inspecting any aspect covered by the regulations and this power is extensively
employed. In the international system, the onus of responsibility is on the State as signatory
of an international treaty, whereas in both national systems, the responsibility is on the facility
holding nuclear materials subject to national law.
MINATOM oversight of NMC&A, in plants under its jurisdiction, includes verification of all
aspects relating to accountancy requirements, verification of procedures regarding Physical
Inventory Taking (PIT), access control, correspondence between records and reality, quality
of measurement procedures and equipment, and procedures for eventual anomaly follow-up
[4]. In the RF, GAN employs a suitable mixture of quality control of methods and procedures
along with independent verification. In this way, GAN supervision and MINATOM inspections
are designed to ensure, autonomy of supervision on the part of GAN, while avoiding wasteful
duplication of effort and resources. A GAN inspector is always present in each big facility.
This is in contrast to the French approach where inspectors are not only non-resident but
inspect many facilities a year. Under article 25 of [8], the responsibility of GAN includes
supervision of physical protection as well as NMC&A. Similarly, the Ministry of Industry in
France is in charge of the supervision of physical protection of NM [9].

MINATOM and the French Ministry for Industry have similar roles regarding the definition of
the respective regulation, its implementation and its evolution if needed. In each country an
annual report concerning the state of the NM system must be prepared. MINATOM must
prepare this for the Russian government and the French Ministry of Industry (with the help of
IRSN) prepares it for the French Parliament.

2.2.2 Control by the operator

The laws, decrees and regulations of both countries specify what operating plants must do to
achieve the objectives of the national system of NMC&A. In the French case, this is
incorporated in the decree n° 81-512 [9] and in the order of  May 16th, 1994. In the Russian
case, it is incorporated in the Basic Rules developed in collaboration by MINATOM and GAN
[4] and in the arrangements for NMC&A in the plants of MINATOM [7]. In each case these
documents go to considerable lengths to lay out the NMC&A objectives of operators and as
well as the supervisory role of designated state bodies. The operating facilities are required
to have accountancy based on high quality measurements, with conservation of accounting
information. Measurement quality is to be maintained by a measurement control program.
The facilities must be able to detect possible anomalies through following rigorous
shipper/receiver procedures and PIT procedures. The roles of supervisory bodies (IRSN,
MINATOM, GAN) are reflected in requirements for reporting of accountancy information
including regular materials balances and reports of any anomalies encountered.

2.3 Penalties

Possible penalties for infringements are defined in the texts of both systems. In the French
case, significant actions defeating the objectives of NMC&A have been designated as
criminal offences leading to penal sanctions (law 80-572 of July 25th,1980 and law 89-434 of
June 30th,1989). The sanctions, which include imprisonment or fine, are applicable to
identified physical persons. In the Russian Federation case, the law 68 of May 12th, 2000
(administrative responsibility) provides for financial penalties for organizations failing to
respect to the requirements for control of nuclear materials. In addition, the Criminal Code of
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the RF provides for fines and imprisonment for persons violating rules with regard to nuclear
materials.

3 SOME FEATURES OF THE TWO SYSTEMS OF NMC&A

The respective systems are detailed in the French order of March 16th, 1994 and in the
MINATOM order [7], which gives effect to the requirements of [4]. These texts present many
common features, some of which are described briefly below.

3.1 Accounting Features

The system set up in Russia essentially contains three levels of accounting i.e. the level of
the operating facility (based on MBAs), the centralized accountancy of the holding company
(e.g. Joint Stock Company for MBP/Electrostal) and the accounting of the federal level. In
addition to this, each Ministry is responsible for archiving and processing accounting
information coming from those holding companies coming under its jurisdiction.

An essentially similar hierarchical accounting structure is found in France: the local
accounting of the operator, the centralized one at the headquarters for the most important
holders (EDF, COGEMA, CEA) and the national accounting confided to IRSN.

We note however that, in the Russian Federation system, MINATOM has a dual role. Firstly,
it is a Ministry having holding companies under its jurisdiction and thereby acquires the many
NMC&A related responsibilities of any such Ministry [2,4]. Secondly, it has what are called
the Federal level responsibilities of maintaining the Federal Information System with
concomitant responsibility of reporting to the RF Government and also of providing
methodological specification of the whole State system. In this regard, the Russian decree [2]
requires inter alia, that MINATOM ensures certification of technical means and
instrumentation, develops Federal Regulations and defines the form of reports, their
frequency and the procedures.

In each facility holding NM, the results of the non-destructive and destructive measurements,
are the basis of the accounting of all the NM transfers and transformations. France and
Russia practice similar approaches to measurement, and good practices exist in each facility
that was visited. Uranium reference samples and mass standards are used to calibrate and
verify the operating state of the equipment. In Russia, procedures validated by
GOSSTANDARD, describe the different actions to be carried out at each stage of the
fabrication process to qualify and quantify the NM. The measurement methods and their
uncertainties are well defined.

3.2 Document preservation

The obligation to preserve all documents related to accountancy is contained in both
regulations. In the French case, the facility is required to preserve accountancy documents at
least for 5 years from the departure of materials from the facility. In the Russian case,
documents must be conserved for 10 years. In both systems, access to accounting
information is restricted and under security control. The response to erroneous accounting
information in both systems is the same, in that the incorrect document may not be modified.
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Instead its effect must be nullified by an error correction document and the erroneous
document must be preserved [7].

3.3 The “declaration regime”

The French decree dated of May 12th, 1981 states that below certain nuclear materials
quantities held in the facility (for example: 3 grams of plutonium), the operator is no longer
subject to the “license regime” but to the “declaration regime” set out in an order dated of
March 14th, 1984. In Russia, there are in fact two systems of accountancy of radioactive
materials. One is the nuclear materials accountancy system being discussed here and the
other is a state accountancy of radioactive sources which encompasses many small
materials amounts.

3.4 Quality Assurance Features

The need for a quality assurance program for French follow-up and accounting of nuclear
materials, clearly appears from the first article of the order of March 16th, 1994. Under this
order, quality assurance must cover follow-up and accountancy and in particular, shipments
and receipts, recognition and measurement of NM, as well as PIT. The facility is required to
have adequate documentation of the quality assurance policy and plan. To implement follow-
up as required by Article 4 of [3], the French system divides MBAs into materials control
zones which are themselves accountancy areas  based on measurement (i.e. sub-MBAs).
This allows the facility to have a near real time knowledge of the location of materials
throughout the MBA. The measurement systems and data generation of this follow-up
system are subject to quality control.

In the Russian Federation, a quality assurance system for measurements is stipulated in the
Government decree [2]. The ‘Basic Rules’ [4] stipulate that quality assurance must be in
place for measurements and that certification is required for measurement methods and
procedures. For measurement, rules of good practices are described in a production guide
that is part of the quality system of the plant. In MSZ for example, the measurements
methods, systems and standards used in the plant are described.

In addition to reflecting the importance of measurement quality control, the MINATOM
guidelines [7] require that an ‘accounting control group’ carries out checks on aspects of data
generation and the correspondence of data to reality (PIT and materials balance are only
part of this role). The Basic Rules [4] lay down a very severe quantitative criterion for the
level of validity of data in records affecting accountancy. In order to ensure data quality for
MBA accounting, the RF MBAs are, in practice, segmented into materials control zones
where internal transfers are accounted for. For example, MSZ/Electrostal represents a single
MBA but was, at the time of the study, split into 7 internal sub-MBAs, each one including Key
Measurement Points (KMP) and accounting control points (the number of sub-MBAs has
subsequently been increased). At MSZ, each article has a passport, written by hand by the
operators, in which useful data are recorded. These data concern the quality and quantity of
NM, measurement systems used for characterization and localization of NM. The MBA of
FBFC/Romans is divided into 13 sectors (6 workshops, 6 storage areas and an incinerator).
At FBFC, any movement of NM between sub-MBAs, is recorded in a database by an
authorized operator.
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3.5 Operator level organization

In French law, every operator is autonomously responsible for the accountancy and
protection of the nuclear materials that he holds, provided that he satisfies the objectives
fixed by the order [3]. The order stipulates fundamental obligations such as: follow up, PIT
and shipper-receiver protocols. The French decrees and orders indicate the facility’s
obligations, but leave freedom as to how the obligations must be achieved. Hence, the
details of how the obligations are to be carried out, are determined by what is agreed in the
License and Control dossier or by whatever emerges from IRSN statement and
recommendation following assessment of files or inspection activities. No compulsory
organization exists for the French operator, but, in practice, all the important facilities have a
group specialized in protection and control of the materials. Under French law, each operator
is obliged to appoint an employee who has a penal responsibility to alert the authorities in
case of theft, etc. In practice, the operators appoint a person responsible for accountancy
and a person responsible for NM “follow-up”.

In Russia, the orders and decrees tend to specify in more detail certain aspects of how
obligations are to be achieved. For example, the government decree [3] lays down that each
facility has to have a division for accountancy and that a measurement quality control
program is mandatory. The Basic Rules [4] require that each MBA should have one or more
NM custodians who are responsible for the accounting and control of NM. They also require
that transfers from custodians to other persons must be documented and that transfer of
responsibility at the end of shifts must be documented. The MINATOM guidelines [7]
stipulate that there must be a list of persons responsible for NMC&A and that their duties and
responsibilities must be defined in documents.

In addition in RF, the guidelines [7] specify that there must be documents for PIT and
resolution of anomalies, documents on the measurement techniques for each KMP,
documents describing all NMC&A paperwork to be carried out, (by whom it is to be filled out
and to whom it is to be transmitted, etc.). Every job description must be documented in every
aspect relating to NMC&A (e.g. measurement, data generation, data checking). This covers
processing, internal transfer, shipments and receipts, transportation.

Documentation required by [7], must describe all aspects of the computer system and its use
for NMC&A.  Documents must also specify the scope and procedures for internal control
audit as well as the persons responsible. And finally there must be a document describing
the organizational structure of the facility’s NMC&A functions. Overall there is a very
extensive requirement for documentation of procedures. The existence of such documents
not only expedites the performance of the tasks but also facilitates the application of internal
audit.

An example of these different approaches is given by the case of measurement methods. In
Russia the facility has to use certified types of instruments to perform the measurements
according to certified procedures and with certified standards. The systems, methods and
calculations are specified and validated according the Russian Gosstandard rules. The
French operator is legally free in the choice of his apparatus and methods; In practice
however, he may follow CETAMA recommendations which give a similar assurance of
quality.
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3.6 Materials movements between facilities

In Section 3.4 (Quality Assurance), we have already spoken about the fact that transfers or
transformations inside MBAs are subject to internal accounting based on measurement
(follow-up). Special attention must however be given to the reliability of accountancy when
transfers are made between MBAs. This is particularly important when transfers of ownership
or import/export are involved.  For this reason, any materials movement between facilities
entails complex obligations for the shipper and for the receiver. Both regulations proceed in
the same logic.

In France the relevant requirements are stipulated in [3] and in Russia the requirements are
to be found in [4]. The accounting data to be transmitted are comparable in both systems.
Both systems require that the data must arrive to the receiver in time to permit the first level
control of the shipment. In France, usage wants that the file containing the data is confided to
the carrier of materials. Once materials have arrived, the Russian receiver has 3 working
days to undertake the first level controls and to make a preliminary acceptance of materials.
In France the time allowed is only 24 hours, but apart from this, the first level control is
identical. Both French and Russian regulations require that information regarding a shipment
must be sent to IRSN [3] or to MINATOM [2] within 24 hours of the event.

Differences between regulations appear with the 10 days given to the Russian receiver for
his control of second level, whereas the French plant may wait for this control, up to the
introduction of the materials into its process. Facilities, in France, have the alternative option
of using the shipper’s data for accountancy, provided there has been verification of the
quality of the shipper’s measurement procedure. In Russia, provided there is no significant
shipper-receiver difference, the shipper’s data will be used by the receiver. In France, a
written agreement between shipper and receiver is requested for the most sensitive
materials. This protocol has notably to appoint an arbitrating technical body and to be
approved by authorities, prior to the shipment. In the Russian regulation, if there is a problem
between shipper and receiver, a mixed committee meet to try to solve the point. If need be, a
report is passed on to the authorities.

In France, any movements involving export are subject to the law 80-572 which requires prior
Ministerial authorization of export and also requires measures to ensure that after export,
control is exercised to ensure conformity with all French international agreements. In Russia
permission for export is required by advanced notification to the authorities (MINATOM, etc)
at least 15 days before the proposed shipment [4].

Naturally both systems have regulations dealing with the protection of materials during
transport and the related responsibility of informing relevant public authorities [9]. Transport
protection was however not an element of this joint study since the project was concerned
only with the development of measurement instrumentation for NMC&A.

3.7 Physical Inventory Taking and Physical Inventory Report

In both systems, physical inventory taking (PIT), and a report of the PIT results to the
authorities, are considered an essential part of quality control of accounting system
performance. This point is explicit in both regulations [3,4]. In the French system a PIT is
required once per year and IRSN may choose to be present. In the Russian system, the
frequency is determined by the category of materials in the MBA. In each case, the PIT
procedure is developed by the facility following guidelines established by IRSN and
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MINATOM respectively. In Russia the execution of the PIT requires the appointment of an
“Inventory Taking Commission” with specific powers under [4]. In both systems, a
comparison of physical stock and accountancy data are performed.  The materials balance is
compared to its limit of error (LEMUF) calculated from the uncertainties of measurements
and, in each case, a PIT report must be prepared.

In the French case, this report must be sent to IRSN within 45 days. In the Russian case, it
must be sent within 15 days to the accountancy department of the facility and then the
holding company must send it to MINATOM within 40 days [10]. However, if the PIT (in
Russia) reveals some anomaly, the report must be sent to MINATOM and GAN within 24
hours [4]. If no anomaly is revealed by the materials balance analysis (in Russia), the book
inventory is used as the beginning inventory for the subsequent balance period [4]. In
France, the value resulting from the physical inventory is used for the subsequent balance
period. The accountancy is adjusted with declaration of materials balance.

3.8 Training in the management of nuclear materials

In Russia, job-specific training is foreseen both for operators and for inspectors. Training for
operators is even accompanied by tests of capability and must be renewed every 3 years
[2,4]. Specific education and training courses are organized at IPPE in Obninsk, for nuclear
materials control and accountancy. These cover the regulations and basic principles of
NMC&A, statistical methods, NM measurements methods (both theory and practical assays),
containment and surveillance, etc…

In France, training courses are organized regularly by the National Institute of Nuclear
Sciences and Techniques (INSTN). These courses concern the regulation, nuclear materials
accountancy, statistical methods to evaluate MUF and LEMUF and a brief description of the
measurements methods used for NM (destructive and non-destructive measurements). No
formal aptitude test is involved. Specific training sessions are also offered on general
destructive and non-destructive measurements methods with NM (both theoretical
presentations and practical assays).

4 CONCLUSION

The overall purpose of a state system of NMC&A is to ensure effective management of
nuclear materials [1,8]. It includes ensuring that legitimate use of NM avoids any risk of
losses, thefts or diversions of NM. A major feature of a state system is therefore to ensure
protection of nuclear materials by the holders of those materials [9]. The system of protection
covers materials in facilities and during transport.

In this paper we have mentioned a limited number of features of two State systems of
NMC&A. These features included the regulatory framework, the technical requirements and
how these requirements are met by defining the specific roles for facilities and State
institutions. The technical emphasis however has been on those features that ensure the
creation of accurate accounting data. These features include:

(a) Measurement systems with known characteristics which are backed up by the
infrastructure to ensure that they are working properly and that they are used in the
intended way. This has been a major component of the project which gave rise to this
study and is discussed fully elsewhere [11].
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(b) Data generation about masses, locations and identities which is as much as possible
free from unintended error.  Achieving this in complex facilities, is ensured by
rigorous procedures throughout the chain of creation and management of
information.

(c) Procedures such as follow-up, shipper-receiver controls, PIT and materials balance
which are designed to detect and correct any inaccuracies which may have entered
into the system. In this paper we have focused on these three aspects of ensuring
data quality but there are many other detailed aspects of data quality control that are
not described here. These include automatic registration of data, computer checks of
data against other data to ensure reliability and organizational aspects such as
validation of data by more than one person at point of creation.

State systems for ensuring accurate NMC&A encompass therefore a number of aspects
which are not treated in this paper. A fuller description could also include:
•  the organization and the functioning of the centralized  accounting (federal or national) of

the State, the form of declarations, the comparisons with local accounting, the actions in
case of discrepancy,

•  the conditions of exercise of the control (inspection, supervision) by State agencies:
preparation, notification, development, conclusion, report and post control letter with
possible corrective actions requested.

•  facility organization and techniques for ensuring accuracy and reliability of data being
generated for NMC&A.

For brevity in this paper we have focused on just part of the common thread of good practice
reflecting the objectives common to both systems. The difference between the two systems
lies in a different pattern of institutional responsibilities and in variations of the
implementation procedures for what are common objectives.
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ABSTRACT : The objective of this paper is to present an approach to deal with internal
threats which allows : (1) to identify specific potential internal threat for nuclear facility or
transport based on the Design Basis Threat, (2) to specify the list of potential theft and
sabotage targets, (3) how to protect these targets, (4) and how to evaluate the protection
level of these targets to avoid unacceptable consequences in full compliance with IAEA
standards and recommendations. The implementation of this approach leads to identify, if
need be, ways of improvement or strengthening of the protection against the internal threat
and to take adequate decisions of  implementation of corrective measures.

0  FOREWORD

This paper stem from a draft document jointly drawn up by SANDIA NATIONAL
LABORATORY (SNL) and IRSN with the aim to precise and clarify the insider threats and to
propose a methodology to cope with such events.

1  INTRODUCTION

The term of “insiders” will be used to describe individuals with knowledge and/or authorized
access to sensitive areas.
The internal threat is particularly difficult to resolve because nuclear facilities typically employ
large number of people, and certain employees must have access to sensitive areas in order
to perform their work. Thus, insiders could take advantage of that access and of their
knowledge of the facility to perform acts of sabotage or theft. However, there are many steps
that can be taken to reduce the chance of having an insider attack be successful.
Each type of insiders needs to be identified to understand their motivation, to determine their
possible intentions, their capabilities of actions and targets he could aim at.
Facilities and locations handling nuclear material or which could lead to the release of
radiological substances into the environment must be inventoried and taken into
consideration according to the potential consequences (Sensitivity level). Next, technical and
administrative measures to prevent internal threat must be clearly identified, implemented
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and described in specific documents. Every document dealing with the security of a facility or
material should be written under quality insurance and classified at the relevant level.
Effectiveness and relevance of the security measures, including control, accountancy and
physical protection systems, if need be in connection with safety provisions can only be
evaluated by a formal, systematic and exhaustive vulnerability assessment based on
scenarios linked to each kind of insiders previously identified. A level of vulnerability and a
specific response in order to thwart insiders must be associated to each scenario. Finally,
mitigation measures to cope with the potential consequences of a malevolent act and
emergency plans must be prepared.
According to the level of radiological consequences or potential proliferation, and other
criteria such as cost or potential impact on safety, radiation protection or operating
requirements every necessary improvement must be implemented.
The security concerns addressed in this document relate primarily to nuclear facilities and
nuclear material in use, storage and transport.

2  SCOPE

The scope of this paper deals with unauthorized removal of nuclear material and sabotage of
nuclear material and nuclear facilities in full compliance with the field covered by
INFCIRC/225 rev. 4.
Theft of sensitive nuclear material can lead to the fabrication of an explosive nuclear device.
Sabotage can lead to the release of radioactive substances into the environment or people
exposure to radiation. Malevolent actions which could raise consequences in terms of
operating loss, industrial tool loss, media impact, brand image weakening etc, are not
included in the scope of this guide.
The administrative and technical measures to deal with protection against the unauthorized
removal of nuclear material and against sabotage of nuclear material and facilities by
insiders may differ. Indeed theft of nuclear material can be prevented by delaying access to
the material or by containing the adversaries before they remove the nuclear material from
the facility. Sabotage, however, must only be prevented by denying the  insiders access to
the target or by interrupting and stopping the adversary action prior to the sabotage act.
The methodology applies to any type of nuclear facility notably the nuclear power reactors,
the research reactors and all facilities of the nuclear fuel cycle (enrichment plants,
reprocessing plants, fuel fabrication plants, storage facilities,…). It also applies to national
and international transport of nuclear material.

3  INSIDER THREATS IDENTIFICATION

This chapter presents a methodology for insider threat identification at the facility level based
upon the use of the Design Basis Threat (§ 3.1 et 3.2), which gives the global attributes and
characteristics of an insider, coupled with a search and rigorous utilization of information
gathered on the ground (§3.3).

3.1  Design Basis Threat (DBT)

•  The Design Basis Threat (DBT) is a regulatory tool used by the State, through the
Competent Authority, for planning, designing, and evaluating physical protection
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systems. It is a process that needs to be repeated to ensure the continuing relevance of
the DBT and the effectiveness of the physical protection system (PPS).

•  DBT may refer to both unauthorized removal of nuclear material and sabotage or there
may be a DBT for sabotage and another one for the unauthorized removal of nuclear
material. The DBT deals with both insiders and outsiders.

•  More specifically, the DBT describes the attributes and characteristics of potential
insiders and outsiders who might attempt unauthorized removal of nuclear material or
sabotage against which a physical protection system is designed and evaluated.

3.2  Possible insiders

According to the States, DBT may be detailed or not. If DBT is not very detailed,
consideration could be given to the following :
•  An insider can be in any position in a facility organization, including workers,

experimenter, PPS designer, security guard, clerical staff, custodian, maintenance
person, all the way up to upper management personnel. Additionally others not
employed by the operator such as vendors, emergency personnel, contractors,
inspectors who have authorized access should also be considered. Some cultures have
a hard time accepting that someone in upper management (even the plant manager)
could be the adversary.

•  Insider motivations include ideological, personal, economic, psychotic, or other. For
instance, real and imagined grievances, personality traits and mental illness, idealism,
desire for monetary gain, coercion by outsiders that lead to betrayal, revenge, abnormal
behavior.

•  Insider intentions may be theft or sabotage either as an end in themselves or as a mean
to achieving a secondary aim.

•  An Insider may be passive or active; may be violent or non violent; act alone or in
collusion with other insiders or outsiders; he may be malevolent by opportunity or his
action can be premeditated and well prepared.

•  An insider has the opportunity to act during normal operation, maintenance, emergency
situation and their knowledge, possible access at different places in the facility, and
authority may affect their ability to be detected. He has also the opportunity to act at the
most favorable occasion.

•  As types of resources or capabilities, insiders may have - knowledge of the layout,
processes, physical protection and safety systems and mitigation devices of the nuclear
facility, route of the transport - technical skills and experience - tools and equipment
which could be available or introduced - weapons - explosives, etc. The State has to
precise the attributes and characteristics of the potential insiders and the operator has to
refine them in accordance with the characteristics of its facility or transport.

3.3  Insiders identification at the operator level

•  Insider threat identification at the facility or transport level is up to the operator.
•  Insider threat identification at the facility or transport level is a priori target independent

because targets are defined by their potential consequence and not by their potential
threat.

•  The methodology for insider threat identification at the facility level consists of three basic
sequential parts.
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Search informations which are necessary to characterize the potential threat
Before time is spent collecting information, it is important to decide and list what kind of
information is needed to complete a definition of threat for a facility or a transport. In so
doing, the operator will use the general characteristics of insider described in the State
specific DBT and mentioned in § 3.2, will estimate their relevancy with regard to its facility
and if be needed will refine them. In so doing, the types of equipment detained in the facility
and their utility in the unauthorized removal of nuclear material or the sabotage of nuclear
material and the facility have to be taken into account.
Gather on the ground information upon the potential threat
The local environment provides information about the threat to a specific facility or transport.
One needs to seek the following local information to define the threat.
i. The conditions inside the facility, including work force, labor issues, industrial relation
policies, security awareness and human reliability programs, past workers, etc.

ii. The conditions outside the facility, including the general attitude of the community;
whether the surrounding area is urban or rural; the presence of organized groups, etc. In so
doing, a review and characterization of the local population can be useful in determining a
potential threat to a nuclear facility.

iii. Facility features affecting the threat may include: personnel flow  and access control,
facility state (normal functioning, shutdown, maintenance duty, etc.) operational processes,
authority structure, general job categories, physical protection features, information
characterization, safety and/or radiation protection requirements,  accountancy and follow up
systems for nuclear material.
Organize threat information to make it usable
The operator has to organize all this information to outline the characteristics and attributes
of credible potential insider groups to be considered for his own operation. These
characteristics and attributes include access, knowledge, authority, equipment, objective,
sophistication, willingness to violence.

•  The outputs of the described methodology are the credible range of insiders considering
their position, motivations, intentions, access, capabilities, etc.

4  REVIEW OF TARGETS

Insider Target identification is an evaluation of what to protect a priori without consideration
of the threat or the difficulty of providing physical protection. Insider Target identification
identifies areas, components, systems, functions or actions to be protected.
•  The approach consists to analyze the sensitivity of a :

o Facility or a transport, using safety analysis to identify potential sabotage targets,
o  Nuclear material, using categorization of nuclear material in the field of nuclear

weapons proliferations (INFCIRC/225).
•  The approach leads to a ranking of targets depending on the gravity of consequences

resulting from their attack.
•  The objectives of a theft of nuclear material and of a sabotage are of different natures,

consequently the protecting goals and targets are also different. Therefore, targets are
ranked for theft and/or sabotage. A unique ranking for theft and sabotage is not feasible.

•  A target may be more sensitive to sabotage than theft or conversely (i.e. nuclear wastes
are more sensitive to sabotage that to a theft for proliferation purpose). At the end, the
greater sensitivity has to be first considered.

•  Targets which are sensitive for theft are usually less numerous and less dispersed in the
facility than sensitive targets for sabotage. Indeed nuclear material are usually located
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either in storage or process areas. However nuclear material locations may vary
according to the type of facility and specific assessments have to be performed for each
type of nuclear facilities.

Specify nuclear material and facility sabotage targets

•  Analysis of the sensitivity of a facility involves using safety analyses to identify potential
accident sequences, which, if they occurred, would have significant consequences for
workers, the public or the environment.

•  An accident sequence is taken to mean a series of events resulting from one or more
initiating events (the failure of one or more components or functions, or human error) and
which put the facility into a degraded situation with the possibility of radiological
consequences, despite the engineered safety systems and mitigation devices installed in
it. Safety analyses are performed to study these sequences and the counter-measures to
be taken, mainly by using a standard incident and accident list taken into consideration at
the facility design stage. However, sabotage is not taken into account in the safety
scenarios. As an example, the simultaneous failure of the redundant equipment of a
safety related system as the pumps of an emergency cooling system cannot be
considered as probable in the safety analysis if there is no common mode failure risks.
And yet, this failure caused by an action of sabotage can lead to an incident or an
accident with radiological consequences.

•  Facility sensitivity analysis deals firstly with components, systems or functions which are
important for the safety of the facility and identifies those that would lead to a degraded
situation if they were lost or caused to fail by a malevolent action. Specific initiating
events leading to degraded situations caused by malevolent actions also have to be
considered. To this end, a study is made of the particular cases of failure resulting from
malevolent actions with possible losses of functions or equipments not taken into
account in the safety cases.

•  The levels of the radiological consequences have to be established by the State or the
Competent  Authority mainly from the results of safety analysis studies.  These levels
may be different from one country to another one. It is desirable that these levels are
consistent with those taken from the safety criteria. For example, unacceptable
consequences could be those leading to radiological release levels more severe than
those taken into account in the facility safety case.

•  Thus the method put forward allows to identify the most sensitive elements in the facility
(components, systems or functions) and therefore the zones in which they are located .

Specify nuclear material theft  targets

•  The characteristics of an insider lead to take into account two potential types of thefts of
nuclear material:

 i) The repeatedly steal of small quantities of nuclear material to get significant quantity
of nuclear material (protracted theft),

 ii) The theft all at once of a significant quantity of nuclear material (abrupt theft).
These two possibilities have to be taken into account when reviewing the targets.
•  Targets may be ranged in three categories I, II, III as drawn from the categorization table

of nuclear material of INFCIRC/225. One has to remind that this categorization is based
on the possibility of the material being used for a nuclear explosive device. In this regard,
significant quantities of nuclear material currently in use for manufacturing a nuclear
explosive can be drawn from IAEA safeguards glossary 2001. Direct use of nuclear
material (plutonium, uranium 233 and enriched uranium at 20% or more in uranium 235)
has to be given a special attention as regard non proliferation matter.

•  Potential targets are reviewed by identifying for each of them its sensitivity degree
evaluated especially from the physicochemical nature of the nuclear material (massive or
scrap, metal or oxide, fresh or irradiate material, etc). In this regard, one will find in IAEA
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safeguards glossary 2001 an approach to the sensitivity of nuclear material by use of a
comparison scale stretching to items for nuclear weapons to miscellaneous impure
compounds.

•  In conclusion, the method put forward allows to identify the most sensitive nuclear
material and its location.

5  ADMINISTRATIVE AND TECHNICAL MEASURES AGAINST INSIDER
THREATS

5.1  General overview

In a general way, the definition and the implementation of administrative and technical
measures to cope with the internal threat have to comply with the physical protection
objectives and fundamental principles. More particularly, at the facility or transport level, due
consideration has to be taken to the following principles :

•  Security culture which includes characteristics and attitudes in organizations and of
individuals which establish that physical protection issues receive the attention warranted
by their significance.

•  Threat, taking into account the process described in chapter 3.
•  Graded approach, taking into account the current evaluation of the threat, the relative

attractiveness of the targets and the potential consequences of a malevolent action.
•  Defense in depth which develop several layers and methods of protection (structural or

other technical, personnel and organizational).
•  Quality assurance policy and programmes.
•  Confidentiality about information and documentation, the disclosure of which could

compromise the protection of nuclear material and facilities.
Since insiders have privileged knowledge and authorized access to sensitive areas, internal
threat must be approached in a different way than that of the outsiders. Security system must
be based not only on technical and administrative provisions but also on specific
complementary measures mainly dedicated to the human behaviour. Indeed, the specific
point of the internal threat is that the malevolent act will come from a person, a scientist, a
manager, or a worker living with and sharing different experiences with the others. Insider is
usually someone whose people don’t beware of. Therefore, specific procedures, fully
integrated in a well-developed security culture are needed.
In particular for insiders, provisions taken in the field of physical protection must be
completed by other lines of protection. Each line of protection may be not considered as
sufficient by itself. But the sum of these provisions coming from different fields complement
each other and form a coherent whole which could considerably reduce the risk of internal
threat or even delete it.
The physical protection system itself is organised around prevention, management of the
event and mitigation as regards of the theft of nuclear material or the sabotage of nuclear
facilities. It takes the form of several lines of defence including both administrative aspects
(such as procedures, instructions, sanctions, access control rules, confidentiality rules,…)
and technical aspects (multiple barriers fitted with detectors and delaying devices) than the
adversary have to overcome or circumvent in order to achieve his objectives.
For safety purposes, design criteria such as redundancy or diversification in technology of
important to safety systems or equipment or layout criteria such as physical or geographical
separation or segregation of these systems or equipment are introduced at the design phase
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of the facility. These provisions improve protection against sabotage by requiring more
preparation, more means and more time for a potential insider to commit a malevolent action.
Consequently they could be of significant efficiency to deter, to prevent, to delay and even to
mitigate sabotage resulting from an insider.
Moreover, radiation protection rules by the implementation of access limitation to specific
areas and radiation protection devices could also act as to deter and to prevent attempts of
theft of nuclear material or sabotage resulting from an insider.
Measures taken for control and accountancy of nuclear material could be efficient to detect
theft or diversion of nuclear material resulting from an insider. They have to be considered as
a necessary complement of physical protection measures. Emphasis has to be put on the
fact that the control system of nuclear material be more effective than the physical protection
system to detect the repeated theft of small quantities of nuclear material in a facility.
It is considered as good practices that risks of theft of nuclear material or sabotage of nuclear
material or facilities are taken into account at the design stage of the facilities, not only for the
definition of the physical protection system but also as design criteria for all other involved
areas (safety, radiation protection, control and accountancy of nuclear material,…).
Each operator must develop and adapt general provisions for its aspects.

5.2  PPS primary Functions

The physical protection system is based on a set of provisions taken at the State level and at
the operators level to protect the nuclear facilities against sabotage and to protect nuclear
material against theft.
Some elements of the physical protection system participate in all or several functions listed
below, such as guards who participate in prevention, detection, delay and response.
The provisions developed hereafter deal with how to take into account the internal threat at
the operator level. The considerations linked to these provisions will not be developed
in the frame of this paper.

Preventive measures
The aim of these measures is to minimize the likelihood that an attack will occur. Preventive
Measures are for instance : Confidentiality; Pre-employment and employment checks;
Security awareness; Compartmentalization; Escort and surveillance of infrequent workers;
Disciplinary actions/prosecution; Nuclear safety.
Protective measures
The protective measures cover detection, delay and response.
Detection
Detection is the discovery of an attempted or actual intrusion which could have the objective
of unauthorized removal or sabotage of nuclear material or equipment, systems or devices in
a protected area. To be useful, detection needs to be promptly coupled with the
determination of the cause of the alarm and the extent of the action at the origin of the alarm.
Detection measures are for instance : Supervision; Access control; Searches people,
packages and vehicles for contraband; Searches of nuclear material on exit; Two-person
rule; Operation monitoring or process control; Operating conditions; Routine testing;
maintenance and requalification; Tracking; Material Control and Accountancy.
Delay
Delay is the slowing down of an insider’s action. Delay increases the insider's task time. If a
detection has occurred, each additional minute required by the insider provides additional
time for assessment and for response forces to cope with the malevolent action. Delay
measures are for instance : Complexity to perform the task; Equipment under locks and
keys; Action of guards.
Response
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Guards and/or the response force need to respond more rapidly to prevent sabotage than to
prevent theft. Indeed, to prevent sabotage, the guards and/or the response force need to
stop the adversaries before they can access the nuclear material or a vital equipment that
could be sabotaged  and potentially result in a radiological release.
According to the means associated to insiders, the response can be conducted not only by
dedicated person, guards, security personnel, appropriately equipped and trained but also by
one or several witnesses of the malevolent action.
Mitigation measures
Mitigation measures and contingency plans may be significantly different in case of theft of
nuclear material or in case of sabotage. Usually they need close co-operation between the
operator and the State's level organizations.
Contingency plans of action for mitigation are prepared to counter effectively any attempted
sabotage or any attempted unauthorized removal of nuclear material. They describe
communication and immediate counter-measures which have to be applied in different cases
namely in case of sabotage and in case of theft of nuclear material. In addition they have to
describe mitigation provisions. These plans may cover both the internal threat and the
external threat.
As far as sabotage is concerned, these contingency plans have to mention the provisions
taken at the operator's level for coordination with safety authorities to minimize the
radiological consequences of a malevolent action.

6  EVALUATION OF THE PROTECTION SYSTEM

6.1  Objectives

The aim of this chapter is to assess if the targets identified by the methodology described in
chapter 4 are vulnerable to internal threat (insiders). That leads to assess if all elementary
events which lead to an “undesirable event” can be performed by insiders based on the
definition of the internal threat as explained in chapter 3.
Evaluation of the scenarios of sabotage or theft of nuclear material is mainly based on a
detailed examination of the physical protection system duly complemented, for repeated
thefts by an assessment of the material control and accountancy systems and for sabotage
by an assessment of the relevant safety provisions.
Many scenarios could be envisaged, but only realistic scenarios have to be considered,
having in mind that all the actions and associated means have to be consistent with the
insider threat definition.

6.2  Development of scenarios

The development of scenarios consists in identifying for each one all elementary actions and
the associated means necessary to perform them. In the field of sabotage, are concerned the
actions which must be performed to initiate an accidental sequence leading to unacceptable
radiological releases. In the field of theft of nuclear material, are concerned the actions which
must be successively performed to reach nuclear material, to remove them from their
containment then to get out the facility where they are located.
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Identify Adversary/Target couples
The approach developed in chapter 3 leads to identify the potential types of insiders (i.e.
adversary). The two kinds of malevolent actions developed in chapter 4 -theft or sabotage-
lead to grade the targets according to the potential consequences. Insiders characteristics
and the list of targets are the relevant inputs for the development of scenarios.
The principle of this approach consists in identifying couples adversary/target which lead to
events with undesirable effects. All adversaries/Targets couples are obtained by crossing
adversary and target lists in a table.
Identify protection elements
A schematisation of the facility has to be performed with the aim to identify the protection
areas in connection with  relevant targets. This schematisation should include the description
of their protection provisions (detection or delay), and applicable operational features. The
identification and the inventory of the protection elements depend on the state of the facility
(design stage or under operation). This step is based both on the review of layouts and
documents (including safety and security documentation) and walk-down of the facility (by
operator staff and  physical protection specialists).
This step consists also in the inventory of the methods or the means, used by the insiders to
defeat or to get over each protection element previously identified. The objective is to identify
the protection elements which could be defeated by insiders. The method is based on : (i) the
review of insiders attributes (access, authority, job privileges, skills or knowledge, other
resources) in comparison of protection element performances and efficiency, (ii) the analysis
of relevant experience data, (iii) the judgment of experts.
Identify scenarios
The strategy of insiders is to complete successfully a scenario which leads to a theft of
nuclear material or to a sabotage. The full range of scenarios going from the strategy that
minimizes probability of detection to the one that reduce time required to perform the
malevolent act, has to be studied.
Three main families of scenarios should be taken into account according to the targets
identified in the facility : (i) sabotage, (ii) theft of a significant amount of nuclear material all at
once (in a unique or multiple locations), (iii) repeated theft of small quantities of nuclear
material to make up a significant amount.
The research of potential scenarios must cover all the stages of the facility life (normal
operation, maintenance, emergency situation,….).
This step needs to precisely describe, for each adversary/target couple, how undesirable
event may occur. That means, to describe for each adversary/target couple, the detailed
paths in the facility to reach the target and the actions performed by insiders. The different
barriers (technological and organizational) and detection devices met during the insiders
advance have to be carefully identified and detailed.
The identification of all potential paths and actions is based on the review of layouts and
documents (including safety and security documentation) and walk-down of facility by
operator staff and  physical protection specialists.

6.3  Evaluation of the effectiveness of the implemented measures against scenarios

This step consists in the evaluation of the effectiveness of the implemented measures and
consequently the difficulty to carry out scenarios leading to undesirable consequences. At
this stage the vulnerability of the targets is evaluated. The outputs of this step consist in
judgment based as far as possible on detailed analyses and precise data on the success of
the scenarios.
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The target vulnerability assessment can be broken down into several parts (generally two
parts in case of sabotage and three in case of theft):
(i) an exhaustive inventory of the paths leading to zones or systems deemed sensitive,
(ii) a detailed analysis of the resources to destroy or sufficiently damage a system or function,
or steal nuclear material,
(iii) a detailed analysis of the possible sequences to bring the stolen nuclear material out of
the facility.
The first part can be dealt with by an evaluation for each path leading to sensitive zone or
equipment of the difficulties involved or, more generally, the time taken and the means
involved by the insider to reach the target and the potential (or probability) to detect him and
to thwart his attempt by an adequate response.
The second part involves an assessment (if possible with quantitative data) of the insider
means, time required and capabilities to effectively achieve the theft or the sabotage on the
spot of the target.
The third part, specific for stolen material, detailed the possible ways for the insider to
complete his theft. He can, for example, leave directly the facility with the stolen nuclear
material or hide these material on the site of the facility to bring them out later on in a more
favourable occasion.
The specific planned response, in order to thwart insiders, must be associated to each
scenario in the evaluation process.
The unacceptability of scenarios is based on the potential consequences of the malevolent
action. However emphasis has to be put on other criteria such as :
•  The relative easiness to perform a malevolent action. A scenario with limited

consequences but rather easy to perform may be deemed as not acceptable and require
corrective actions  (for example : unauthorized alteration of a threshold in the process,
unauthorized alignment of a circuit).

•  The case of a situation deemed acceptable but not far from threshold beyond which
consequences are no more acceptable. Such a case may be not disregarded and
prudent management practices may require protective measures.

•  The outputs of this step is a list of scenarios which can success realistically. For these
scenarios upgrades in the protection against insiders are of course necessary. The
operator will deal first with the scenarios with the worst potential consequences.

6.4 Upgrades

The last step of the process is to upgrade, when necessary, the protection against insiders.
For the scenarios which could succeed and are unacceptable, corrective measures must be
taken to reduce the risk to an acceptable level.
Weaknesses of the protection system are identified, then quantified in order to examine
possibility of upgrades.
It is the responsibility of the operator to define and implement all necessary corrective
measures.
The efficiency of the overall protection system thus modified needs to be carefully examined.
Correctives measures may concern prevention, protection or mitigation. Measures allocated
to prevention and to a certain extend to protection are usually more effective than measures
allocated to mitigation. Consequently, where feasible, due priority has to be put on
improvement of prevention.
Potential conflicting requirements resulting from safety and physical protection
considerations, should be analysed to ensure that they do not jeopardize nuclear safety.
Finally, the relevant upgrades are properly implemented and their actual benefit, in term of
protection, evaluated by the method, here-above developed.
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ABSTRACT : It is one of the security fundamentals that a State's physical protection system
should be based on the State's current evaluation of the threat. An internationally accepted
methodology for the design and evaluation of physical protection of nuclear material and
facilities is the Design Basis Threat methodology. This methodology uses a definition of a
threat, which is developed from the State‘s evaluation of the threat.
Open borders inside the European Union enable those individuals, who could create a
potential threat to nuclear material or nuclear facilities, to move from one Member State to
another without restrictions or the realistic opportunity for relevant authorities to be informed
timely about such possible movements. Taking into account this in the States‘ threat
evaluation the results have got a potential to become more and more similar inside the
Europe Union. The similarity in the results may put in question the idea of defining national
Design Basis Threat, DBT, in each State. The similarities in the threat evaluation and the
DBT will then contribute to more similarity in the design basis for physical protection
concepts. The DBT is an important basis, but there are more factors, which determine the
design and the evaluation of a physical protection concept. These factors are related to the
State‘s physical protection system, which consists of elements like the State‘s response
capabilities to malevolent acts against nuclear material or facilities, the culture and the legal
and regulatory framework of physical protection.
The development of a European physical protection concept would clearly be part of the
efforts and policy in order to harmonize rules, regulations and standards within the European
Union. This document will not touch the political aspects and potential problems related of
harmonization in the European Union and will not speculate upon the possibilities. The DBT
methodology will be explained. The relevant elements which would be subject for
harmonization will be identified and their functions will be explained.

1  INTRODUCTION

The requirements on physical protection contained in INFCIRC 225/Rev.4, “The Physical
Protection of Nuclear Material And Nuclear Facilities“ [1] reflect a broad consensus among
Member States of the IAEA on the requirements, which should be met by systems of the
physical protection of nuclear material and facilities. Together with the Physical Protection
Objectives and Fundamental Principles [2], which were mainly extracted from INFCIRC 225
a sound guidance for a establishing a physical protection concepts exists.  The requirements
contained in have the character of a recommendation because this document has no legal
binding character, even though some countries have based their legal framework of physical
protection on INFCIRC 225.
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The Security Fundamentals [2] were approved by the Board of Governors and were adopted
by the General Conference in 2001. The Security Fundamentals have therefore a higher
level in hierarchy of Agency documents but still don‘t have a legal binding character. The
Convention on Physical Protection of Nuclear Material, CPPNM, [3] is an international legal
binding document. It is focused on the physical protection of nuclear material against
unauthorized removal during international transport. The existing revision 1 of the CPPNM
from 1980 does not cover domestic use, storage and transport of nuclear material and does
not cover the protection of nuclear material and facilities against sabotage. A draft
amendment to the CPPNM, considering physical protection during domestic use, storage
and transport and of nuclear facilities, including the physical protection against sabotage, has
been prepared by an open ended working group of legal and technical experts in summer
2002. A proposal for amendments to the CPPNM, which is a prerequisite to convene a
conference to revise the CPPNM, has not been made yet. A legal binding document of the
European Union concerning physical protection does not exist.

An international guidance to establish a physical protection concept is presently provided by
the Security Fundamentals [2], INFCIRC 225/Rev.4 and the existing technical documents,
TECDOCS [4], [5], which are based on INFCIRC 225. Additional TECDOCS concerning IT-
Security, DBT Development and maintenance, protection against sabotage and the insider
threat are in the process of being drafted and will be issued in 2004. These guidance
documents will contribute to strengthen and to adjust the level of physical protection and in a
limited scale also adjust methods, measures and concepts of physical protection.

2  THE SYSTEM OF PHYSICAL PROTECTION

2.1 Physical Protection Objectives and the Allocation of Responsibilities

The objectives of physical protection are defined in [1] and [2] as to establish and to maintain
conditions to

•  Protect against unauthorized removal of nuclear material in use and storage, and
during transport;

•  Ensure the implementation of rapid and comprehensive measures by the State to
locate and recover missing or stolen nuclear material;

•  Protect against sabotage of nuclear facilities and sabotage of nuclear material in
use and storage and during transport; and

•  Mitigate or minimize the radiological consequences of sabotage.

These objectives comprise 3 lines of defense against malevolent acts:
•  Prevention of any interference caused by malevolent acts;
•  Response to such interference acts and recovery of control;
•  Emergency procedures to mitigate the consequences of loss of control.

Feasibility reasons result in the principle that the prime responsibility for the implementation
of physical protection rests with the holder of the license, respectively the operator. The
license holder is therefore responsible for providing appropriate protection measures to
prevent undesirable consequences of a malevolent act. The responsibility of the licensee is
situated in the above-mentioned first line of defense and partly in the second line, supported
by off site response provided in most cases by State organizations, respectively Police
forces.
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The physical protection measures of the operator are understood as the physical protection
concept. INFCIRC 225/Rev.4 describes a concept of physical protection as „one which
requires a designed mixture of hardware (security devices), procedures (including the
organization of guards and the performance of their duties) and facility design (including
layout). The level of the physical protection measures should be specifically designed to take
into account the nuclear material or nuclear facility and the State's design basis threat.
Emergency procedures should be prepared to counter effectively the State’s design basis
threat.“

It is understood that the term „emergency“ is used here for a situation during a malevolent
act, which is different from a safety related emergency situation. The „emergency
procedures“ mentioned here is therefore part of the physical protection concept the license
holder is responsible for. The physical protection concept is designed to counter effectively
the DBT. The DBT is a definition to define a common basis for the design and the evaluation
of the physical protection concept. It is a regulatory tool and is not a real threat. In order to
achieve the physical protection objectives the physical protection concept, the operator is
responsible for, has to be embedded into a State‘s physical protection system. The State's
physical protection system should be based on the State's evaluation of the threat. Other
factors should also be considered, including the State's emergency response capabilities and
the existing and relevant measures of the State's system of accounting for and control of
nuclear material [1]. It is understood that the emergency response of the State includes
measures to respond to a malevolent act as well as the capabilities to recover lost material
and to mitigate the radiological consequences of a malevolent act.

The responsibilities for implementing the various elements of physical protection within a
State should be clearly identified. The DBT is a significant tool and a critical element in the
process to establish, implement and maintain a physical protection system.

2.2  The Definition of a DBT

The main elements of a State‘s physical protection system are shown in figure 1. The desire
for security in principle is a result of a concern about perceived threat and about a potential
hazard. The objective of security measures is the perception that consequences of
malevolent acts are prevented or minimized to an acceptable level.

A threat can be defined as the potential to cause an undesirable consequence. The result of
a threat assessment is represented in box 1. It then documents the result of an analysis of
the credible motivations, intentions, and capabilities of potential adversaries that could cause
undesirable consequences to nuclear materials in use, storage, or transport and nuclear
facilities.
The consequences represented in box 2 are defined as the potential level of impact on the
interests of the public, the State, key interest groups, and the international community.
Consequences could be defined in relation to the level of a potential release of radioactive
substances and potential exposure to radiation. For the protection against unauthorized
removal of nuclear material the categorization table in [1] and [3] expresses the concern,
namely the potential of material to be misused for the creation of a nuclear explosive device.
The concern on potential consequences will influence policy of the decision making process
in the development of a DBT. This decision making process is represented in diamond 3,
which represents the State’s responsibility to decide with the definition of a DBT on the level
of protection.

Whereas the results of the threat assessment may become similar in the European Union
with free movement within, the concern about consequences, particularly about the
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radiological consequences and the loss of nuclear material is an individual matter. The
decision making process represented by diamond 3 is not only based on political concerns.
Technical and resource issues as well as and the interrelationships between State, local
official, and Operator responsibilities for physical protection are to be taken into account, too.
This reduces the influence of emotions on the concern and opens provides opportunities to
adjust existing definitions of the DBT.

The key elements in the creation of a DBT are threat assessment and decision making
considering potential consequences. Threat assessment and decision-making are separate
and different processes even though in practice they may be carried out at the same time.
The threat assessment process, and the document that describes the conclusions, scopes all
the realistic and credible threats that the Competent Authority needs to take into account.

Some threats may not be manageable in terms of a DBT because some aspects of a State’s
physical protection system fall outside the responsibility of the Competent Authority.  These
threats are described as being “beyond DBT”.  “Beyond DBT” does not necessarily describe
a magnitude of threat above that described in the DBT, it describes those threats that it is
inappropriate to include in a DBT, whose principle aim is to provide threat criteria for
Operators to design the physical protection system against. However, these threats still need
to be taken account to ensure the protection of nuclear materials and facilities. The
Competent Authority will need to discuss these with other State authorities. The diamond 13
represents this additional decision making process the Competent Authority is responsible
for. The decisions symbolized by diamond 13 could be of high relevance for the holder of the
license, because the original design of the physical protection concept did because it was not
included in the design basis. The potentially resulting requirements on upgrades could e.g.
cause significant costs and in some cases could result in the withdrawal of the license.

As an example for threats that have not been a design basis for the physical protection
concept, is given by the threat of an intentional aircraft crash as an attack against a nuclear
facility. This has been taken into account as a potential threat to nuclear facilities and States
have taken the responsibility to provide measures in order to reduce this risk to an
acceptable level. A real demonstration of this kind of threat happened in 1972, when a
hijacked aeroplane was threatened to crash intentionally into the Oak Ridge Laboratories.
After the events of 9/11 this threat has been reconsidered in all countries. The threat has not
become a DBT yet, but certain measures have been required from the licensees to reduce
the potential vulnerability of facilities against this kind of threat. Anti aircraft units, security
measures at airports and in airplanes were measures outside the physical protection concept
provided by the States to achieve the acceptable risk (box 12), which stands for the physical
protection objectives.

The foundation for a physical protection system, including the DBT, is a legislative and
regulatory structure.  This enables a Competent Authority to take the actions that are
necessary to create a DBT and to involve State Authorities, particularly other Ministries and
Departments, in the process.  The Competent Authority relies on other organizations,
including the Ministry of Interior, Ministry of Defense, State Intelligence Organizations, State
Police Organizations, local Law Enforcement, and other Government Regulatory Authorities
to provide intelligence, information, and data to support development of the Threat
Assessment Document and support maintenance of the DBT.  The Competent Authority
needs the input from diverse and reliable sources to adequately describe the motivations,
intentions and capabilities of potential adversaries. The full and open participation of all
concerned Ministries and Agencies is critical to the definition and maintenance of the DBT.
Each Ministry and Agency brings relevant expertise and information that is necessary for the
definition of the DBT.
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The task to initiate and to manage the cooperation to define, establish and maintain a DBT
represents a challenge to a national Competent Authority and even more to an international
Organization, which first has to be established. This is clearly a political issued and will not
elaborated herein.

2.3  The Physical Protection Concept

The concept of physical protection is shown in box 6. The concept has to be designed
against the DBT and will be evaluated by the Competent Authority using the definition of the
DBT. The objectives, which are specific for the particular physical protection concept of
certain nuclear material in use, storage and transport or for a certain nuclear facility, should
be defined. This is a prerequisite for an effective design process as well as for the evaluation
of a physical concept by the Competent Authority. The definition of these specific objectives
can vary e.g. from prevention of intrusion or unauthorized access to certain areas, to the
prevention of certain facility conditions or the protection of vital functions. In any case the
security functions in box 6b, detection, delay, response and recovery have to be defended
against the DBT.

Applying the principle of a graded approach as

•  taking into account the current evaluation of the threat, the relative attractiveness, the
nature of the material and potential consequences associated with the unauthorized
removal of nuclear material and with the sabotage against nuclear facilities or nuclear
material [2]

•  and defense in depth as
•  providing 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 [2],

could result in a different consideration of system design, facility layout engineered, safety
measures and physical protection measures might be different in different countries. The
resulting physical protection concept there for might differ in different countries. Also the
consideration of the measures of material control and accounting can vary from country to
country.

The weight given to safety systems component capacities and post core damage crisis
management in providing appropriate physical protection might also vary between States,
depending on the State‘s regulation and the understanding of the Security Fundamentals by
the competent authority. These potential differences are relevant in particular for the
protection against sabotage of nuclear facilities, where complex processes have to be
protected. The definition of a Vital Area highlights the potential spectrum of solutions: “An
area inside a protected area containing equipment, systems or devices, or nuclear material,
the sabotage of which could directly or indirectly lead to unacceptable radiological
consequences” [1]. Additional guidance on the protection of systems and devices, which
could lead indirectly to unacceptable radiological consequences is in the process of being
drafted.

For the physical protection of nuclear material against unauthorized removal the safety
system design features are of less relevance. A potential for different concepts of physical
protection against a similar DBT exists here too. The objective can be achieved by
preventing unauthorized access to material, can be achieved by immobility of the material, it
can also be achieved by regaining the control on the material timely. The different possible
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ways to achieve the physical protection objectives could result in different measures and in a
potential variety of physical protection concepts.

The requirements on the security function „Delay“ can vary very much, depending on the
response time, the response capability and method. The delay can be provided by a building
structure, as one structure or in combination with a graded system of barriers; can be
supported by guard force or can be provided by guard forces solely. The requirements on
providing intrusion delay can vary. They can be very strict, if the prevention of any intrusion
during the response time is required. The can differ with the estimated or agreed response
time. They can also differ when the delay provided by e.g. a process is considered in the
measures to regain control. It depends also on the credit, which is given to force on force
capabilities of the guards.

2.4  Competent Authority

The State should designate a competent authority under its legislation, which is empowered
to establish and ensure the proper implementation of the State’s system of physical
protection.  If the elements of the State's system of physical protection are divided between
two or more authorities, arrangements should be made for overall co-ordination. Clear lines
of responsibility should be established and recorded between the relevant entities [1]. All
European Member States with a nuclear program have designated their National Competent
Authority.

For the European Union the Directorate General “Energy and Transport” (TREN) ensures
that users keeps all materials - in their custody and which fall under the Rome Treaty from
1957 that set up EURATOM - in a secured and accountable manner [6]. In the light of an
increased threat situation and with view on the enlargement of the European Union the report
[6] of a high level expert group appointed by the European Commission recommends to
assign the European Safeguard Office, ESO a specific role in physical protection of nuclear
materials.

This requires clearly a European political decision and will not be discussed here.

3  CONCLUSION

The DBT is clearly a basis for a potential European physical protection concept, because the
definition of a DBT is an international accepted tool to design and to evaluate physical
protection concepts. Even identical definitions of DBT‘s in European Member States would
not lead solely to identical physical protection concepts for similar nuclear materials or
facilities, because the State‘s systems of physical protection and the performance and
prescriptive requirements on physical protection differ in the European Union. This does not
mean that the level of physical protection in one country is significant higher than in the other
country. The existing international guidance for physical protection, INFCIRC 225/Rev. 4,
defines objectives and recommends a methodoly, but does not prescribe a certain way to
achieve common the physical protection objectives.

Different ways to achieve the physical protection objectives will provide different experiences
with the operation of different physical protection concepts. The European Union provides a
basis of confidence for an exchange of experiences among the national physical protection
experts. This could lead to an adjustment of the DBT and could on the long run lead to
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adjustments of the national systems of physical protection. European projects like the EPR
provided a technical basis for harmonization not only of safety design requirements, but also
for the harmonization of the physical protection concepts. The final decision on
harmonization clearly remains as a political challenge.
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APPENDIX

Elements of a Physical Protection System

Box 1
The Threat Assessment is defined here as an analysis that documents the credible
motivations, intentions, and capabilities of potential adversaries that could cause undesirable
consequences to nuclear materials during use, storage, or transport and nuclear facilities
The result of the threat assessment process describes the credible threats.

Box 2
Consequences are defined here as the potential level of impact on the interests of the
public, the State, key interest groups, and the international community. Consequences could
be defined in relation to the level of a potential release of radioactive substances and
potential exposure to radiation. A scale for consequences is given for nuclear Material by the
table of categorization in [1], [3]. The concern on these consequences will influence policy of
the decision making process in the development of a DBT.

Diamond 3
A decision making process considering the results of the threat assessment, the
consequences and the policy leads to definition of the DBT. The Competent Authority
coordinates the development of a DBT and is responsible for its maintenance.

Box 4
Beyond DBT describes those threats identified in the Threat Assessment that will not be
included in the DBT, but still remain as a credible threat. The threats beyond DBT need also
to be taken into account to ensure the physical protection of nuclear facilities.

Box 5
The Design Basis Threat, DBT describes the attributes and characteristics of potential
insider and/or external adversaries, who might attempt unauthorized removal of nuclear
material or sabotage, against which a physical protection system is designed and evaluated.
It is a regulatory tool based on a decision making process.

Box 6
The physical protection against unauthorized removal or sabotage requires a designed
mixture of hardware (security devices), procedures (including the organization of guards and
the performance of their duties) and facility design (including layout).

Box 6 a
Specific objectives for the physical protection concept should be defined like prevention of
unauthorized access, prevention of facility conditions, protection of critical safety functions,
protection of vital areas.

Box 6 b
The physical protection System should be designed to perform Detection and Delay of a
malevolent act and to Response appropriately to this act by a DBT. These primary functions
are typically provided by physical protection measures like

o Detection and access control systems
o Barriers
o Response forces
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But also process parameters or e.g. radiation measurement can provide detection, the
process behavior can e.g. also provide delay for measures to regain control.
An analysis of the facility design including an evaluation of existing safety measures and the
consideration of the spatial separation and the redundancy of systems will provide a basis for
the design of appropriate physical protection measures. In order to respond appropriately the
immediate on-site actions of the operator related to the recovery of disabled systems or
functions have to taken into consideration.

If the DBT includes malevolent acts resulting in loads on plant structures, systems and
components and/or measures against which they are not designed against, then an
evaluation of the capacity of these needs to be carried out. The acceptance criteria to be
used in this evaluation process should be determined by the Competent Authority.

Post core damage crisis management as a response to an attempt of sabotage involves
plant actions to mitigate consequences. These may also include considerations for the
possibility of continuing adversary presence on site hindering and trying to disrupt the
mitigation activities.

Box 7
Emergency Response is required to mitigate the radiological consequences of a malevolent
act, which has led or has the potential to lead to the loss of control over the nuclear process
by the loss of the designated safety systems. This includes all actions performed by the
operator and State organizations in cooperation with the operator organization to cope with
the situation including specific measures to counter malevolent acts to disrupt emergency
response. For a potential loss of material the box 7 represents the efforts to recover the
material or to mitigate consequences.

Box 8
The responsibility for physical protection rests with a State. The State should ensure that
the prime responsibility for the implementation of physical protection of nuclear material or of
nuclear facilities rests with the holders of the relevant licenses. The DBT is  a1 tool used by
the Competent Authority for evaluating physical protection and for the operator for planning,
designing physical protection.

Box 9
The Response by State Authorities or organizations may include the active force on force
response by e.g. Police forces to an attack on the facility. Response also includes the actions
of emergency organizations in the State.

Box 10
State’s Security includes measures, which acknowledge a credible threat as Beyond DBT.
These measures are to be taken together with the emergency response capabilities in order
to keep the remaining risk on an acceptable level. The spectrum of measures can include
intelligence, air traffic security and military defence (and many other measures…).

Diamond 11
The State’s Competent Authority decides how to respond to situations, when the credible
threat, which was not included in the DBT, becomes a matter of concern. The objective of the
physical protection of vital areas is to provide those critical safety functions, which prevent
radioactive release beyond prescribed limits. Taking into account the Beyond DBT and the
results of an extreme loads evaluation the Competent Authority may decide to include this in
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the physical protection design and evaluation process and/or take over the remaining part in
its responsibility.

Diamond 12
The diamond represents the decision, which have to be made during the design or the
evaluation process of the physical protection measures whether the specific objectives are
achieved or not. It represents the decision making process on upgrading, redesigning or post
core damage crisis management.

Diamond 13
This diamond represents the decision making process in a competent authority during
licensing or supervising a nuclear facility in order to achieve a level of risk that can be
accepted, after consideration of emergency response measures.

Box 14
It represents the objectives of physical protection. The term Risk in this context is used as
the likelihood that a threat will be able to bring about an undesirable consequence. The risk
can be reduced, but cannot be eliminated. All the judgments and decisions imply the
acceptance of a degree of risk. There is no database for the statistics of malevolent acts,
which allow the calculation of the risk as a product of the probability of a successful attack
based on the statistics and the ensuing consequences. However some States have chosen
to estimate a conditional risk, e.g. given that an attack will occur, what will be the risk.
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