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Meeting of the Technical Working Group on Fast Reactors (TWG-FR) 
(39th Annual Meeting) 

 
China Institute of Atomic Energy, Beijing, China, 15 – 19 May 2006 

 
Meeting Report 

 
 
 

1. Introduction 
The 39th Annual Meeting of the Technical Working Group on Fast Reactors (TWG FR) 
was held from 15 – 19 May 2006 in Beijing, China, at the invitation of the China 
Institute of Atomic Energy (CIAEA). The meeting was attended by TWG-FR Members 
and Advisers from the following Member States (MS): Belgium (observer), Brazil, 
China, France, Germany, India, Italy, Japan, the Republic of Kazakhstan, the Republic 
of Korea, the Russian Federation, Sweden (observer), the United Kingdom, and the 
United States. Apologies for not being able to participate were received from Belarus, 
Switzerland, the European Commission, and OECD/NEA. Moreover, Prof. Carlo 
Rubbia, CERN director general emeritus, participated, upon IAEA invitation, in the 
meeting as distinguished scientist and IAEA expert. 

The participants were welcomed by Prof. Zhixiang Zhao, President of CIAEA, and by 
Mr. Maoxiong Long, representing the China Atomic Energy Authority (CAEA). The 
TWG-FR Scientific Secretary, at his turn, thanked the hosts and welcomed all the 
participants on behalf of the IAEA. 

Mr. S.C. Chetal, from India (Indira Gandhi Centre for Atomic Research, IGCAR), was 
appointed chairman. 

The objectives of the meeting were to: 

• Exchange information on the national programmes on Fast Reactors (FR) and 
Accelerator Driven Systems (ADS) 

• Review the progress since the 38th TWG-FR Annual Meeting, including the status of 
the actions 

• Consider meeting arrangements for 2006 and 2007 
• Reviewed the Agency’s ongoing information exchange and co-ordinated research 

activities in the technical fields relevant to the TWG-FR (FRs and ADS), as well as 
co-ordination of the TWG-FR’s activities with other organizations 

• Discuss future joint activities in view of the Agency’s Programme and Budget Cycle 
2008– 2009 (and beyond). 
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2. Presentation and Discussion of FR and ADS Developments in the MSs 
The participants made presentations on the status of the respective national programmes 
on FR and ADS development. A summary of the highlights for the period since the 38th 
TWG-FR Annual Meeting is given below: 

Belgium 
The Belgian activities in the field of “Fast Reactors & Accelerator Driven Systems 
(ADS) –  Technical Working Group on Fast Reactors“ are mainly related to ADS and in 
particular to the MYRRHA project development. MYRRHA is an accelerator-driven, 
multi-purpose fast neutron spectrum facility for R&D, cooled by a lead-bismuth 
eutectic. 

The document published in 2004 has been more particularly devoted to the spallation 
target and the collaboration network while the document published in 2005 was giving a 
summary on the most recent achievements obtained in core management, primary 
systems design and safety analysis. The present document is focused on the results 
obtained since then and the perspective for the implementation of such machine. 

SCK•CEN has started the MYRRHA project as a national programme with several 
national & international bilateral collaboration agreements; the project has now evolved 
as an European integrated project in the frame of the IP_EUROTRANS (European 
Commission, Sixth Framework Programme); the MYRRHA "Draft – 2" pre-design file 
(presented in 2005) has been proposed to the partners as a basis for the XT-ADS 
machine; the modifications needed to achieve the XT-ADS objectives are currently 
being investigated. 

The R&D programme, included in IP_EUROTRANS, allows to enhance the already 
existing R&D programme (either more work may be performed or results can be 
obtained faster); the most recent results have been obtained on one hand in the domain 
of Ultrasonic sensors with the Lithuanian partners (University of Kaunas) and on the 
other hand with the design and installation of the TWIN-ASTIR experiment inside the 
BR2 testing reactor on April 11th, 2006 for at least two years of irradiation. This 
experiment is also part of the experimental programme of IP_EUROTRANS. 

Beyond 2008 (at the end of IP_EUROTRANS) perspectives are under consideration 
with several EU partners and the EC, for structuring the implementation and the 
deployment of the XT-ADS; SCK•CEN is considering Joint Undertaking for setting up 
this frame and has already declared its readiness to welcome a fast spectrum irradiation 
facility at its technical site in Mol. 

Brazil 
The energy generated internally in Brazil in the period 2004-2005 is shown in the table 
below: 
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The data shows that almost half of the primary source of energy is renewable (biomass 
and hydro). In 2005, uranium contributed only with 1.2% to the Brazilian energy mix. 
The electrical energy generated over the same time period is illustrated in the table 
below: 
 

 
 
In 2006, the total installed electrical power amounts to 93.728, with only 2% coming 
from nuclear the two units ANGRA I (a Westinghouse 657 MWe PWR), and ANGRA 
II (a 1350 MWe Siemens PWR). The official Brazilian 10-year expansion plan foresees 
increasing the total installed electrical power up to 134.667 MWe by 2015, keeping the 
share of nuclear energy at 2%. This indicates that in the next 10 years, only one nuclear 
power plant of 1300 MWe (ANGRA III) will be constructed (planned for 2012). 
However, in response to a request from the government, a proposal for a 20-year 
Nuclear Program was prepared. In this proposal, a so-called highest expansion scenario 
proposes an increase of the nuclear share to 5.7%, which would imply, in addition to 
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ANGRA III, the construction of two large NPPs (EPRs) and four 300 MWe SMPRs. 

It must be noted, that Brazil had, in the past, a fast reactor development program. 
However, presently fast reactor development activities in Brazil are limited to the 
participation in international forums, such as the TWG-FR, INPRO, and Generation IV 
International Forum (GIF). R&D activities are restricted to reactor physics studies of 
fast systems, mainly Accelerator Driven Systems (ADS). As for the status of the fast 
neutron systems, a summary of the Brazilian R&D activities is given below: 
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China 
Starting from the late 1970s, China’s national economy has been continuously growing, 
as can be seen from the National Gross Domestic Product (GDP) and the primary 
energy consumption data given (for the recent five-year period, 2001-2005) in the table 
below. 
 
Year 2001 2002 2003 2004 2005 
GDP (Billion RMD) 10986 12033 13582 15988 18232 
      
Yearly Primary 
Energy Consumption 
(109 t coal equiv.) 

1.43 1.52 1.75 2.03 2.23 

The data clearly shows that the development of the economy was supported by the 
increase in energy production. The contributions from the various energy sources, in 
2005, are shown in the table below. 

 
Energy Source Consumption Growth rate from 2004 (%) 
Coal (109 t) 
Oil (109 t) 
Gas (109 m3) 
Hydro (TWh) 
Nuclear (TWh) 

2.14 
0.3  
50 
401 
52.3 

10.6 
2.1 
20.6 
13.4 
3.7 

During the same five-year period (2001 - 2005), the total growth in electricity capacity 
amounted to 177 GWe, of which 63.3 GWe were installed in 2005. 

In mainland China, the development of nuclear power was initiated in the early 1980s. 
After the first NPP which was based on the domestic technology started operation in 
1991 (the 300 MWe PWR Qinshan I), China started using nuclear energy in areas which 
lack other energy resources. Right now, there are nine NPP units operating, and their 
operational record is satisfactory, as shown in the table below. 

 
Load factor (%) 

Site 
Capacity 
(MWe) / 
Type 

Date Grid 
Connection 2000 2001 2002 2003 2004 2005 

Qinshan I 
Daya Bay-1 
Daya Bay-2 
Qinshan II-1 
Qinshan II-2 
Lingao-1 
Lingao-2 
Qinshan III-1 
Qinshan III-2 
Tianwan-1 
Tianwan-2 

300 / PWR 
900 / PWR 
900 / PWR 
600 / PWR 
600 / PWR 
984 / PWR 
984 / PWR 
700 / PHWR 
700 / PHWR 
1000 / PWR 
1000 / PWR 

1991/12/15 
1993/08/31 
1994/02/07 
2002/02/06 
2004/03/11 
2002/02/26 
2002/12/15 
2002/11/19 
2003/06/12 
(2006/06) 
(2006/12) 

77.2 
85.2 
84.9 
 

94.1 
84.9 
89.1 

66.9 
89.6 
81.6 
74.9 
 
92.0 

88.6 
89.6 
84.5 
81.0 
 
76.8 
85.0 
90.2 
90.4 

99.8 
87.2 
73.6 
82.2 
 
87.76 
79.9 
77.3 
94.0 

86.72 
99.79 
79.44 
92.76 
85.19 
82.69 
90.57 
84.05 
81.05 

The table shows that, as of mid 2006, nine nuclear power units with a total installed 
capacity of 6998 MWe are under operation. Their share of total electricity capacity 
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amounts to 1.59%. These units have produced 50.3 TWh nuclear electricity in 2005. 
Tianwan-1 and 2 (1000 MWe PWRs) are under pre-operation testing and will 
become operational before the end of 2006. Three more units, Lingao-3 and 4 
(1000 MWe PWRs), and Qinshan II-3 (600 MWe PWR) are under construction. 

On 9 February 2006, the State Council of the People’s Republic of China issued the 
“National Mid-Long Term Science and Technology Development Program (from 2006 
to 2020)” that establishes two very important principles for the nuclear power 
development in China: (1) “… to energetically develop the nuclear power technology 
and form a developing capability by our own on nuclear power technology…”, and (2) 
“… the advanced nuclear energy system GIV, nuclear fuel cycle, and fusion energy 
technology are paid a more and more great attention …”. According to this program, 
China’s Government has decided to continuously develop nuclear power with a mid-
term target of 40 GWe in 2020. Accordingly, the Government has approved 4 new 
nuclear power plant sites with a total of 8 PWR units. Additionally, 30 units at 7 sites 
are programmed. 

The step-wise introduction of thermal, fast, and fusion reactor technology has been 
decided in China as the basic strategy to ensure sustainable nuclear energy supply. As 
far as fission reactor technology is concerned, the fast reactor’s role is seen both as 
breeder (efficient use of uranium resources) and as burner (utilization and transmutation 
of minor actinides). In addition, fast reactor technology is also considered as basis for 
accelerator driven (ADS) concepts that have the potential to more efficiently utilize 
long-term radioactive waste (hence reducing the burden on the deep geological 
disposal). 

Fast reactor development in China is implemented in three steps: 
(1) China Experimental Fast Reactor (CEFR), rated at 65 MWt (20 MWe) 
(2) China Prototype Fast Reactor (CPFR), rated at 1500 MWt (600 MWe) 
(3) China Demonstration Fast Reactor (CDFR), rated at 3750–2500 MWt 

(1000-1500 MWe) 

The table below summarizes the fast reactor deployment strategy in China, with the 
China Commercial Fast Reactor (CCFR) marking the introduction of the commercial 
fast reactor. 
 

Reactor Power ( MWe ) Design started Commissioning 
CEFR 
CPFR 
CMFR 
CDFR 
CCFR 

25 
600 
n×600 
1000 – 1500 
1000 – 1500 

1990 
2005 
2015 
2010 
2018 

2009 
2020 
2030 
2025 
2030 – 2035 

CEFR is under construction and pre-operation testing. First criticality of CEFR is 
planned for 2009. 

The CPFR was proposed to the Government as an important project within the 
framework of the fifteen years program (2006-2020), with the target of completing its 
construction in 2020. 

After CPFR, two possibilities are being considered: the first one is to deploy CPFR as 
breeders (if it proves that the available uranium resources are not sufficient to support 
the PWR fleet) starting around 2030 according to the strategy “multiple units on one 
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site” (CMFR-B, with “M” for “modular” and “B” for “breeder”). The second possibility 
is to deploy CPFR as fast burner reactors (CMFR-T, with “T” for “transmutation”), also 
starting around 2030 and according to the same strategy “multiple units on one site”, 
provided sufficient experience has been gained with partitioning technology, minor 
actinides containing fuel fabrication and validation, as well as with minor actinides and 
long-lived fission products utilization and transmutation in fast reactors. 

In its fast reactor development program from CEFR to CDFR, China is striving to 
achieve the maximum continuity possible in the choice of the main technical parameters 
(e.g. type of coolant, primary circuit structure, decay heat removal system, fuel handling 
systems etc). This helps shortening the development period and decreasing technical-
economic risks. The table below summarizes the main aspects of this approach of 
technical continuity. 

 
 CEFR CPFR CMFR CDFR 

Power MWe 25 600 n×600 1000 – 1500 

Coolant Na Na Na Na 

Type Pool Pool Pool Pool 

Fuel UO2 
MOX 

MOX 
Metal 

MOX+Ac 
Metal+Ac Metal 

Cladding Cr-Ni Cr-Ni, ODS Cr-Ni, ODS Cr-Ni, ODS 

Core Outlet Temp °C 530 500 – 550 500 – 550 500 

Linear Power W/cm 430 450 – 480 450 450 

Burn-up MWd/kg 60 – 100 100 – 120 100 120 – 150 

Fuel Handling DRPs1 
SMHM2 

DRPs 
SMHM 

DRPs 
SMHM 

DRPs 
SMHM 

Spent Fuel Storage IVPS3 
WPSS4 

IVPS 
WPSS 

IVPS 
WPSS 

IVPS 
WPSS 

Safety ASDS5 
PDHRS6 

ASDS+PSDS7 
PDHRS 

ASDS+PSDS 
PDHRS 

ASDS+PSDS 
PDHRS 

 
As for the fuel, uranium-plutonium mixed oxide fuel (MOX), while being the reference 
fuel for both CEFR and CPFR, is playing a transitional role. Metallic uranium-
plutonium-zirconium fuel was selected for CDFR and for the commercial fast reactor 
(CCFR) to follow. This fuel allows for achieving the highest breeding ratios and, 
coupled with integral concepts collocating the fast reactor and pyro-processing facilities 
on the same site, enhancing non-proliferation characteristics. 

The fuel cycle capabilities in China will also be developed following a step by step 
approach. Currently, a 100 t/a PWR spent fuel reprocessing pilot facility as well as a 
                                                 
1 Double Rotating Plugs 
2 Straight Moving Handling Machine 
3 In-Vessel Preliminary Storage 
4 Water Pool Secondary Storage 
5 Active Shut-Down System 
6 Passive Decay Heat Removal System 
7 Passive Shut-Down System 
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500 kg/a MOX fuel fabrication laboratory are under construction and will be operational 
before 2010. Applications for industrial (～1000 t/a) PWR spent fuel reprocessing, and (
～ 100 t/a) MOX fabrication plants have been submitted to the Government. 
Commissioning of these plants is planned before 2020. 

Basic fast reactor research and technology development started in China in the mid/end 
1960s, with the emphasis put on fast reactor neutronics, thermal hydraulics, sodium 
technology, fuel and material R&D, and sodium technology. Up to the year 1986, about 
12 sodium loops and reactor physics facilities were been built and corresponding R&D 
programmes pursued, as summarized in the table below: 
 
Facility Parameters Commissioning Place 
Fast neutron zero power facility 50kg 235U June 1970 CIAE 
Sodium corrosion Test loop Temp 600°C 

Na velocity 12 m/s 
0<50×10-6 

July 1970 CIAE 

Sodium purification loop 150 kg Na 
0<20×10-6 

September 1970 CIAE 

Sodium thermal hydraulics loop 20 m3/h Na flow rate  
Na max temp. 550°C 
Power 50 kW 
Pressure 0.55 MPa 

October 1970 CIAE 

Sodium convection corrosion 
loop 

Na max temp. 700°C 
Na velocity 6 cm/s 
Na volume 4 l 
0<15×10-6 

1972 CIAE 

Control rod drive mechanism 
testing facility 

Medium: water 
Flow rate 1 t/h 
Length of drive mechanism 
800 cm 
Eccentricity ±30 cm 

October 1979 CNPI 

Sodium plugging meter testing 
loop 

Na temp. 450°C 
Na flow rate 1m3/h 
Na volume 28 l. 

October 1981 CIAE 

Stress corrosion sodium loop Na max temp. 700°C 
Load 600 kg 
Sample deformation range 
0 – 10 mm 

December 1981 CIAE 

Alternating magnetic pump 
sodium testing loop 

Na flow rate 5 t/h 1968 Shanghai 

Alternating magnetic pump 
sodium testing loop 

Na flow rate 10 t/h 1969 Shanghai 

Direct magnetic pump sodium 
testing loop 

— 1968 Shanghai 

Sodium pump testing loop Na max temp. 450°C 
Na flow rate 18 m3/h  

1984 CNPI 

 
 
Following basic R&D, fast reactor applied research and technology development 
programs were pursued in the period 1988 – 1993 within the framework of China’s 
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“National High-Tech Program”. The objective of the applied fast reactor R&D programs 
was to provide the support for the construction of the CEFR. Accordingly, the main 
emphasis was put on fast reactor design studies, sodium technology development, fuels 
and materials studies, safety analyses, etc. The main loops and other experimental 
facilities used during these programs are indicated in the table below. 
 
Facility Parameters Commissioning Place 
Sodium thermal hydraulics loop Na max temp. 550°C 

Na flow rate 20 m3/h 
Power 300 kW 

December 1990 CIAE 

Sodium purification loop Volume 85 l 
Na max temp. 520°C 
Na flow rate 1m3/h 

December 1990 CIAE 

Sodium boiling testing loop Na max temp. 1000°C 
Na flow rate 20 m3/h 

March 1991 Xian Jiaotong 
University 

Mass transfer sodium loop Na max temp. 550°C 
Na min temp. 450°C 
Na flow rate 2 m3/h 
O<20×10-6 
C<(0.1～5)×10-6 

October 1990 CIAE 

Material corrosion sodium 
testing loop 

Na max temp. 600°C 
Na flow rate 12 m3/h 
O<10×10-6 
C<1×10-6 

October 1992 CIAE 

Fission products-cladding 
interaction testing facility 

Na max temp. range 
550 - 700°C 
O/M: 1.96-2.00 
BU simulation 5 - 10% 

December 1990 CIAE 

Creep-fatigue sodium testing 
loop 

Na max temp. 600°C 
Na velocity 1 - 3 m/s 

1992 CIAE 

Bi-axial creep testing facility Na max temp. 900°C 
Max pressure 10.0 MPa

October 1990 CIAE 

U-Zr induction heating and melt 
pressure casting testing facility 

U-Zr 300g March 1991 CIAE 

Fuel alloy melt and pressure 
casting facility 

 December 1991 CNPI 

Na-water reaction testing loop Water leakage rate less 
than 1 g/s 
Temp. 300-500°C 
Pressure 1 MPa 

March 1991 CIAE 

Hydrogen detection sodium 
loop 

Na max temp. 500°C 
Na flow rate 5 m3/h 

1991 Tsinghua 
University 

Carbon analysis facility  1991 CIAE 
 
A strategy study performed within the framework of the mentioned “High-Tech  
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Program” in 1991 on the deployment of fast breeder reactors with closed fuel cycle 
forecasted China’s annual primary energy production in the year 2050 to be 
4.5×109 billion t of coal equivalent (tsce). A more recent study performed in 2005, 
adjusted this figure to 5.0×109 tsce. Both studies considered the nuclear capacity in 2050 
to be in the range of 240–250 GWe, as can be seen in the table below. 
 

1991 Study 
 

2005 Study 

Energy 
resources 

Exploitable  
In 2050 

Standard 
Coal 
Equivalent 
(109 tsce) 

Total 
Requirement
(109 tsce) 

Standard 
Coal 
Equivalent 
(109 tsce) 

Total 
Requirement 
(109 tsce) 

Oil 
Gas 

0.1×109 t 
1500×109 m3 0.45 

 0.5 
0.3 

 

Hydraulic 
Coal 
Nuclear 
Others 

260-70 GWe 
3.4×109 t 
240 GWe 

0.65 
2.50 
0.60 
0.30 

 0.6 
2.5 
0.6 
0.5 

 

Total  4.5 4.5 5.0 5.0 
 
240 GWe nuclear capacity by 2050 cannot be deployed based on PWRs alone, due to 
limitation in uranium resources. As a matter of fact, deploying 240 GWe based on 
PWRs requires approximately 2.4–2.5×106 t of uranium for 60 years operation. 
Worldwide, reliable uranium reserves exploitable at less than US$130/kg (a price equal 
to about 2.6 times the present price) are estimated at approximately 4×106 t. With 
reserves technically and economically exploitable in China being much more smaller 
than this figure, it is obvious that it is not possible to reach the 240 GWe goal with 
thermal reactors alone. Hence, in China, the basic PWR – fast breeder reactor symbiosis 
was decided almost 20 years ago. Based on a possible total PWR capacity of 40 and 60 
GWe in 2020 and 2030, respectively, which would offer its plutonium as the first 
loading for fast reactors (both breeders and transmuters), the commercial fast reactors 
should be characterized by high breeding ratio and short doubling time. Consequently, 
the sodium cooled and metal fuelled fast reactor is selected as the main fast reactor type. 
The envisaged electricity development scenario for China is shown in the figure below. 
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The strategy study is also considering Partitioning and Transmutation (P&T) of minor 
actinides (MA) and long-lived fission products (LLFP) as an option. Its deployment is 
matched with PWR spent fuel reprocessing. Preliminary results of the study show that 
the fast reactor is a promising burner for MA and LLFP. More specifically, the 
preliminary results show that the 600 MWe fast burner could attain a support ratio of 1 
to 4 PWRs, without worsened dynamic properties. Assuming the deployment of the 600 
MWe fast burner reactors starting in 2030, the main preliminary results of the study are 
shown in the figure below. 
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Currently, construction and commissioning of the CEFR constitute the major effort 
within the framework of the fast reactor program. Implementation of the CEFR project 
has started in 1990 within the framework National High-Tech Program. The major 
milestones of the project so far were the following: 
 
Conceptual design 
Consultation with Russian FBR Association and optimization 
Technical co-design with Russian FBR Association 
Preliminary design 
Detailed design 
Preliminary safety analysis report review 
Construction started (first pour of concrete) 
Reactor building construction completion 

1990 – July 1992 
1993 
1994 – 1995 
1996 – 1997 
1998 – 2003 
May 1998 – May 2000 
May 2000 
August 2002 

 
 

 
The CEFR is a 65 MWt sodium cooled, 
bottom supported, pool type experimental 
fast reactor fuelled with mixed uranium-
plutonium oxide (except for the first core 
that will be fuelled with enriched uranium 
oxide). Fuel cladding and reactor block 
structural material is Cr-Ni austenitic 
stainless steel. CEFR has two main pumps 
and two loops for the primary and 
secondary circuits, respectively. The 
water-steam tertiary circuit is also a two-
loop circuit. The reactor core comprises 
81 fuel subassemblies, 3 safety 
subassemblies, 3 compensation 
subassemblies, and 2 regulation 
subassemblies. Around the active zone 
there are 336 stainless steel reflector 
subassemblies, 230 shielding 
subassemblies and 56 positions for spent 
fuel storage. The CEFR block (see figure 
to the left) is composed of the main vessel 
and the guard vessel supported from the 
bottom on the floor of the reactor pit that 
has a diameter of 10 m and a height of 12 
m. The reactor core and its support 

structure are supported on lower internal structures, while the 2 main pumps and 4 
intermediate heat exchangers are supported on upper internal structures. The 2 heat 
exchangers of the decay heat removal systems are hung from the shoulder of the main 
vessel. The double rotating plugs, on which the control rod driving mechanisms, the fuel 
handling machine, and some instrumentation structures are located, are supported by the 
neck of the main vessel. The main design parameters are summarized in the table below. 
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Parameter Unit Value 

Thermal power MW 65 
Electric power (net) MW 20 

Reactor core    
Height  mm 450 
Equivalent diameter  mm 600 
Fuel   ( Pu, U ) O2 
Pu, total kg 150.3 
239Pu kg 97.7 
235U (enrichment)  kg 42.6 (19.6%) 
Max. linear power  W/cm 430 
Neutron flux n/cm2·s 3.7×1015 
Max. target burnup  MWd/t 100000 
Max burnup first core MWd/t 60000 
Inlet temp. of the core °C 360 
Outlet temp. of the core °C 530 
Outer diameter of main vessel m 8.010 

Primary circuit   
Number of loops  2 
Quantity of sodium t 260 
Flow rate, total t/h 1328.4 
Number of IHX per loop  2 

Secondary circuit   
Number of loops  2 
Quantity of sodium t 48.2 
Flow rate t/h 986.4 

Tertiary circuit   
Steam temperature °C 480 
Steam pressure MPa 14 
Flow rate t/h 96.2 

Plant life a 30 
 

Currently, about 450 larger components have been pre-installed. Approximately 80% 
non-sodium and 30% sodium systems have been installed. The installation of the main 
vessel (see photograph below) started in August 2005. Pre-operation testing of the 
auxiliary systems is under way. 85 t of nuclear grade sodium is stored in the storage 
tanks. CEFR first criticality is planned for 2009. 
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Fig4 Main Vessel under Assembling at the site 
  2.4  Design Demonstration Facilities for CEFR 

 
In support of the CEFR design, various demonstration loops and facilities have been 
built as shown in the table below. 
 

Facility Main Parameters Date of 
Commissioning 

Location 

Sodium component 
cleaning 

Water spray rate 1.2 kg/h 
Water flow rate 8 l/h 
N2 Pressure 0.4 MPa 
N2 flow rate 2 m3/h 

October 1995 CIAE 

Mid-size sodium 
purification system  

Max temp 350°C 
Purif. flow rate 300 kg/d 
O<20×10-6 
Ca<10×10-6 

July 1999 CIAE 

Sodium fire testing 
laboratory 

Room size 3×4×5 m 
Sodium mass 250 kg 
Sodium pressure 0.2 MPa 
Sodium flow rate 0.25 m3/h 

October 1998 CIAE 

Fixed expansion 
graphite extinguishing 
facility 

N2 Pressure 1.6 MPa 
Graphite volume 40 l 

October 1999 CIAE 

Sodium fire detection 
system 

Smoke sensors 
Temperature sensors 

February 1999 CIAE 

Sodium sol-gel 
purification and 
filtration facility 

Volume 200 l 
Ventilation 1700 m3/h 
Filter press. drop 0.25 MPa 

November 1999 CIAE 

Sodium testing loop 
(ESPRESSO) 

Sodium flow rate 110 m3/h 
Pressure max. 1.07 MPa 
Max temp. 600°C 

1997 CIAE 
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Max thermal shock 200°C/s
Sodium testing loop 
(CEDI) 

Sodium Flow rate 320 m3/h 
Pressure max. 1.4 MPa 
Max temp. 650°C 
Max thermal shock 50°C/s 

1997 CIAE 

Water testing loop Flow rate 100 m3/h 
Pressure 9 MPa 
Max temp 150°C 

1997 CIAE 

Reactor vessel water 
natural convection 
simulation (for CEFR 
conceptual design) 

Diameter 1.6 m 
Power 30 kW 

1995 CIAE 

Sodium siphon testing 
facility 

CEFR size 2002 CIAE 

Over-pressure 
protection test facility 

CEFR size 2003 CIAE 

Sodium valve testing 
loop 

Corresponding to Dg.86 2002 CIAE 

Overall fuel handling 
system demonstration 

CEFR size 2006 CIAE 

 
As for the activities related to the China Prototype Fast Reactor (CPFR), core design 
studies were initiated in 2005. Besides the main design choices (summarized in the table 
on page 7), a few detailed, but still preliminary design characteristics were defined as 
summarized in the table below. 
 

Design characteristic Unit Value 
Power MWe 600 
Fuel type  PuO2-UO2 
Outlet Temp. from core °C 550 
Breeding Ratio  ～1.2 
Target burn-up MWd/kgHM 120 
First loading burn-up MWd/kgHM 100 
Mean Length of Reactor Run d 300 
Safety requirements: 
Reactor core melt probability 
Frequency of loss of shut-down 
function 
Frequency of loss of decay heat 
removal function 

  
<10-6/a 
 
<10-7/a 
 
<10-7/a 

Load factor  % >70 
Reactor life a 40 

 
In the short term (2006 – 2010), the main planned fast breeder reactor activities in China 
are as follows: 
• CEFR 

o Continuous installation works till 2008 
o Pre-operation testing till 2009 
o Collections of data during pre-operation testing and trial-operation and 

verification of the design computer codes and safety analysis codes 
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(neutronics, thermal hydraulics, shielding, mechanics, system analysis, 
and transient analysis 

o Determination of the design criteria, safety regulations, safety guidelines 
and standards used for CEFR, which had been originally taken over 
mainly from LWRs 

o Implementation of carefully designed CEFR safety experiments (e.g. 
UTOP, ULOF, ULOHS, performance of DHRS) 

• R&D activities in support of CEFR operation 
o CEFR simulator for operator training 
o Equipment maintenance simulators 
o Establishment of fast reactor design data files 
o Design and construction of CEFR-size sodium testing loops 
o Advanced liquid metal laboratory 
o Preparation of long term irradiation performance tests of materials used 

in the CEFR 
o Development of irradiation capsule technology for material and/or fuel 

irradiation tests in CEFR 
o Development of quick-welding techniques for piping systems in case of 

sodium leakage 
o Caesium trap studies 
o Spent sodium treatment technology development 
o Establishment of expert systems, specifically operator support system, 

transient state operation optimization system, and core fuel management 
optimization system 

o Development of all-digital surveillance and control systems 
• CPFR 

o Design studies, specifically addressing the following issues: main vessel 
support style (top hung or bottom supported), number of secondary loop 
circuits, reactor building seismic isolation (yes or no?) 

o Conceptual design studies 
o Preliminary design of nuclear island 
o Site selection study 
o Feasibility study 

• R&D activities in support of CPFR design 
o Design and construction of a zero power facility dimensioned as a 

600 MWe – 1500 MWe fast reactor mock-up 
o Design and construction of a multi-purpose sodium engineering loop 

mainly for sodium pump and 600 MWe steam generator testing 
o Design and construction of a water CPFR reactor block mock-up for 

DHRS studies 
o Development of advanced design and safety analysis computer codes 
o CPFR key components design and fabrication trial studies, specifically 

for sodium pump, steam generator, control rod drive mechanism, fuel 
handling machine, passive shut-down system, delayed neutron detection 
system, advanced primary sodium purification system 

• R&D activities in support of the nuclear fuel cycle studies 
o Construction of a PWR spent fuel reprocessing pilot plant with 100 t/a 

capacity 
o In view of CEFR operation, construction of a mixed uranium-plutonium 

oxide fuel fabrication laboratory with 0.5 t/a capacity 
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o Development of minor actinides extraction technology development, 
combined with the PUREX process 

o Studies of advanced fast breeder reactor core structure and steam 
generator material development, as well as testing and fabrication trials 
(e.g. 15-15Ti, ODS, HT9, 9Cr1Mo) 

o Studies of Pyroprocessing and injection casting technologies 
o Design of a Pyroprocessing and injection casting 1.2 t/a facility 

 
In the medium term (2011 – 2020), the main fast breeder reactor activities planned in 
China are as follows: 
• CEFR 

o Continue experiments related to operational safety 
o Irradiation tests and PIE studies for structural materials (316Ti, 15-15Ti, 

HT9, ODS) and fuels (mixed uranium-plutonium oxide, metallic 
uranium-plutonium-zirconium, as well as advanced mixed uranium-
plutonium-minor actinides oxide fuel) 

o Accumulation of operation and maintenance experience, and 
establishment of operation data bases 

• R&D activities in support of CEFR operation 
o Providing appropriate hot cells infrastructure for PIEs 
o Design, fabrication and demonstration of irradiation capsules  
o Support for various analyses 
o Support for the development of advanced operation systems 

• CPFR 
o Preliminary design and detailed design 
o Construction, pre-operation testing until commissioning by 2020 

• R&D Activities in support of CPFR 
o Completion of design demonstration [key components, passive shut-

down system, passive decay removal system, anti-seismic isolation 
device (if decided to be implemented) 

o Completion of the zero power facility dimensioned as a 600 MWe - 1500 
MWe fast reactor mock-up 

o Conceptual studies to use lead-bismuth eutectic as coolant in the 
secondary circuit 

o Completion of the design demonstration of the proposed simplified 
primary sodium purification system 

• R&D activities in support of the nuclear fuel cycle studies 
o Advanced mixed uranium-plutonium-minor actinides oxide fuel 

fabrication 
o Key equipment fabrication for the Pyroprocessing and injection casting 

1.2 t/a facility 
o Design demonstration for a ～1000 t/a reprocessing plant 
o Design demonstration for a 100 t/a mixed uranium-plutonium oxide fuel 

fabrication plant. 

The status of the ADS research and technology development activities in China can be 
summarized as follows: 

The ADS conceptual studies have lasted approximately five years and were completed 
in 1999. As one project of "the major state basic research program (973)” in the energy 
domain, which is sponsored by the China Ministry of Science and Technology (MOST), 
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a five-year program of basic research for ADS physics and related technology has been 
launched since 2000. This program passed national review at the end of 2005. The 
research activities are focused on high proton power accelerator (HPPA) physics and 
technology, reactor physics of external source driven sub-critical assemblies, nuclear 
data base, and material studies. For HPPA, a high current injector has been built 
consisting of an Electron Cyclotron Resonance (ECR) ion source, a Low Energy Beam 
Transport (LEBT) and a Radio Frequency Quadrupole (RFQ) accelerating structure of 
3.5 MeV. In reactor physics studies, a series of neutron multiplication experiments have 
been carried out and are ongoing. The VENUS facility has been constructed as the basic 
experimental platform for the neutronics studies of ADS blankets. VENUS is a zero 
power sub-critical neutron multiplying assembly driven by an external neutron source 
consisting of a pulsed neutron generator. The theoretical, experimental and simulation 
activities on nuclear data, material properties, as well as nuclear fuel mass flows related 
to ADS are ongoing with the objective of providing the database for ADS system 
analysis studies. CIAE (China Institute of Atomic Energy), IHEP (Institute of High 
Energy Physics), PKU-IHIP (Institute of Heavy Ion Physics in Peking University) and 
other institutions are jointly carrying out above mentioned research and technology 
development activities. 

 
France 
In 2005, the French government proposed a new bill on energy policies for the next 30 
years, adopted by the French parliament on 3 June 2005. This law, governing the 
orientations of the new energy policy, also provides for the continued support of the 
nuclear option in France, which is a decisive option for three of the objectives in terms 
of the new energy policy defined within the texts of the law, namely (i) safeguard the 
independence of the French national energy resources and security of their procurement, 
(ii) fight against the Green House Gas effect, and (iii) ensure regular and competitive 
prices for electricity. It is therefore of the greatest importance to keep all options open 
for the replacement of present-day nuclear power plants, an issue which will emerge 
around the year 2015, in order to plan the construction of an EPR reactor before 2012. 
The construction of an EPR power reactor will also enable the French nuclear builder 
(AREVA) and its operator and architect, the EDF, to maintain the highest level of 
competence. The decision of the construction of an EPR was announced on 4 May 2006. 
This reactor will be built at the Flamanville site (Basse Normandie). The EPR project is 
to last for a period of 5 years, starting in 2007, with coupling to the grid in 2012. 

On 28 February 2005, France signed with four other members of the Generation IV 
International Forum (GIF), specifically USA, Canada, Japan, and the United Kingdom, 
an inter-governmental agreement that solidly launched the cooperation phase of GIF. 
This inter-governmental agreement marks the entry of GIF into the operational phase of 
the cooperation. A year later, on 15 February 2006, the French, Japanese, and USA GIF 
representatives signed a “system arrangement agreement” on the Sodium Fast Reactor 
(SFR), one of the six future nuclear system concepts selected within the framework of 
GIF. This latter agreement launches a new stage in the implementation of an 
international contractual R&D framework after the multi-lateral agreement of February 
2005. It completes the cooperation programs already underway between the USA and 
Japan in the field of sodium-cooled fast reactors centred on the Japanese JOYO and 
MONJU reactors, as well as on the PHÉNIX reactor with the FUTURIX program. The 
negotiations continued, focusing on the third and last level of the contractual agreement, 
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the “project arrangements", beginning with the advanced fuel project dedicated to minor 
actinides bearing fuels for the SFR. 

At the beginning of 2006, during his traditional New Year’s Address to the Nation, the 
President of the French Republic, Jacques Chirac, announced the commissioning of a 
fourth generation prototype reactor by 2020. This declaration provides a compelling 
argument for setting up a correspondingly ambitious program. 

French domestic electricity consumption in 2005 was up by 0.7% compared to 2004, 
with a cumulative total for the year of 482.4 TWh, some 3.2 TWh more than 2004. 
Compared with 2004, the rise in consumption was mainly the result of sustained growth 
in residential electricity consumption, which was in turn partly due to colder winter 
weather and the increased use of heating equipment. 

In 2005, French electricity generation rose by 0.2% (+0.8 TWh), with the output from 
nuclear power plants up by 0.7% (+ 3.1 TWh), and the output from hydro-electric plants 
substantially falling by 13% (- 8.4 TWh), due to the drought which occurred in 2005. 
The generation from other renewable energy sources, totalling 4.3 TWh, rose by 11.5% 
(+ 0.4 TWh). For the first time in France, power generation from wind farms passed the 
symbolic 1 TWh mark in 2005, a 64% increase compared to 2004. Generation by 
conventional thermal power plants, which are used to maintain the supply-demand 
balance, rose by 10.7% (+ 5.7 TWh). 

Provisional studies on the supply-demand balance in terms of electricity put in evidence 
a risk of insufficient electricity supply, notably during winter consumption peaks. 
Moreover, these studies revealed that the launching of new production facilities 
(estimated at 800 MW generation capacity) would be necessary by 2009 to ensure that 
France is able to meet its electricity demands. From 2010, it is estimated that an 
additional 1000 to 1200 MW per year will be needed to maintain security of supply. The 
hypotheses on which these estimates are based include the expected entry into service of 
an EPR reactor at Flamanville by 2012. 

The EDF nuclear power plant infrastructure now in operation consists of 58 units of the 
PWR type, distributed over 19 sites: thirty-four 900 MWe plant units (20 loaded with 
MOX fuel), twenty 1300 MWe and four 1450 MWe plant units for a total capacity of 63 
GWe. In 2005, the availability rate of these units was 83.4%, versus 82.8% in 2004. 

From a safety standpoint, the number of significant events increased from 7.8 events per 
reactor in 2004 to 9.52 events in 2005. At the same time, the number of events classified 
on the INES (International Nuclear Event Scale) decreased from 0.88 in 2004 to 0.76 in 
2005. A single INES event, classified as level 2, occurred in 2005 as was the case in 
2004. This event is generic and concerns the low-pressure pumps of the safety water 
injection circuits (RIS) and the water sprays within the confinement (EAS) of the 900 
MWe reactors. In the hypothetical case of an accidental leak in the reactor’s primary 
circuit, these pumps are used to send back the water escaping in the RIS and EAS 
circuits to ensure reactor cooling. Abnormal vibrations in these pumps were detected at 
the time of the bench tests, which could incur malfunctions or failure. EDF has proposed 
a solution to the ASN for repairing the equipment concerned and plans to implement it 
before 31March 2006. 

Concerning radioprotection, the indicators of individual dosimetry also showed 
significant improvement in 2005 as compared to 2004. Hence, it can be stated that both 
the safety and radioprotection overall situations improved in 2005 as compared to 2004. 
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The orientations of the French R&D strategies for the future development of nuclear 
energy are established taking into account the present situation. For France, it is 
therefore essential to address four objectives: 
1. Make best use of the potential offered by water reactors, which is considered leading 

to 
o Advances in the fields of economics, safety, and plutonium management in 

the EPR using new fuels 
o Advances in new projects that are likely to attract international markets in 

small and medium power ranges (300-600 MWe) or very high power ranges 
(> 2000 MWe) 

o Advances for a water reactor generation after the EPR that would make up 
for the consequences of a greater demand for natural uranium through a more 
effective and efficient use of this resource 

2. Optimise the opportunities offered by the renewal of nuclear facilities presently in 
service 

o The renewal of the nuclear reactor infrastructure considered by EDF consists 
in replacing at least half of the present reactors with EPRs beginning in 2020, 
and the possible introduction of a fast neutron reactor around 2030-2040 

o Refurbishment or renewal of the reprocessing plant at La Hague starting in 
the year 2040 

3. Integrate the optimal radioactive waste management strategy on the basis of findings 
obtained from research carried out in France within the framework of the Law of 30 
December 1991, particularly regarding the pursuit of R&D in the field of waste 
reduction in terms of the quantity and harmfulness of the final waste products 

4. Develop, on a long-term basis, areas of research that (a) allow to identify sustainable 
nuclear energy options respecting the environment, and (b) help improving the water 
reactor economy and safety goals, specifically 

o Economy in the use of natural resources, and minimal production of long-
lived radioactive waste, which involves fast neutron reactors and fuel 
recycling 

o Extend nuclear energy applications beyond electricity production, 
particularly the production of fuels such as hydrogen for transportation 
purposes which, on the basis of current knowledge, ultimately calls for very 
high temperature processes (> 850°C) to split water efficiently through 
thermo-chemical or electro-chemical processes. 

RAPSODIE was maintained safely under monitoring. In 2004, a new strategy was 
elaborated for the dismantling of the plant consisting of two main steps: a cleansing 
period from 2004 to 2008 followed by a dismantling period lasting from 2008 to 2017. 

For the PHENIX nuclear power plant, 2005 was a very satisfactory year of operation. 
The annual availability factor of the PHENIX plant was equal to 85%, close to historical 
records. The load factor was 72%. 
There were two scheduled shutdowns for refuelling, maintenance and inspection. The 
first one (“AM3”) from 6 May to 7 June, consisting in 
• Refuelling campaign 
• Control of the diagrid support structure through measurement of the sub-assembly 

head positions 
• Replacement of 5 control rod absorbers 
• Discharge of the SUPERNOVA experiment (material irradiation) 

23 of 459



• Inspection of the steam generator (SGU) N° 3 evaporator modules, following the 
detection, during the previous shutdown, of some distortion on steam tube spacer 
grids of two evaporator modules. No evolution of the affected grid was found, and 
the two evaporator modules are kept in operation. 

The first scheduled shutdown was completed in 29.5 days, very close to the planned 
duration of 28 days. 
The second scheduled shutdown (“AM4”) was from 25 August to 1 October and 
consisted in 
• Refuelling campaign 
• Discharge of the PROFIL-R experiment (actinide cross section measurement) 
• Periodical maintenance 
• Draining of the N° 1 secondary loop for preparatory works in view of the installation 

of a steam generator leak location system: Following the September. 2003 sodium 
water reaction, a technique has been developed for the identification of the leaking 
module at the micro-leak phase (a few mg/s) before acceleration of the leak. Leak 
location is carried out after reactor shutdown, by injection of a radioactive tracer 
(79Kr) and circulation of nitrogen on the steam side. The sodium activity is measured 
at the sodium outlet of each module. 

The duration of the second scheduled shutdown was 36.5 days (28 days were 
scheduled). The main contingency to be dealt with was the replacement of a 
complementary shutdown system absorber assembly, that proved to be necessary 
following the decrease of lifting force due to deposits on the electromagnet surface. 

PHENIX experienced eleven trips during the year 2005. They were essentially due to 
minor equipment faults. During 2005, at PHENIX four significant incidents classified at 
level 0 and 1 of the INES scale occurred. 

Four more operating cycles are planned (totalling about 400 EFPD) until final shutdown 
of the PHENIX plant in 2009. The objective of the remaining PHENIX operation is to 
meet the “separation-transmutation directive 1” of the 30 December 1991 law on waste 
management. 

Decommissioning work on the SUPERPHENIX reactor is continuing. Since the end of 
1999, 650 subassemblies have been unloaded and safely stored in the water pool. Large 
dismantling activities were completed, specifically: the 400 kV line in 2001, the 
chimney stacks in 2002, and dismantling of all components within the turbine hall in 
2004. On the reactor block, a specific drilling machine drilled the core catcher plate in 
October 2003, to allow natural draining of the core catcher during the planned draining 
operation of the reactor block. Some of the small primary components were extracted 
from primary sodium, then cut into small pieces, and cleaned in existing pits. In 2003, 
the technical files, required for new authorizations, were issued by EDF’s Engineering 
Centre for Decommissioning and Environment, and submitted to the Safety Authorities. 
A public inquiry covering all the aspects was organised by the local authorities in 2004, 
with a successful outcome. The new final decree was issued in March 2006. 

The French R&D programme for future systems gives priority to the development of 
fast neutron systems with the closed fuel cycle (sodium cooled and gas cooled reactor). 
At a second level, the VHTR (Very High Temperature Reactor system), which will open 
up a field of applications that goes well beyond that of electricity generation (hydrogen 
production, sea water desalination) and offers interesting prospects of competitive gain 
through co-generation will be considered. 
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For fast reactor systems, the CEA is developing a dual approach that includes the 
Generation IV Sodium-Cooled Fast Reactor and Gas-Cooled Fast Reactor through 
innovative R&D on the sodium reactor type, and in-depth R&D on the technological 
cliff-edge aspects specific to the Gas-Cooled Fast Reactors concept. 

For the gas system, the main design goals are: fast neutron spectrums with zero breeding 
gain (fuel cycle based on depleted/natural uranium and homogeneous actinide 
recycling), high core outlet temperatures (≥850°C), use of a refractory fuel facilitating 
close retention of fission products, high burn-up with an interim objective set at 5–8% 
FIMA, and power conversion using the direct Brayton cycle (the indirect cycle option 
with helium as a primary coolant will also be assessed). As a first step, exploratory 
studies were performed considering a reactor rated at 600 MWt, a choice mainly 
motivated by the idea of using the GT-MHR power conversion unit, and thus limiting 
the efforts in this exploratory phase to the core and safety systems. Early in this study it 
appeared that the rather low power level had significant drawbacks, since it required a 
very challenging fuel element concept (composite ceramic-ceramic CERCER with only 
30% matrix and 70% of uranium-plutonium ceramic component). By the same token, its 
economic competitiveness looked questionable (medium size reactor, cost of safety 
systems). It was therefore proposed, in line with the conventional “economy of scale” 
viewpoint, that a higher power rating be considered (2400 MWt corresponding to 1100-
1150 MWe). This would also provide the opportunity, within the framework of this new 
study, to look at innovative design options (e.g. innovative energy conversion system, 
safety systems, etc). 

The construction of an Experimental Technology and Demonstration Reactor (ETDR) is 
planned prior to the demonstration of a commercial power reactor. The ETDR is a small 
experimental power reactor (<50 MWth), the objective of which is to demonstrate the 
specific gas cooled fast reactor technology (fuel, safety systems, etc.). It will be an 
essential step for the direct qualification of gas cooled fast reactor fuels and materials as 
well as a unique experimental tool for core physics code validation. As far as fuel 
development is concerned, the ETDR will provide the link between the current materials 
and fuel samples irradiation experiments performed in material test reactors and current 
prototype fast reactors and the full-scale demonstration gas cooled fast reactor. The 
ETDR will be sited at the CEA Cadarache Research Center, with the operation starting 
date set at about 2017. 

The main ETDR design specifications are: 
• Generic gas cooled fast reactor characteristics (e.g. helium primary coolant at 850°C 

maximum temperature, metallic pressure vessel, decay heat removal relying on gas 
circulation) 

• Specific characteristics (low power rating of approximately 50 MWth , no energy 
conversion, short cycle, short cooling delay and fuel handling without de-
pressurization) 

Pre-conceptual gas cooled fast reactor design studies are in progress at CEA, and are 
now broadening their scope within the framework of international programs (GEN IV 
International Forum, and European Union’s Framework Programs). 

In the area of sodium cooled fast reactors, the goal of the studies is to propose 
innovative design that will enable to: 
• Reduce investment and operation costs 
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• Improve sodium cooled fast reactor features that have been judged as “being weak 
points” (e.g. core re-criticality, sodium fire, and “in-service inspection and repair” 
issues 

• Meet the GEN IV core and the fuel cycle criteria (i.e. minimum amount of waste, 
avoid proliferation, sustainability) 

• Improve social acceptance of sodium cooled fast reactors. 

Several coherent reactor designs will be proposed in order to realistically assess each 
innovative option in relation to the criteria cited above. This evaluation will be done on 
the basis of an analysis carried out in the following major fields: the reactor block, the 
core, and the energy conversion system. These studies will quite naturally take into 
account the experience acquired in France and abroad with regard to design, 
construction, and operation of sodium cooled fast reactors, as well as the analysis of 
innovative proposals for such reactors put forward within the framework of GEN IV. 

With regard to the “fourth generation fast reactor prototype” – to be commissioned in 
2020 – the technical characteristics have yet to be determined. It must be pointed out 
that the start-up in 2020 means that construction-work must be launched in 2015. This 
implies the following planning steps: 
• 2007 – 2008 pre-design studies 
• 2009 – 2010 design studies 
• 2011 – 2012 preliminary project studies and preliminary safety report 
• 2013 – 2015 detailed preliminary project studies and provisional safety report. 

The choice of the major technical characteristics will be carried out by the end of 2007, 
with major emphasis on design choices that will provide the aimed for demonstration of 
the expected future reactors’ improvements on the mentioned essential issues, i.e. 
investment costs, safety, and operation performance. 

In France, the R&D strategy concerning fast spectrum systems for future energy 
production is to proceed along a two-track program, i.e. the Sodium Fast Reactor (SFR) 
and the Gas Fast Reactor (GFR). 

The SFR R&D program is still under finalization, with the objective to explore 
innovative features through several new pre-conceptual designs that could lead to 
system improvements on those points considered to be still weak. While promising (first 
results confirm the potential of the concept), the GFR requires significant breakthroughs 
in the field of fuel, materials and system design. Some common R&D topics with the 
SFR are emerging. The next steps are different for SFR and GFR: for SFR, the 
prototype in the range 250 – 600 MWe mentioned above to demonstrate economics and 
safety of new options is planned to be commissioned in 2020. For GFR, the 
experimental reactor (ETDR) in the range of 50 MWth, also mentioned above, to 
demonstrate viability of key GFR technologies is planned to be operational in 2017. 

 
Germany 

In 2005, the total primary energy consumption in Germany was about 492.6×106 tSKE 
(1tSKE = 8.141MWh). The distribution among the main energy sources was as follows: 
36.4% mineral oil, 22.4% natural gas, 13.5% black coal, 11.4% brown coal, 12.6% 
nuclear, 1.2% water and wind, 2.5% other sources. 
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The net electricity production in Germany in 2005 was about 495.9×106 MWh. The 
distribution was: 32% nuclear, 28.9% lignite coal, 23.1% black coal, 0.2% oil, 9.1% 
natural gas, 4.7% water, 2.0% other sources (i.e. biomass, photovoltaics, wind). 

In 2005, 18 nuclear power plants were in operation in Germany. In May 2005 the NPP 
Obrigheim was closed due to the new Atomic Law which fixes the phase-out of nuclear 
power production. The net installed nuclear power was 20.7 GWel, the net nuclear 
electricity production was 163 TWh, and the (time) availability was 88%. 

Nuclear makes up for about 50% of the base-load electricity production in Germany. In 
absolute numbers, Germany is number 5 in nuclear electricity production. Among the 
top ten nuclear power plants world-wide, in 2005 there were 7 German plants including 
the plant with the highest amount of electricity produced: the NPP Brokdorf with 1440 
MWel installed capacity has produced in 2005 11.98 TWhel. The net electricity output 
of the nuclear power plants is constantly increasing due to power upgrading and higher 
time availabilities. 

As for the renewable energies, there is no significant absolute increase except for wind. 
About 50% of the government support for renewable energies from the Environmental 
Ministry goes to photovoltaics.  

The Helmholtz-Gemeinschaft (HGF), comprising 15 national research centres, 24000 
employees, and a yearly budget of about 2.1 billion € is the largest research organisation 
in Germany. The HGF identifies and works on complex and urgent societal, scientific, 
and economic questions, especially concentrating on systems of high complexity. There 
are six research areas: energy, earth and environment, health, key technologies, structure 
of matter, traffic, and space. Within energy, there are four programmes: efficient energy 
conversion, fusion technology, nuclear safety research, and renewable energies.  

In 2005/2006, there was an evaluation of the research programme and long-term 
prospects of the Forschungszentrum Karlsruhe (FZK) by an internationally composed 
Perspective Commission set up by the German Ministry of Education and Research 
(BMBF). The Commission supports the concentration of FZK on 3 pillars: energy 
(~50%), including the effects of energy use on the atmosphere and climate, nano- and 
micro-technology (33%), and astroparticle physics (17%). Becoming the pre-eminent 
energy laboratory for Germany, FZK should take the lead in developing an energy R&D 
strategy for Germany, including the aspect of societal understanding and acceptance of 
new energy sources. It is recommended that FZK should be the German liaison to the 
international R&D effort on Generation IV fission reactors. However, this 
recommendation still needs the approval of the German government. 

As for nuclear energy research, the Alliance for Competence in Nuclear Technology set 
up a consistent and efficient nuclear R&D programme, including all nuclear stake 
holders in Germany. In this context, some seven heads of nuclear institutes (e.g. nuclear 
technology, reactor physics, actinide chemistry, repository research) are presently being 
replaced. This is in line with a survey of 2004 which set the need for about 6300 
academic nuclear personnel in 2010, out of which about 2000 have to be newly 
positioned. Having the decision for an EPR to be built in Finland, the number of 
required academics is even increasing. 

German nuclear institutions are involved in all major international programmes and 
projects in the areas of reactor safety, partitioning and transmutation, and waste 
disposal. Due to the research-political conditions, a German contribution to the 
Generation IV Initiative using government budget is not yet possible. 
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India 
The installed electric capacity in India increased to 124 GWe as on 31 March 2006. The 
share of nuclear power generation in 2005-2006 was 2.8%. 

The nuclear electric capacity of 3.36 GWe consists of 2 BWRs of 160 MWe each and 
13 PHWRs of capacities up to 540 MWe. The average capacity of NPPs in 2005-2006 
was 74%. The following NPPs are under construction: PFBR (500 MWe, fast breeder 
reactor), Tarapur 3 (540 MWe, PHWR), Rajasthan 5 and 6 (2×220 MWe, PHWRs), 
Kaiga 3 and 4 (2×220 MWe, PHWRs), Kudankulam 1 and 2 (2×1000 MWe, VVERs) 

The Fast Breeder Test Reactor (FBTR) was in operation up to a power level of 
17.4 MWt and has logged 1575 d of cumulative operation. FBTR was in operation for 
2291 h during 2005–2006. The peak burn-up achieved in the MK-1 carbide fuel is 154.4 
GWd/t without any pin failure. The Prototype Fast Breeder Reactor (PFBR) test fuel 
subassembly in FBTR has achieved a peak burn-up of 59.8 GWd/t. There was no 
incident of sodium leak or leak in the steam generator. 

The detailed design has been completed for almost all the major components of the 500 
MWe PFBR, now under construction at Kalpakkam. The preliminary Safety Analysis 
Report has been revised incorporating the comments of safety committees. A document 
has been prepared consolidating the R&D activities of PFBR. Manufacturing of long 
delivery mechanical components including main vessel, sodium pumps, and steam 
generators is in progress. The construction of PFBR is progressing well to respect the 
schedule date of commissioning by September 2010. 

Fast reactor related R&D was continued in the field of component development, thermal 
hydraulics, structural mechanics, materials and metallurgy, safety engineering, fuel 
chemistry and reprocessing. Reprocessing of mixed carbide fuel of 100 GWd/t burn-up 
has been done successfully. Important R&D works include friction behaviour between 
the bearing pads of reactor vault, leak before break of pipe bends, dynamic forces 
developed on the main vessel and safety vessel during seismic forces in case of a leak in 
the main vessel, gas entrainment studies in air-water in scale down model of reactor 
pool, development of labyrinths for the foot of subassemblies, temperature sensitive 
magnetic switch, self welding of material combinations of the diverse safety rod and 
fuel subassembly in sodium, creep and fatigue studies of materials in sodium, ultrasonic 
test methodology for in-service inspection of shell weld of core support structure to 
main vessel, corrosion tests of advanced materials in nitric acid, electrochemical 
hydrogen meter, and production of elemental boron from boric acid by electro-winning 
process. 

 
Italy 

General situation 
Main national programme and resources on nuclear fission in Italy are still concentrated 
on decommissioning of shut-down NPPs, and on the fuel cycle, waste disposal and 
national repository. According to governmental decision of January 2005, all remaining 
national spent fuel (about 300 metric tonnes of uranium oxide) will be shipped abroad 
(COGEMA/BNFL) for reprocessing, and wastes will be held at the reprocessing site for 
at least 20 years. Appointed to deal with decommissioning and waste management is the 
state-owned company SOGIN. 
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Despite these actions concerning the left over of the past nuclear energy activities, due 
to concern on energy supply and environmental issues, one can notice recent change of 
attitude by public opinion and the Parliament toward nuclear energy. The former 
Minister of Productive Industry at the IAEA International Conference “Nuclear Energy 
for the 21st Century”, held in Paris on 21–22 March 2005, stated that: “the construction 
of new nuclear power plants in the country is not on our present agenda, though we 
support strengthened international cooperation and participation of interested parties 
from Italy into new European and international nuclear technology programmes and 
projects (… omissis …). We believe indeed that the nuclear power should be proposed 
and maintained as a key element for energy source diversification, supply security and 
environmental protection in the single European market”. Of course, this position has to 
be confirmed by the new Government. Furthermore, the 2004 – law concerning 
“Restructuring of the national energy sector” states that: “National electricity producers 
can – in case in joint venture with foreign companies – realize and operate energy 
plants, including nuclear power plants, located abroad, even with the aim to import 
electricity generated from those power plants”. As a consequence, in 2005 ENEL 
purchased 66% stake of state-owned utility Slovenske Elektrarne in Slovak Republic, 
whose asset includes 6 VVER reactors. An agreement was also achieved by ENEL with 
the French EdF, including participation in the 1600 MWe EPR, expected to be built at 
the Flamanville site in France. 

Ansaldo Nucleare is engaged in the completion of the Cernavoda Unit 2 in Romania and 
in the feasibility study of Cernavoda Unit 3. Ansaldo Nucleare – in a joint venture with 
Westinghouse – is also participating to the bid in China for the realization of the 
AP1000. Ansaldo Nucleare is also involved in Chernobyl radwaste treatment activities. 

Ansaldo Camozzi – an independent manufacturing industry – is working on a main 
supply of Steam Generator replacement at the US Palo Verde NPP in Arizona. 

As for ENEA – the national Agency in charge of R&D in energy sector – reorganization 
following the new Bill of September 2003, where the constitution of a renewed Nuclear 
Energy Area (Presidio Nucleare) was specifically recommended, is going to be 
completed and implemented. 

A three-year R&D national programme based on “strategic funding devoted to the 
National Electric System R&D” and focused on participation in international initiatives 
like INTD (International Near Term Deployment) and Generation IV nuclear systems, is 
going to receive support by the Minister of Productive Activities in the months ahead. 
Total fund for the first year amounts to 5.5 M€ and comparable yearly funds are 
expected for the rest of the programme. Objectives of this programme are: 
• Keep open the future nuclear energy option in the country; 
• Contribute to development of innovative nuclear energy generating systems able to 

compete in the perspective of the national energy mix re-arrangement expected to 
take place in the years ahead; 

• Contribute to the development of innovative systems able to match public 
acceptability and economical interest; 

• Sustain growth of necessary competences through participation to real-founded 
projects promising to be successful; 

• Sustain the effort required to national industry for keeping the pace at world and 
domestic level. 

In parallel to this forthcoming programme, another R&D programme supported by the 
Minister of Research and University is going to be started very soon. It consists in the 
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follow-up of the former national TRASCO (TRAsmutazione SCOrie, i.e. Waste 
Transmutation in ADS) programme carried out from 1997–2001. The new phase of 
TRASCO will rely on a 6.8 M€ overall budget and will span over 2006–2008. 
The main partners in these two R&D programmes are: 
• Government research institutions: ENEA (National Agency for New Technologies, 

Energy and the Environment), INFN (National Institute for Nuclear Physics) and – 
to a limited extend – CNR (National Research Council) 

• Universities still active in the nuclear field, grouped in the CIRTEN Consortium: 
POLIMI (Milan), POLITO (Turin), U-Pisa, U-Rome, U-Bologna, U-Pavia, and 
U-Palermo 

• Industries: Ansaldo Nucleare, and Ansaldo Camozzi 
Other participants could join in the future: ENEL, SOGIN (Società gestione impianti 
nucleari), and APAT (Agenzia per la Protezione dell'Ambiente e per i Servizi Tecnici, 
i.e. the Italian Safety Authority). 

Activities in the field of fast neutron spectrum systems 
As for fast spectrum systems, the national R&D programmes will support experimental 
and analytical activities for the development of the GEN-IV lead cooled Fast Reactor 
(LFR) and of ADS, i.e. of heavy liquid metal (HLM) cooled systems to produce energy 
in a sustainable way and at affordable costs (LFR) and to burn minor actinides in a 
closed fuel cycle (ADS). However the ministerial programmes explicitly require that all 
the activities be carried out in an international framework. As far as sub-critical systems 
are concerned, the international context is given by the on-going 6th European 
Framework (FP6) Integrated Project IP-EUROTRANS European Research Programme 
for the Transmutation of High Level Nuclear Waste in an Accelerator Driven System, 
which is coordinated by FZK and supported by the European Commission (EC) with 23 
M€ (total IP-EUROTRANS budget 43 M€). Within this project the contributions from 
Italian organizations are: 
• Design of the ADS European Facility for Industrial Transmutation (EFIT), as well 

as neutronics, safety and transient analyses of a minor actinides loaded core 
• Follow-up of the former TRADE (TRiga Accelerator Driven Experiment) project 

within the ECATS (Experiment of Coupling of an Accelerator, a Target and a 
Subcritical system) subproject. ENEA is also responsible for transfer of knowledge 
from ECATS to XT-ADS and EFIT 

• Several activities in the field of HLM technologies, with special emphasis on tests to 
be performed in large HLM facilities. 

Concerning critical systems, Ansaldo Nucleare is the coordinator of the FP6 Specific 
Targeted Research Project ELSY (European Lead-cooled System), supported by the EC 
with about 3 M€ (overall budget of about 7 M€). ELSY, which represents the European 
contribution to the development of the LFR concept within the GEN-IV International 
Forum (GIF), is focused on demonstration of the technical feasibility of a LFR and of 
the capability to fully comply with the GEN-IV goals. Economics is achieved through a 
simple and compact primary system (see figure below showing a preliminary sketch of 
the ELSY reactor block), whilst feasibility is based on a low-temperature thermal cycle 
(with the core inlet temperature at 400°C, and the core outlet temperature at 480°C). A 
summary of the preliminary design parameter of ELSY is given in the table below. 
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Preliminary ELSY Design PArameters 

Power 600 MWe 

Thermal efficiency 40% 

Primary coolant Pure lead 

Primary system Pool type, compact 

Primary coolant circulation (at power) Forced 

Primary system pressure loss (at power) ~ 1.5 bar 

Primary coolant circulation for DHR Natural circulation + Pony motors 

Core inlet temperature ~ 400°C 

Core outlet temperature ~ 480°C 

Fuel MOX and nitrides (with and without minor actinides) 

Fuel cladding material  T91 (aluminized) 

Fuel cladding temperature (max) ~ 550°C 

Main vessel  Austenitic stainless steel, hanging, short-height ~ 10 m

Safety vessel Anchored to the reactor pit 

Steam generators Eight SGs, integrated in the main vessel 

Secondary cycle  Water – supercritical steam at 240 bar, 450°C 

Primary pumps Four mechanical primary pumps in the hot collector 

Internals Removable to the greatest possible extent 

Inner vessel Cylindrical inside the annular cold collector 

Hot collector Small-volume, above the core 

DHR coolers Four DHR coolers, immersed in the cold collector 

Seismic design 2D isolators supporting the main vessel 
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Italian organizations (Ansaldo Nucleare, Del Fungo Giera Energia, ENEA, CIRTEN 
and CESI) are expected to contribute to all the work packages foreseen in ELSY, i.e 
from R&D needs to core design, from safety and transient analyses to system integration 
and components development. ENEA will also be responsible for associated lead 
technology development issues. 

ELSY is considered to be the reference system for the large size GEN-IV lead cooled 
fast reactor (LFR), and the outputs of the ELSY project will represent a substantial part 
of the Euratom contribution to the development of the LFR concept within GIF. 

Finally, ENEA is the coordinator of the FP6 Integrated Infrastructure Initiative VELLA 
Virtual European Lead Laboratory, funded by EC with 2.3 M€. VELLA complements 
IP-EUROTRANS and ELSY as far as the development of the HLM [both lead and lead-
bismuth eutectic (LBE)) technologies is concerned. VELLA is intended to create a 
virtual European laboratory for HLM technologies, with a view of creating a network of 
European laboratories that operate HLM infrastructures. 

The LFR R&D Plan prepared by the LFR Steering Committee of GIF has identified 
short-term and long-term R&D, as summarized in the following table. 
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Short-term and long-term R&D plan for LFR development 

  Short-term Long-term 
Fuel MOX Nitride fuel 

Fuel containing MA 
Fuel cladding material Fast-neutron flux irradiation of 

coated and uncoated T91  in 
lead. 

ODS,  
carbides 

Structural 
Materials 

Confirmation of use of AISI 
316L and T91 

Extended use of coated steels 
or new materials 

Lead technology In-lead instrumentation, 
dissolved oxygen control, lead 
purification. 

Advanced instrumentation 

 
Steam Generator 

Effective damping of the 
pressure wave in case of SG 
tube rupture. Supercritical steam 
cycle 

 
Development of CO2 cycle 

Pump impeller material Tests of coated steels, and of 
carbides 

Advanced materials 

 

According to, and in synergy with the HLM activities foreseen in IP-EUROTRANS, 
ELSY, and VELLA, the Italian R&D program will mainly address the short-term issues 
of this GIF LFR Steering Committee R&D plan. The program will benefit from a 
number of experimental facilities which were realized at the ENEA Brasimone Center in 
Italy over the last decade, specifically the following HLM loops: 
• LECOR (lead bismuth facility for corrosion tests) 

 
• CHEOPE (I, II and III), for thermal hydraulics, physical-chemical and lead 

corrosion tests 
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• CIRCE (large facility for corrosion and thermal hydraulics analyses in a pool 
configuration). 

One of the challenging design features of the LFR is the insertion of the SG inside the 
main vessel. This design approach (SG located in the primary HLM pool) is also 
considered for the ADS reference designs (for both the XT-ADS experimental 
demonstrator and the EFIT industrial prototype). Hence, for LFR and ADS, the 
possibility of a SG tube break has to be taken into account and analysed. To this aim, 
ENEA is going to perform experimental and modelling studies on the interaction 
between lead bismuth and water, as well as lead and water. The facility which will be 
used to simulate this kind of interaction is the LIFUS 5 loop at the ENEA Brasimone 
Center, which was specifically designed and constructed to simulate LOCA accidents 
and to operate in a wide range of conditions (pressure up to 200 bar, initial liquid metal 
temperature up to 500°C). 

Another key issue concerns theoretical and experimental studies on core cooling by 
HLMs. The tests, called Integral Circulation Experiments (ICE, see figure below), will 
be performed in a test section of the large CIRCE facility and will be focused on the 
thermal hydraulics behaviour of an ADS core, and on the coupling between heat source 
and heat exchanger installed in a pool configuration. Test cases will address both steady 
state, to verify the coupling of the heat source and the heat exchanger, and transient 
conditions, i.e. loss of cold sink and loss of pumping system (e.g. to characterize the 
natural circulation in a pool configuration). 

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As for the near future, the experimental activities supported by the Italian R&D 
programs will address the following topics: 

Heat 
Removal 
System 

HX 

Heat 
Source 

Nominal Power: 750 kW 

Primary coolant mean T: 350 °C 

Core ΔT: 100 °C 

Core coolant velocity: 2.0 m/s 

LBE flow rate: 50.4 kg/s 
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• Corrosion studies: the present status of knowledge seems to indicate that, with an 
appropriate design, standard nuclear steels are suitable for the main vessel and for 
the IHX adopting the “in-situ” oxidation of the metallic surfaces. Materials choice is 
still pending as for the internals at high temperature and the core. Ongoing activities 
in this field are aimed at demonstrating the behaviour of AISI 316 L and T91 in a 
lead environment. Coated materials and special steels will be developed and tested. 

• Lead/lead-bismuth eutectic interaction with water: Activities for the next three 
years based on the LIFUS 5 facility and SIMMER code simulation studies are aimed 
at studying the effects of large leakages of high pressure water into hot liquid metal. 
These results are of basic importance in order to demonstrate the feasibility of 
designs having SGs in the main vessel. 

• Integral Experiment: it will be the first experiment in which all the main 
components of a LFR (core, heat exchanger, oxygen control system, purification 
system) will be coupled in order to investigate the thermal hydraulics of the heavy 
liquid metal coolant under relevant operational conditions. This experiment will 
provide a robust contribution towards the demonstration of the LFR feasibility. 

In parallel to experimental work, various analytical activities are being carried out. They 
mostly concern neutronics, thermal hydraulics, safety and transient analyses. In 
particular, a new version of the RELAP5/3D-PARCS code for dynamics and safety 
analysis (originally developed for coupled thermal hydraulics / neutronics studies of 
water cooled reactors) has been implemented to deal with LBE cooled critical and sub-
critical systems and will be further developed to deal with lead cooled ones. This code is 
going to be used for dynamics, as well as for safety and transient analyses of both ADS 
and LFR and, in particular, it will be used for the simulation of the experimental tests 
concerning the lead – water interaction. 

Conclusions 
A renewed interest in nuclear energy seems to become noticeable in Italy again. The 
country looks ready to support relevant, internationally shared R&D activities on 
innovative nuclear systems for energy generation and waste minimization. 

Support to fast neutron spectrum nuclear systems (LFR and ADS) based on HLM 
technologies to be developed within the framework of international initiatives (GEN-IV 
International Forum, European Framework Programs, etc.) is part of this strategy. 

 
Japan 

On 1 October 2005, the Japan Atomic Energy Agency (JAEA) made its first steps as an 
independent administrative institution. JAEA is the result of the integration of the Japan 
Atomic Energy Research Institute (JAERI) and the Japan Nuclear Cycle Development 
Institute (JNC). 

The document titled “Framework for Nuclear Energy Policy” was decided by the 
Atomic Energy Commission of Japan on 11 October 2005 as the basic principle for 
Japan’s nuclear energy policy. It promotes research, development and utilization of 
nuclear science and engineering. 

JOYO has been shutdown for maintenance since it completed the 2nd duty cycle of the 
Mk-III program. From the 3rd duty cycle on, irradiation tests of oxide dispersion 
strengthened ferritic steel (ODS), and MOX fuel containing 5% americium, as well as 
both neptunium and americium will be performed. 
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After receiving approval by the local governor of Fukui in February 2005, JAEA have 
started preparatory MONJU modification work. The bulk of the modification work is in 
progress since September 2005. It has achieved 63% completion by the end of April 
2006. 

As for the Feasibility Study on Commercialized Fast Reactor Cycle Systems, the final 
report of the Phase-II was compiled on the basis of the results obtained within the 
framework of the five-year studies performed in the Japanese fiscal years 2001–2005 
aiming “to identify the most promising candidate concept for the commercialization of 
the fast reactor cycle, as well as to draw up the future R&D program.” The outcomes of 
Phase-II include “a principle for prioritizing R&D as well as R&D programs until 
approximately 2015, and the potential future issues.” Currently, the final report is in the 
check and review process by the government. The flexible and strategic R&D plan for 
those concepts will be developed towards the commercialization of the fast reactor cycle 
system. 

JAEA has continued R&D work on accelerator driven systems (ADS) for the 
transmutation of long-lived radioactive nuclides. The ADS proposed by JAEA is a LBE 
cooled fast 800 MWth sub-critical core. Various R&D activities were conducted during 
the 2005 fiscal year to investigate the feasibility of the ADS from viewpoints of the 
accelerator, LBE as a spallation target and core coolant, and sub-critical core design. 
Moreover, the conceptual design study on the Transmutation Experimental Facility 
(TEF) to study the basic science and engineering of the transmutation technology was 
continued within the framework of the J-PARC (Japan Proton Accelerator Research 
Complex) project. The Preliminary Letters Of Intent (Pre-LOI) for TEF are being called 
for. 

 
Kazakhstan 
The following uranium mining, production and power industries are part of the atomic 
scientific-industrial complex of the Republic of Kazakhstan: 
• Enterprises of uranium ores geological searching and number of natural mines 

(using the mining and underground leaching techniques) 
• Two plants of U3O8 production at Aktau and Stepnogorsk 
• Metallurgical plant producing uranium fuel pellets for fuel assemblies of RBMK and 

VVER reactor types 
• Energy plant at Aktau (MAEK) is used for production of heat, electricity and 

desalination of water and based on three energy blocks using natural gas and one 
nuclear unit with fast breeder reactor BN-350. The fast breeder reactor BN-350 at 
Aktau was commissioned in November 1972 and finally shut down in April 1999. 

Three different types of research reactors and non-reactor test facilities on the territory 
of the former Semipalatinsk Nuclear Test Site, and one research reactor and sub-critical 
assembly near Almaty are used for investigations in the field of reactor safety and other 
type of investigations. These facilities are: 
• WWR-K, a 10 MW (thermal) light water reactor located near Almaty); 

commissioned in 1969, it was temporarily stopped in 1988 to implement measures to 
improve the level of seismic resistance 

• IWG-1M, a thermal heterogeneous vessel reactor, moderated and cooled by light 
water, having a beryllium reflector and 35 MW maximum thermal power (period of 
continuous operation at maximum power is 4 hours) 
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• IGR, a pulsed homogeneous graphite moderated and reflected reactor; the maximum 
heat release is 5.2 GJ (1 GJ per pulse), and the maximum thermal neutron flux is 
0.7*1017 cm-2×s-1 

• RA, a high temperature heterogeneous reactor cooled by air, zirconium hydride 
moderated, and having a beryllium reflector; its thermal power is ~ 0.5 MW 

• EAGLE, a non-nuclear test facility to study reactor fuel element melting processes 
due to severe accidents. 

The current status of the BN-350 reactor decommissioning program is as follows: 
• Reactor shutdown according to Kazakhstan Government Decree number 456 dated 

22 April 1999 
• BN-350 is being converted to “safe-store” conditions, according to the “Plan of 

Priority Measures ” (Revision 5), 2005–2006” 
• Full fuel unloading of the reactor core was completed 
• Packaging of the spent fuel into sealed cans, which provide an additional safety 

barrier was completed 
• The primary sodium cleaning of caesium, and the drainage of the sodium into 

storage tanks was completed 
• Partial drainage of the secondary sodium into storage tanks was completed 
• Processing of rad-wastes is on-going 
• Preparation of buildings and structures needed to ensure for “safe-store” conditions 

is on-going 
• The document “Main Provisions of the BN-350 NPP Development and Deployment 

(D&D) Project” has been prepared and approved. 

The current status of the spent nuclear fuel handling can be summarized as follows: 
• The document “Classified initial data for Transport Package (TP) designing and 

licensing” has been prepared, reviewed and approved 
• The conceptual 8-canister TP design has been developed and the validation of its 

design reliability has been achieved 
• The special technical specifications for the spent fuel dry cask storage facility has 

been developed and approved 
• The requirements for the design of the temporary storage facility at the BN-350 site 

have been developed and approved 
• The technical tasks for Transport Package were approved 
• The technical tasks for the reloading site, the long-term storage at the “Baikal-1” 

site, and the technological scheme of transportation (TTS) are on-going 
• The technical design of the TP has been developed 
• The technical design of the temporary storage facility at the BN-350 site has been 

developed 
• The licensing plan has been developed. 

The current status of sodium handling is as follows: 
• As already mentioned, sodium cleaning from caesium is completed 
• Reactor drilling and sodium draining are completed 
• Removal of sodium residuals: 

o Technical design is completed, reviewed and approved. The method 
selected is bicarbonization followed by flushing with distilled water. 

o Experiments were performed at the Kazakhstan National Nuclear Center 
to test various regimes of sodium residuals removal. 
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o Financing needs were estimated 
o Project work schedule was developed 
o Inspection and technical examination were carried out of standard 

equipment that is being operated 
• Sodium processing into caustic 

o Design of the sodium processing facility (SPF) has been developed, 
reviewed and approved 

o Construction of the SPF building was started up in October 2004 and 
completed in May 2005 

o All necessary equipment has been fabricated and supplied 
o Installation of the equipment and pipelines is on-going 

• Processing of caustic into “geocement stone” 
o Geocementation technology has been developed. The pilot samples have 

been produced and tested. 
o Geocement formulation, technological chart, and technical requirements 

have been developed 
o Technical tasks for the design of the experimental geocementation 

facility have been defined 
o The design of the experimental geocementation facility has been 

performed 
o Studies of alternative options related to geocement stone technology are 

on-going within the framework of an ISTC project. 

The status of the planned liquid reactor waste processing facility (LRWPF) is 
summarized as follows: 
• The selective sorption method was selected on the basis of the results of a feasibility 

study 
• This approach has been confirmed by the operation of a pilot facility 
• The LRWPF technical design has been performed 
• The expert review of the LRWPF technical design has been conducted 
• An addendum to the technical tasks has been developed and approved 
• Engineering and geological surveys for the construction site have been completed, 

including for the site of the storage facility for reactor waste solidified in containers 
• The LRWPF design has been finalized in agreement with the addendum to the 

technical tasks for LRWP design 

The status of the planned solid reactor waste processing facility (SRWPF) is as follows: 
• The preliminary Feasibility Study with the objective of selecting SRWPF 

technologies and equipment has been conducted 
• The engineering and geological survey at the SRWPF construction site has been 

completed 
• The technical tasks for the SRWPF design have been defined 
• SRWPF technical design activities are on-going 

As for the status of the activities related to the preparation of the BN-350 NPP buildings 
and structures for long-term storage, the scope of the work has been determined on the 
basis of the results of the “Comprehensive Engineering and Radiation Survey (CERS)”, 
contracts were signed, and building repairing works of were initiated. Moreover, 
according to the technological requirements and instructions, surveillance and 
maintenance activities are implemented as far as the equipment is concerned. 
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Republic of Korea 
 
The fast reactor system is one of the most promising options for electricity generation 
with an efficient utilization of uranium resources and a reduction of the radioactive 
waste. The commencement of sodium fast reactor (SFR) technology development 
efforts in Korea dates back to 1992 when the Korea Atomic Energy Commission 
approved a long-term R&D plan on a SFR. Efforts are currently directed towards the 
development of the basic key technologies and the advanced fast reactor concept called 
KALIMER-600. With a strong emphasis on a proliferation resistance, two core design 
concepts, which have single enrichment fuel without blanket assemblies, are being 
developed for sustainable energy supply and radioactive waste transmutation. In 
addition, passive residual heat removal, shortened intermediate heat transfer system 
(IHTS) piping and seismic isolation are to be realized in the design. R&D has been 
performed for the development of design methodologies and the advanced concepts 
including a supercritical CO2 Brayton cycle energy conversion system. It is envisioned 
that the SFR technology development in Korea will enter a new phase from 2007 on, 
with the participation in the Generation IV SFR collaboration. According to the current 
draft of the national mid- and long-term nuclear R&D program, the objective of the SFR 
R&D program is to develop a conceptual design of a SFR consistent with the 
Generation IV SFR System Research Plan. 

There is an ever increasing demand for electricity in Korea. Economic growth and the 
desire for a better quality of life are the main reasons for the increase. Electricity 
consumption has increased by about ten times in the 25 years since 1980, with an 
average annual growth rate of 9.6%. The estimated average annual growth rate is 
estimated to be 2.5% during the period from 2006 to 2017. 

Accordingly, the electricity generation capacity needs to be increased continuously in 
order to meet the demand. However, the availability of conventional energy resources is 
extremely limited in Korea: no oil, little natural gas, and limited sites for hydro power. 
There are coal deposits, but their utilization is minimal due to the harmful 
environmental impacts. Consequently, domestic natural resources had a 2.8% share of 
the gross electricity generation in 2005. 

Since nuclear energy is less dependent on natural resources and more technology-
intensive, nuclear power plants are playing a very important role in achieving an energy 
self-reliance and in stabilizing the electricity price. In the year 2005, nuclear power 
plants accounted for 29% of the total installed capacity, and generated as much as 40% 
of the total electricity. 

For the reasons mentioned above (increasing electricity demand and poor natural 
resources), the role of nuclear power in electricity generation is expected to become 
more important in Korea in the years to come. Korea is operating, as of May 2006, 
16 PWRs and 4 PHWRs. According to the "Basic Plan for Long-term Electricity Supply 
and Demand”, a total of eight new nuclear power units will be constructed by 2017. The 
construction of four 1000 MWe OPRs [Optimized Power Reactors, which is a re-
branded name for the KSNP/KSNP+ (Korea Standard Nuclear Plant)] begins before the 
end of 2006: two at Kori and two at the Wolsong site. The pouring of first concrete of 
four more APR1400s is scheduled for the period 2011 to 2012. With these eight more 
plants in the nuclear fleet, nuclear power will account in 2017 for approximately 33% of 
the total installed capacity and 47% of the total electricity generation. 
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With the reliable operation of nuclear power plants, all of the PWR spent fuel storage 
spaces at reactor sites are being filled up fast and thus, they are expected to be full by 
2016. In 1998, the Korea Atomic Energy Commission decided to construct an away-
from-reactor spent fuel storage facility by 2016, and spent fuels will be stored there until 
a policy is established for spent fuel management. R&D activities on fast reactors and 
related fuel cycles are now being performed in order to provide a technical basis for, and 
support to the decision making processes. 

Future nuclear power plants should meet several criteria: effective resource utilization, 
waste minimization and reduced environmental impacts, economic competitiveness, 
enhancement of their safety and reliability, proliferation resistance and physical 
protection. 

In order to meet these criteria, the Ministry of Science and Technology established the 
“Comprehensive Nuclear Energy Promotion Plan” in 2001, which set out the basic 
framework of the nuclear R&D. The Plan suggested the development of liquid metal 
reactor technologies for an efficient utilization of the uranium resources with an 
emphasis put on the basic key technologies. The work scope of the project under this 
Plan includes reactor design studies, development of computational tools, and the 
development of sodium technologies. According to the “Nuclear Technology Roadmap” 
established in 2005, the sodium cooled fast reactor is chosen as one of the most 
promising future types of reactors which are deployable by 2030. 

During the fiscal year 2005, progress has been made in the area of conceptual design of 
KALIMER-600, the development of advanced design concepts, as well as the 
development of analysis tools. In 2005, the preliminary conceptual design of the 
KALIMER-600 core and reactor systems was optimized. Conceptual design of 
KALIMER-600 will be completed in February 2007, when the Phase 4 of the Fast 
Reactor Design Technology Project ends. R&D activities have been performed for the 
development and validation of computational tools for design and analysis, as well as 
for the development of advanced design concepts including the supercritical CO2 
Brayton cycle energy conversion system. Studies were also performed for alternative 
design options including lead cooled fast reactor. 

The year 2006 is the last year of the Liquid Metal Reactor Design Technology 
Development Project for the conceptual design of KALIMER-600. 

KAERI is participating with IAEA for CRP, INPRO Joint Studies and Knowledge 
Preservation. KAERI is also participating in discussions for the development of Gen IV 
SFR project plans and performing I-NERI Projects. 

The 3rd national mid- and long-term nuclear R&D Program will be finalized later in 
2006, and the SFR technology development in Korea will enter a new phase from 2007 
on. 

Russia 
After commissioning into commercial operation the third power unit of the Kalinin NPP 
with a VVER-1000 reactor on 8 November 2005, in Russia there are 31 nuclear power 
units in operation at 10 sites totalling 23.242 GW electric capacity, specifically: 15 
VVER power units (6 VVER-440 reactors and 9 VVER-1000 reactors) totalling 11.594 
GWe; 11 RBMK-1000 reactors totalling 11.000 GWe; 1 power unit at the Beloyarskaya 
NPP with the 600 MWe BN-600 fast reactor; and 4 power units with Bilibino co-
generation NPP totalling 48 MW electric power. 
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The total electricity produced by the Russian nuclear power plants in 2005 was 147.605 
TWh. The share of nuclear electricity production in Russia is about 16%. Average load 
factor for all NPPs in 2005 was 73.35%. During 2005, no serious abnormal NPPs 
operating conditions were detected. 

Currently, the strategy and the rate of development of nuclear power in Russia are being 
re-examined. Although until recently near-term plans implied commissioning of about 
one power unit each two years, the current goal of nuclear power development in Russia 
is to increase the share of nuclear electricity up to 25% of total electricity production in 
the country by 2025. To attain this objective will require commissioning of about two 
power units per year. 

Completion of the construction of the 4th power unit with the BN-800 reactor at the 
Beloyarsk NPP site is planned for 2012. 

Simultaneously with the construction of new power units, activities aiming at the 
extension of NPPs lifetime are being pursued. 

In 2005, in Russia there were two fast neutron reactors in operation (BOR-60 in 
Dimitrovgrad, and BN-600 reactor in Zarechny). The research fast reactor BR-10 in 
Obninsk is in the stage of preparation for decommissioning. Construction of the 4th 
power unit at the Beloyarsk NPP site with the sodium cooled fast reactor BN 800 is on-
going. 

The NPP with the BN-600 fast reactor has been in operation for over 26 years (it was 
connected to the grid in 1980. BN-600 is world-wide the largest operating fast reactor 
power unit. Since 1980, more than 96.2 TWh of electricity have been produced by BN-
600. In 2005, BN-600 produced 4.086 TWh of electricity, and its load factor was equal 
to 77.75%. The average load factor from 1983 on is 74.1%, and from 1982 on it is equal 
to 73.1%. No unscheduled shutdowns of the BN-600 NPP or loop outages occurred in 
2005. There were two scheduled power unit shutdowns in 2005 for refuelling and 
scheduled maintenance. Adaptation of the third modification of the BN-600 reactor core 
(01M2) with up to 11.1% h. a. fuel burn-up has been completed at the end of 2005. 
Work on proving the extension of the BN-600 NPP lifetime up to 45 years continues. 
During the period 2002 – 2005, the first stage of the BN-600 preparation for its lifetime 
extension was accomplished. 

The experimental BOR-60 reactor has been in operation for more than 36 years (it was 
commissioned in 1969). It is used for material tests, isotopes production, testing of 
various fast reactor equipments, and also for heat and electricity production. In 2005, 
BOR-60 was in operation at power levels up to 55 MW. In 2005, there were 5 scheduled 
and 2 unscheduled BOR-60 shutdowns. In 2005, the following experimental studies 
were performed at the BOR-60 reactor: 
• irradiation of various fuel, absorber and structural materials 
• isotopes production 
• testing components and technologies 
• work on justification of extension of BOR-60 reactor lifetime and its safe operation. 

The BOR-60 reactor has an operation license until 31 December 2009. After 2009, the 
BOR 60 reactor adaptation is planned in order to replace it with the new experimental 
fast reactor BOR-60М. 
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The BR-10 reactor was shut down on 6 December 2002, and since then it has been in 
the stage of preparation for decommissioning. The current status of the BR-10 reactor is 
as follows: 
• all fuel subassemblies have been unloaded from the core and replaced by dummy 

subassemblies 
• sodium has been drained from the primary and secondary circuits to the storage 

tanks and frozen 
• the inner surfaces of the primary circuit have been cleaned from sodium and 

decontaminated. 

During 2005, the following work was performed at BR-10: 
• implementation of washing and decontamination of inner surfaces of the equipment 

and piping of the BR-10 primary circuit 
• substantiation of the conditioning technology of non-drained sodium residues and its 

oxides by using nitrous oxide 
• continuing R&D work on conversion of NaK waste to the safe condition by the solid 

phase oxidation method 
• studies of current status of fuel subassemblies with uranium-nitride fuel 
• development of cleaning technology for the cold traps. 

The construction of the 4th power unit with the BN-800 fast reactor at the Beloyarsk 
NPP site is included in the State Budget and carried out in accordance with the Program 
of Development of Nuclear Power in the Russian Federation for the period 2002–2005 
and up to 2010. Construction completion and power unit commissioning is planned for 
2012. By now, 22 auxiliary systems have been constructed and put into operation on the 
site of the 4th power unit with the BN-800 fast reactor. Along with on site construction 
work, orders for manufacture of the components are placed with various industrial 
enterprises. It is planned to begin manufacture of the main equipment in 2006, in 
particular the main and guard reactor vessels, and primary circuit sodium tanks. Design 
work for a MOX-fuel fabrication pilot plant for BN-800 fuel assemblies is on-going. 

Russian institutions that participated in the design, construction and supervision of the 
operation of the BN-350 reactor at Aktau (Kazakhstan) are currently involved in 
consultations and work on the reactor’s decommissioning. In particular, the detailed 
designs of the complex for reprocessing of the liquid radioactive waste, as well as of the 
complex for reprocessing of solid low and medium radioactive waste of the BN-350 
reactor were performed. 

During 2005, the following R&D activities in the fast reactor area have been carried out 
in Russia: 
• justification of lifetime extension for the BN-600 and BOR-60 reactors 
• revision of various design documents for the detailed BN-800design 
• design of the MOX-fuel fabrication pilot plant for BN-800 
• development of various concepts of advanced sodium cooled fast reactors 

(specifically, “BN-C”, a large-size commercial fast reactor with sodium coolant, and 
“BN GT”, a small-size two-circuit NPP with sodium cooled fast reactor and gas 
turbine) 

• R&D on fast reactors with heavy liquid metal coolant related to: a) justification of 
the design of a lead cooled BREST ОD 300 reactor, and b) development of the basic 
design of the SVBR-75/100 reactor with lead-bismuth coolant 

• research on gas-cooled fast reactors. 

42 of 459



In 2005, activities were continued in Russia within the framework of the INPRO 
project. Now the work is carried out on the final stage of the INPRO 1B phase, i.e. the 
study of the potential of specific innovative nuclear power systems (INPS). 

The following R&D in the area of Accelerator Driven Systems (ADS) was carried out in 
Russia in 2005: 
• comparative analysis of various approaches to the issues of incineration of long-

lived radioactive waste using ADS burners and choice of the most effective option 
for further development 

• development and construction of the sub-critical assembly (SAD) in Dubna within 
the framework of an ISTC Project 

• work on construction of experimental ADS based on the decommissioned heavy 
water reactor and pulse 36 MeV proton linear accelerator ISTRA-36 at ITEP 

• experimental studies of neutron cross sections of various isotopes in the high energy 
range (up to 150 MeV) 

• development of an ADS concept with electron accelerator at IPPE 
• development and substantiation of the concepts of critical and sub-critical molten 

salt reactors with closed nuclear fuel cycle at RSC KI. 

 
United Kingdom 
During the year 2005, total electricity production in the UK was 378 TW·h, almost 
unchanged from the previous year (375 TW·h in 2004). A further 8.3 TW·h was 
imported from France via a 2 GW inter-connector. 

Almost 20% of the UK’s electricity (around 75.2 TW h) is generated by nuclear plants. 
Most of these are owned by the private utility British Energy (BE) whose stations 
produced 60.4 TW·h during the year from 1 April 2005. In the UK, BE owns the 7 twin-
reactor Advanced Gas-cooled Reactor (AGR) stations and the Sizewell B PWR. The 
AGR stations were constructed during the 1970s and early 1980s with design life times 
ranging from 25 to 35 years. In September 2005 BE announced that it had secured the 
necessary agreements to extend the life of the Dungeness B AGR by 10 years (to 2018), 
but this was recognised as a special case because the early performance of the station 
was very poor, and consequently the peak irradiation dose to life-limiting components 
(especially the graphite moderator) is much lower than for its contemporary stations. BE 
is examining the case for extending the lifetimes of the other AGRs, but for the moment 
the oldest stations will be retiring in 2011 and the most recent stations due to close in 
2023. 

The remaining UK nuclear stations are the first generation Magnox units, the first of 
which were opened in 1956 at Calder Hall, now part of the Sellafield site. Ownership of 
the Magnox stations has passed to the new Nuclear Decommissioning Agency (NDA), 
although the stations are operated by British Nuclear Group under contract to the NDA. 
Seven of these stations, at Berkeley, Trawsfynydd, Hunterston, Hinkely Point, Bradwell, 
Calder Hall, and Chapelcross have already been closed. Although the remaining 4 plants 
continue to operate safely and reliably, the NDA has published plans to retire two of 
these stations later in 2006. This decision has been taken based on the anticipated 
economic performance of the stations, and the cost of maintaining their related fuel 
cycle facilities. The last station to close will be Wylfa, in 2010. 

Over the last two centuries most of the UK’s primary energy needs have been met by 
coal, with production reaching 292 million tons per year in 1913. However, most of the 
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UK’s coal lies in deep seams, and the cost of extraction have risen to uneconomic levels 
as mines have become depleted. At its height the industry employed over 1.2 million 
people, but today the figure is less than 10,000. During the 1970s oil and gas were 
discovered in the North Sea, and for the next three decades these made a major 
contribution to the UK’s primary energy needs. Today, gas accounts for 40% of the 
UK’s primary energy consumption. However, within the last decade production has 
reached a peak and has begun to decline as reserves become depleted. The UK is 
expected to become a net importer of gas by 2006-07, with UK production forecast to 
decrease sharply from 2008 onwards. By 2020, around 75% of the UK’s total primary 
energy needs may have to be imported. 

The UK Government has declared strong support for renewable energy, and has 
introduced several market mechanisms which are designed to promote renewable energy 
schemes (described later). As a result, this is the only sector which has exhibited strong 
growth over the last 5 years. The UK now has 125 operational wind farms generating 
almost 1600 MWe with 23 more under construction, which will add a further 571 MWe. 
In addition almost 80 projects with a combined capacity of 2500 MWe have planning 
consent, although the rate at which these will enter construction, if at all, it is not clear. 
Land based wind farms have encountered significant local opposition, and the Energy 
Minister has very recently announced an important decision to reject a proposal to 
construct 27 large turbines (2.5 MW, 70 m) at Whinash in Cumbria. As a result of local 
opposition, interest is growing in off-shore wind farms, although these are more 
expensive to operate and are also subject to opposition from ecological organisations 
and local residents. 

The UK continues to support the international development of fast reactor technology, 
mainly through participation in European and International collaborations. All of this 
work has until now been funded by BNFL, although it is intended that future funding 
will be provided from Government. The work is conducted by Nexia Solutions, AMEC 
NNC, and Serco Assurance, with support from Universities, including Manchester and 
Imperial College. NDA and UKAEA have also contributed to preservation of the UK’s 
fast reactor knowledge base. 

The principal programmes of work related to fast reactor and accelerator-driven systems 
are as follows. 

Generation-IV 

The UK has developed a domestic programme of work to underpin the development of 
three of the six Generation-IV systems, as follows: 
• Very High Temperature Reactor (VHTR). The VHTR is seen as a natural 

continuation of the UK’s interests in graphite moderated gas-cooled systems, and is 
complimentary to nearer-term projects such as the PBMR. 

• Sodium-cooled Fast Reactor (SFR). It is recognised that if nuclear energy is to be 
sustainable in the long term then a fast neutron system will need to be deployed. The 
UK has a long history of successful development and operation of the SFR system, 
and it is intended to build on this experience to support the Generation-IV 
endeavour. 

• Gas-cooled Fast Reactor (GFR). The GFR is viewed as an alternative to the more 
mature SFR system. It is recognised that the GFR presents several technical 
challenges, such as the removal of decay heat after faults, but it may also offer some 
benefits, such as the ability to deliver process heat and a harder spectrum for faster 
destruction of transuranic materials. Experience in the design and operation of gas-
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cooled reactors puts the UK in a better position to contribute to the development of 
the GFR compared with other alternatives to the SFR (e.g. the Lead cooled Fast 
Reactor or the fast spectrum Super Critical Water Reactor). 

It is expected that much of this domestic R&D programme will be offered as a 
contribution to the international Generation-IV effort. Within the international 
Generation-IV activities, R&D Plans for each of these systems have been produced and 
plans for conducting the R&D collaborations are under discussion. Task sheets have 
been prepared and submitted to the co-ordinators for each system, detailing the 
proposed R&D contributions in each area (design and safety, fuel, materials, fuel cycle, 
balance of plant, etc.). 

UK organisations participate in several EURATOM 6th Framework Programmes which 
are concerned with fast reactors or accelerator-driven systems, and their associated fuel 
cycle technologies. Examples of these include: 
• GCFR STREP, a gas-cooled fast reactor study 
• IP-EUROTRANS, a large Integrated Project aimed at developing a preliminary 

design and supporting technologies for a European ADS demonstrator. The 
contribution of UK organisations is directed mainly in the area of fuel technology, 
which is broadly applicable to both ADS and critical systems. 

• IP-EUROPART, a large Integrated Project which aims to develop the fuel cycle 
technologies which compliment the EUROTRANS system technologies. The UK is 
particularly active in both molten salt and advanced aqueous separation technology 
developments. 

The UK strongly supports the activities of IAEA’s TWG-FR, and participates in 
Technical Meetings wherever possible. Examples of UK input to IAEA activities are 
provided below. 

Planning for the IAEA CRP on Analysis of Lessons Learned from Operational 
Experience with Fast Reactor Equipment and Systems. Serco Assurance on behalf of 
the UK participated in the planning meeting for the CRP on Fast Reactor Operational 
Experience, held in Obninsk. Major points from the UK experience were recalled, and 
subsequently a collection of key reports summarising the lessons learned from PFR 
operational experience have been gathered, in preparation for the CRP. 

IAEA RCM on Phase 6 benchmark analysis of the BN-600 full minor actinide fuelled 
reactor. The IAEA Co-ordinated Research Project titled “Updated Codes and Methods 
to Reduce the Calculational Uncertainties of LMFR Reactivity Effects” was defined 
during an initial Research Coordination Meeting which took place in Vienna on 24-26 
November 1999. The overall aims of this Project were to enhance the utilisation of 
plutonium and minor actinides and to validate, verify and improve methodologies and 
computer codes used for the calculation of reactivity coefficients in fast neutron 
reactors. To achieve this goal, a hybrid UOX/MOX fuelled core of the BN-600 reactor 
was endorsed as a calculational benchmark. At a fifth Research Co-ordination Meeting, 
which was held at IAEA Headquarters in Vienna between 1 - 5 November 2004, a sixth 
and final phase of the benchmark was defined. The aim of this phase was to calculate a 
set of defined parameters for a BN-600 core fully-fuelled with 60 GWd/t LWR 
plutonium and minor actinides. It was decided that all parameters should be calculated 
at the start and end of one burnup cycle using homogeneous representations of the 
material regions and diffusion theory. The international participation in the benchmark 
analysis includes contributions from India (IGCAR), Japan (JNC), Russia (OKBM, 
IPPE) and America (ANL). The European participation in Phase 6 of the benchmark 
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analyses consists of a joint contribution from France (CEA Cadarache) and the UK 
(Serco Assurance, Winfrith). The European calculations were performed using the 
ERANOS code and data system, which has been developed in the framework of the 
European collaboration on fast reactors. 

 
USA 
The U. S. status report summarized the new U.S. led initiative: Global Nuclear Energy 
Partnership (GNEP) and the status of the 3 U.S. Generation-IV Projects. In particular 
the role of fast reactors for a closed fuel cycle was presented and a summary of the 
initial design studies for the Advanced Burner Test Reactor (ABTR) was given. The 
Generation-IV discussion focused on three activities: Gas cooled fast reactors (GFR), 
Leas cooled fast reactors (LFR), and small sodium cooled fast reactors (SFR). 

A key roadblock to development of additional nuclear power capacity is the concern 
over management of the nuclear waste produced by the plants, which requires disposal. 
Commercial spent nuclear fuel is the major contributor to high level radioactive waste 
generated in the United States. With projected growth of nuclear energy, some estimates 
suggest the nation will accumulate more than 300,000 metric tons of spent fuel by 2100. 
But the proposed Yucca Mountain Repository, by statute, can receive only 70,000 
metric tons of waste. Worldwide projections of nuclear power growth suggest that 
eventually a new repository of similar size will have to be built somewhere in the world 
every three to four years. It is envisioned that GNEP (utilization of SFR in a closed fuel 
cycle) will result in better utilization of the geologic repository, namely, minimizing the 
need for additional repositories. 

ANL working with other U.S. national labs and DOE are developing the initial R&D 
plan for the ABTR. The primary mission of the ABTR is to demonstrate actinide 
transmutation in a fast spectrum. In addition, the ABTR needs to demonstrate innovative 
technologies and design features that could be applied to follow-on commercial 
demonstration plants. The plant size should be small enough to result in an affordable 
plant cost, but large enough to enable the demonstration of key design features. The 
presentation discussed the following innovative technologies and design features that 
are being evaluated for inclusion into the ABTR: metal fuel, inherent passive safety, 
pyroprocessing, single rotating fuel transfer plug, seismic isolation system, 
electromagnetic primary pump technology, and supercritical CO2 Brayton cycle. 

The U.S. GFR discussion focused on the GFR reference design features, safety systems 
capable of decay heat removal, GFR fuel development, high temperature in-core 
materials, and reference fuel cycle. The GFR material performance issues are driving 
the reference coolant temperatures to lower values (i.e. 1000°C, 850°C, 600°C, and 
550°C). A short discussion of the GFR material was presented (e.g. Alloy 800H, ferritic 
steel T-12, oxide dispersion strengthened alloys, ceramics, and Zr-based ceramics). In 
the area of GFR fuel development, it is envisioned that substantial R&D is needed for 
deployment. 

The U. S. lead cooled fast reactor (LFR) R&D has been focused on a 20 MWe 
(45 MWth) small secure transportable autonomous reactor (STAR). These reactors are 
Pb cooled fueled with nitride fuel. Its main features are natural circulation heat transport 
and long core life (e.g., 30 core life). Other important features of the LFR Generation-IV 
concept are: small power outputs, proliferation resistance by long core lifetime, fissile 
self-sufficient, passively safe small LFR reactor concept for deployment at remote sites. 
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Five different variations of the STAR concept were discussed. Advanced LFR materials 
results from the LANL Delta loop were also presented.  

The design characteristics of U. S. SMFR are very similar to the LFR (e.g., long life, 
small size, proliferation resistant, inherently safe, deployable for remote locations, etc.) 
except that the coolant is sodium. This concept was accepted as a distinct third track in 
the most recent Generation-IV SFR system research plan. The design characteristics and 
the plant layout were presented. 

 
Summary  
The meeting reviewed national and international research and technology development 
activities in the area of fast neutron systems (critical and sub-critical). The meeting 
further reviewed the status of the activities performed within the framework of the 
TWG-FR, and discussed possible future activities in view of IAEA’s Programme and 
Budget cycle 2008–2009 (and beyond). 

The TWG-FR representatives emphasised the fact that, on a world-wide level, the share 
of nuclear power in the primary energy consumption is relatively small (approximately 
6%). In view of both the demographic and the rapid economical growth in the 
developing countries, this share will further decrease, if future deployment of nuclear 
energy is not substantially increased. It is clear that such a modest nuclear energy share 
will not have a real impact on the reduction of fossil fuel use, and hence will not 
noticeably affect CO2 problem. 

The TWG-FR recognized that nuclear power is a proven technology that can ensure, 
safely and reliably and only minor (when considering the whole life-cycle) pollution or 
emission of greenhouse gases, abundant supply of electricity. In view of the statement 
made in the previous paragraph, it is obvious that, in addition to electricity production, 
the development of non-electric applications of nuclear power (e.g. hydrogen, heat, 
desalination) must also be pursued vigorously. 

The TWG-FR meeting clearly showed a growing understanding and consensus among 
the Member States of the need, firstly, for innovation in developing nuclear technologies 
and, secondly, for closure of the nuclear fuel cycle. Moreover, the TWG-FR 
representatives stressed that economic aspects of future nuclear systems are a key issue 
for the public acceptance of nuclear systems, together with safety, nuclear waste and 
non-proliferation. 

The TWG recognized that, in addition to national programmes, there are various 
international initiatives addressing various aspects of the development and deployment 
of innovative nuclear energy systems, including fast reactors and transmutation systems. 
These initiatives include the Generation IV International Forum (GIF), the International 
Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO), the European 
Commission’s European Framework Programmes, and the recently announced Global 
Nuclear Energy Partnership (GNEP). The TWG-FR representatives underlined the 
importance of enhancing the synergies between these initiatives and maximising 
collaboration between them. 

 
General recommendations 
Noticing the different pace of the national strategies in developing fast reactors and 
transmutation systems, the TWG-FR is recommending the IAEA to support the Member 
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States in assessing nuclear deployment strategies, including fast reactors and 
transmutation systems. 

The TWG-FR strongly recommends interested Member States to address the entire fuel 
cycle from front to back-end, and to actively exchange existing experience in order to 
learn from the lessons in the past. The TWG-FR has an important role to play in this 
exchange of information. 

The TWG-FR requests the TWG-FR Scientific Secretary to include into the scope of the 
40th TWG-FR meeting the review the development of the fast reactor and 
recycle/transmutation technologies over the last 40 years, as part of the general 
overview of the world-wide nuclear energy scene. 

The TWG-FR representatives are requesting the Scientific Secretary to include into the 
agenda of the 40th TWG-FR meeting the discussion of IAEA’s role in proposing a 
possible integrative future strategy for the development of fast neutron systems based on 
Member States’ needs, request and inputs. 

Finally, the TWG-FR representatives are requesting that the agenda of the 40th TWG-FR 
meeting include the discussion on how to promote nuclear energy in general, and fast 
neutron systems in particular. 

The TWG-FR representatives are endorsing the request from the IPPE Director General 
to organize the 2008 conference on Heavy Liquid-Metal Coolants Technologies 
(HLMC-2008) in Obninsk, Russia under IAEA auspices. This conference is timed to 
coincide with the 50th anniversary of commissioning the world’s first nuclear reactor 
with heavy liquid metal coolant. 

The TWG-FR representatives request the IAEA Scientific Secretary to submit for the 
IAEA Programme and Budget cycle 2008 – 2009 the proposal of organizing a large 
international IAEA conference on design, R&D, construction, and operating experience 
of fast reactors of all types. The TWG-FR representatives emphasise the fact that no 
international conference on fast reactors has been held since 1985. 

 
Review of Activities and Actions 
1. The Japanese representative presented the summary of a proposal of the CRP on the 

subject “Benchmark Analyses of Sodium Natural Convection in the Upper Plenum 
of the MONJU Reactor Vessel”. This will cover the inter-comparison of the 
analytical results and the comparison with experimental results obtained during the 
MONJU start-up tests of 1995. The CRP is likely to be extended further to include 
the inter-comparison of the analytical and experimental results to be obtained from 
the tests planned subsequent to the restart of MONJU in 2008/2009. Most of the 
TWG-FR representatives showed interest in participating in the CRP proposed by 
the JAEA. The Japanese representative will submit to the TWG-FR Scientific 
Secretary the detailed benchmark and test proposals after obtaining the final 
clearance from the Japanese authorities. 

2. The French representative had presented at the 38th meeting of the TWG-FR a 
proposal for a CRP on the subject of “PHENIX End-of-Life Tests and Expertise”. 
Most of the TWG-FR representatives showed interest in participating in such a CRP. 
In this regard, the French representative requested the TWG-FR representatives to 
(i) comment on the test plan and (ii) submit proposals from the TWG-FR Member 
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States for additional tests. Thus, action is put on all the interested TWG-FR 
representatives to respond as requested above by 30 September 2006. 

3. Based on interest expressed by some participants in the current CRP On “Updated 
Codes and Methods to Reduce the Calculational Uncertainties of the LMFR 
Reactivity Effects”, the TWG-FR Scientific Secretary proposed a CRP on the 
general topic of fast reactors as actinide incinerators. After discussion, it was agreed 
to propose a CRP on “Fast Nuclear Systems as Actinide Burners” to be 
implemented starting in the Agency’s P&B Cycle 2008-2009. If accepted by the 
Agency, more detailed specifications of the scope and objectives of such a CRP will 
be worked out by the TWG-FR representatives. 

4. As regards the CRP on “Analysis of and Lessons Learned from the Operational 
Experience with Fast Reactor Equipment and Systems”, the UK and Kazakhstan 
representatives preliminarily agreed to participate in this CRP and will confirm their 
participation by the end of May 2006. The research agreement proposals should 
be submitted by end of June 2006 to allow the kick-off RCM to be convened in 
the 3rd quarter of 2006 at Vienna. The US representative expressed his interest in 
participating in this CRP, and agreed to facilitate contacts with experts at INL who 
might submit research agreement proposals. It was recalled that this CRP will 
initially cover operational experience with (i) fuel and materials and (ii) steam 
generators. It will be structured along two stages: first, a catalogue of documents and 
knowledge pertinent to the two topics above will be established, and, secondly, a 
synthesis report on the “lessons learned” will be prepared. 

5. The TWG-FR Scientific Secretary will distribute the draft of the TECDOC on 
“Preservation of Knowledge in Fast Reactor Technology: Design and Development 
of Power Blocks with High Self-Power and Modular Reactor” which is presently 
being prepared by an IAEA consultant. The TWG-FR representatives are asked 
to comment on this draft within two months after distribution. 

6. It was recalled that the TWG-FR decided to update the two “Status Report” 
documents on “Status of Fast Reactor R&D and Technology”, and “Status of ADS 
R&D and Technology”. In producing the reports, the following procedure is 
proposed: 
• All the TWG-FR representatives will coordinate the following two activities: (i) 

check whether all the aspects and subjects of the respective R&D and technology 
are well covered in the present IAEA-TECDOCs, and (ii) update on R&D, 
design, and operating experience in the existing IAEA-TECDOCs 

• The IAEA will decide on the modality of integrating the material submitted by 
the TWG-FR representatives and prepare a draft of the two reports 

• The draft of the status reports will be finalized in a Technical Meetings to be 
convened by the IAEA in Vienna. 

All the TWG-FR representatives are requested to submit the respective text as 
stated above for the two new IAEA-TECDOCs by 31 October 2006 (softcopy to 
the TWG-FR Scientific Secretary). 

7. The Agency has planned two Technical Meetings on Fast reactor knowledge 
preservation, one in 2006 and one 2007. In principle, the objective of these meetings 
is to review progress in both the national fast reactor knowledge preservation efforts 
and the IAEA initiative. In this regard, the TWG-FR representatives are 
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requested to nominate coordinators for these Technical Meetings by 30 June 
2006. 

8. The last RCM of the CRP on “Studies of Advanced reactor Technology Options 
for Effective Incineration of Radioactive Waste” will be held in December 2006 at 
IGCAR, Kalpakkam. 

9. The second RCM of the CRP on “Analytical and Experimental Benchmark 
Analyses of ADS” is planned in March 2007 (venue to be decided) 

10. The next joint IAEA/ICTP Workshop/School on ADS Technology and 
Applications has been approved and will be held in autumn 2007 at ICTP Trieste. 

11. The IAEA will collaborate with the organizers of the ANS AccApp’07 meeting 
on “Eighth International Topical Meeting on Nuclear Applications and Utilization of 
Accelerators”. The TWG-FR representatives are requested to coordinate 
participation by the respective institutes in this important meeting. 

12. Regarding the Technical Meetings from 2008-2009, the following proposals were 
agreed by the TWG-FR: 
• Design features of advanced sodium cooled fast reactors with emphasis on 

economics 
• Negative feedback design features of sodium cooled fast reactors 
• Fuel handling systems of sodium cooled fast reactors 
• Advanced sodium heated steam generators and sodium/gas heat exchanges for 

fast reactors 
• In service inspection and repair of sodium cooled fast reactors 

Most of the representatives showed interest in the above proposed Technical 
Meetings. The TWG-FR representatives are requested to prioritize the above 
list by 30 June 2006. 

13. Action is put on the TWG-FR Scientific Secretary to discuss within IAEA 
implementation possibilities of the proposal to hold the 2008 conference on 
Heavy Liquid-Metal Coolants Technologies (HLMC-2008) in Obninsk, 
Russia under IAEA auspices 

14. The presentation made by the TWG-FR Scientific Secretary on the Agency plan 
to initiate and extra-budgetary activity supported by the Japanese Government 
aiming at the analysis of societal aspects linked with the introduction of nuclear 
energy was received with interest by the TWG-FR representatives. Action was 
put on all the TWG-FR representatives to identify in the respective national 
institutions experts who would participate in consultancy and Technical 
Meetings convened by the Agency to prepare a report on this subject. 

15. The Japanese representatives offer to host the 40th Annual Meeting of the TWG-
FR during 14 to 18 May 2007. 
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39th TWG-FR Meeting, 15-19 May, 2005- Beijing 
Summary of the Brazil Presentation- Jose Rubens Maiorino 

 
1. Energy Profile 
The internal energy generated in Brazil during 2004-2005 is shown in table 1. From 
these data we notice that almost half of the primary source of energy is generated by 
renewable (Biomass and hydro).  Uranium contributes only with 1.2% in the 
Brazilian energy matrix. 
Table1: Internal Energy Generated in Brazil 

 
The electrical energy generated (2004-2006) is illustrated in table 2. The total 
installed electrical power is 93,728 MWe (2006), with only 2% coming from NPP( 2 
units , ANGRA I, a Westinghouse 657 MWe PWR, and ANGRA II a 1350 MWe 
Siemens PWR).  The official 10 years expansion plan, is to increase the total installed 
power in 2015 to 134,667 MWe, keeping the Nuclear Energy with the same 2%, that 
indicate that in the next 10 years , only a third 1,300 MWe (ANGRA III), is supposed 
to be constructed( 2012). However, answering a request of the government, a 
proposal for a 20 year Nuclear Program was made. In this proposal, a highest  
expansion scenario, propose an increase to 5.7%, which means that besides ANGRA 
III, it is being proposed more 2 NPP( EPR), and 4 SMPR( 300 MWe).  Besides  
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Table2: 

 
 
2. Status of R&D activities in fast system: 
Although there was in the past programs to develop fast reactors in Brazil, presently 
the activities in Brazil are restricted to the participation in international forum, such as 
the TWG-FR, INPRO, and G-IV. R&D activities are restricted to Reactor Physics 
Calculation of Fast Systems mainly ADS. A summary of the activities are: 
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Meeting of the TWG-FR
China Institute of Atomic Energy

Beijing, 15-19 May 2006
José Rubens Maiorino
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OUTLINE

• Energy Profile
• Electrical Energy
• Nuclear Energy
• Status of R&D Activities on Fast Systems
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Energy Profile
 OFERTA INTERNA DE ENERGIA - 2005 

BRASIL 

  GÁS 
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E 
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2,30% PRODUTO INTERNO BRUTO - PIB

2,47218.648213.381TOTAL

2,436.0025.860OTHERS RENEWABLE

5,8630.44128.756ALCHOOL   

1,3028.56028.193WOOD                        

6,1332.69130.804HYDRO

4,3697.69593.613RENEWABLE   

-17,972.6003.170URANIUM (U3O8)                 

-2,0013.94014.225COAL      

7,4320.39318.982NATURAL  GAS                 

0,7584.02083.391OIL                    

0,99120.953119.768NOT RENEWABLE

05/04 %20052004SOURCES

mil tepINTERNAL ENERGY SOURCES
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6,47,87,4% DE ÁLCOOL NA OIE TOTAL

0,0100,0100,0TOTAL

0,02,72,7OTHERS RENEAWABLE

3,313,913,5SUGAR CANE PRODUCTS    

-1,113,113,2WOOD              

3,615,014,4HYDRO POWER

1,844,743,9RENEAWABLE    

-20,01,21,5URANIUM (U3O8)                 

-4,46,46,7COAL     

4,89,38,9NATURAL GAS                  

-1,738,439,1OIL                     

-1,455,356,1NOT RENEAWABLE

05/04 %20052004SOURCE

INTERNAL ENERGY GENERATED BY SOURCE(%)

Highlights
•Self sufficient in Oil Production
(2006)
• During the 90’ a huge gas 
transportation system was 
constructed to bring gas from 
Bolivia( SP), and Petrobras
Invest a huge in prospecting,, 
production, distribution in Bolivia. 
In 2006, President Morales 
nationalize the gas industry in
Bolivia jeopardizing,the Brazilian 
Industry
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Electrical Energy

93,728 MW(2005)
16.6616.111TWh

100,0100,0

1,90,6Others

40,138,2Coal

15,921,0Hydro

15,83,4Nuclear

19,412,1Gas

6,924,7Oil

20031973Source

ELETRICAL ENERGY IN THE 
WORLD(%)
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MATRIZ DE OFERTA DE ELETRICIDADE 
2005 (% e TWh)

B IOM A SSA
3,9%

IM P OR T A ÇÃO
8,3%

H ID R O
77,1%

N UC LEA R
2,2%

GÁS 
4,1%

C A R VÃO
1,6%

D ER .P ET R .
2,8%

                            T Wh  
T OT A L                 441,6 
H ID R O                 340,4
GÁS                       18,2
D ER . P ET .             12,4
N UC LEA R                9 ,5
C A R VÃO                7 ,2
B IOM A SSA            17,4
IM P OR T A ÇÃO     36,5

Nota: inclui 
autoprodutores

Nota: inclui autoprodutores

-2,536.47337.392IMPORTED

4,717.43116.651BIOMASS

1,912.36112.128OIL DERIVATIVES

2,47.1626.993COAL

-5,318.23419.264GAS

-18,09.52411.611NUCLEAR

6,1340.450320.797HYDRO

4,0441.635424.836TOTAL

05/04 %20052004FONTES

GWhELECTRICAL ENERGY MATRIX
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NUCLEAR ENERGY

Nuclear Energy in 
Brazil is generated by 
2 LWR , ANGRA I, a 
Westinghouse 657 
MW, and ANGRA II, a 
SIEMENS, 
1309(1350) MW . A 
third unity is under 
construction 
(ELETRONUCLEAR)
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Nuclear Sector in Brazil

NAVY
Nuclear Propulsion

Enrichment

Defense

IPEN IEN CDTN

R&D Regulatory Body

INB NUCLEP

Industry

Nuclear Energy Commision

Science & Technology

Universities
USP, UFRJ. UFMG, UFPE

Education

ELETRONUCLEAR
Angra I, II, III

Energy

President
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INB 
Industrial Enrichment Facility
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Proposal 
Nuclear Energy Program(2025)

• Increase the Electricity generated from Nuclear 
from 2.2 % to 5.7% in 15 years

• Several scenarios( low, average and high)
• NPP; Fuel Cycle; Nuclear Applications( RR); and 

Human, Technological, and Industrial Scenarios 
• Fuel Cycle( partial dependent, auto sufficient, 

exporter scenarios)  
• Construction of ANGRA 3( 2012), 2 NPP( 1,300 

MW or EPR),4 SMPR(300 MW), including for 
desalinization in the NE.

• ~US$ 15 Billions investment 
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BRAZILIAN FR PROGRAM - MAIN OBJETIVES
CNEN/IEN  Internal Resolution 24 – June 30, 

1969 (first version)

I.     TO QUALIFY its TECHNICAL STAFF in fast 
reactor science and technology to support 
CNEN’s role  in :

- Formulating the national policy on 
nuclear electricity

production,
- Licensing the fast reactors expected to 

be deployed in the future.

II.   TO BUILD  an  EXPERIMENTAL FAST 
REACTOR  for technological  and  engineering  
development.
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Major LANDMARKS

I. INSTALLATION and OPERATION of a:
- Closed sodium-cooled circuit, for heat transfer 

studies (1972
II.    Establishment of COLLABORATIVE PROJECTS 

with:
• CEA/France (70’s) - an experimental thermal-fast 

reactor

• At IPEN Research on GCFBR in Cooperation with GA 
were conducted .A He Loop was constructed and a 
Critical Assembly (ZPR)  Split Table was designed-Th
Fuel Motivation(1972-1975)

• ENEA/Italy   (early 80’s) - engineering & sodium 
technology

• CNEA/Argentine (late 80’ s) - follow up of previous 
projects

-
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CEA/FRANCE Joint 
Project

• Negotiations  with  CEA/France to  DESIGN  and  
BUILD  an  experimental  thermal-fast reactor  
(termed COBRA)  for  reactor physics studies started 
in 1972.

• A contract between CNEN and Technicatome to 
design and build the COBRA reactor was signed in 
1975.

• The engineering design was completed some years 
later. Barriers (*) for the acquisition of high enriched 
uranium halted the COBRA project  in 1979.

(*): US Opposition to the German-Brazil agreement for 
the transference of PWR technology signed in 1975.
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ENEA/ITALY Joint Project

• A cooperation project with ENEA/Italy in neutronics
and  sodium technology was signed in 1981, including a 
contract with the NIRA Co. for the construction of six 
experimental circuits and for on-the-job training.

• Several courses were given at IEN  (1982 - 1983)   
- neutronics:  project of the core of advanced 

reactors
- Na technology: design, materials and construction 

of
circuits and components; control instrumentation; 
sodium chemistry ; operation and maintenance.    

• On-the-job training at ANSALDO–NIRA (PEC fast 
reactor)

involved > 30 researchers, engineers and technicians 
(1981-84)
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ENEA/ITALY Joint Project

•Construction of a large building to house the 
experimental and auxiliary circuits, and 9 tons.  
of metallic sodium (1985).

• Due to political and economical 
circumstances the Italian project remained in a 
stand-by situation for almost a decade. During 
this period, the experimental activities were 
restricted to the use of he CTS-1 circuit.
• Pre-operational assemblage of the auxiliary 
circuit for storage and purification of sodium 
(1997).
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CNEA/Argentine Joint Project

• Declaration signed by Argentine and Brazil 
Presidents in 1986 established a pacific nuclear co-
operation program between the two countries  
(IPERÓ Declaration).

• FBR Main objective:  To study the viability of 
designing and building an experimental fast reactor 
of  20 MWe in 30 years 
Argentine :  reactor physics studie
Brazil        :  engineering and sodium technology 

studies
Finished in 1992 due to political and economical 
reasons. 

• Both countries became joint observers in the 
TWG-FR in 1998 79 of 459



Others FR Activities

• During the 80’ studies for a concept a Binary 
Breeder Reactor using two cycles Th and U( 
Institute for Advanced Studies)

• A concept of an small(300MWe) Integral Metallic 
Fuel (U-TRU-Zr), and Lead Reactor (Ph.D. 
thesis, paper published at Journal of Nuclear 
Science and Technology, Conferences, and  
submitted to GIF)- A.SANTOS& 
J.NASCIMENTO(2000)

80 of 459



CURRENT ACTIVITIES (from 1998 on)

Since 1998 technical activities are restricted to 
participation in  

International Forums on Fast Reactors:
- Member of the TWG-FR/IAEA  (1992)

- Member of the Generation IV  International Forum 
(GIF); 

Technology Roadmap for  LMFBR reactors (2001-02).
- Member of the INPRO Project 

Phase 1 - Methodology development (2002-04) 
Phase 2 - Activities to be developed under discussion

Interest in IAEA fast reactor knowledge preservation 
initiative

Future activities on FR will depend of the results of the 
ongoing revision of the Brazilian Nuclear Program.
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R&D ACTIVITIES ON ADS
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R&D Status on ADS

• CRISP Code qualification- A.Deppman
• Neutronics ( Static, Burn up)- MCNPX+ORIGEN; 

SCALE; DORT; TORT
• Kinetics: CINESP(IEN)-Spatial Kinetics; Cooperation P. 

.Ravetto
• Nuclear Data( A. Santos)-ADS-Library; ENDF VI.8, 

NJOY, NEA Benchmark (ICSBEP).
• Experimental Reactor Physics Measurements( Rossi 

alpha, Feynman alpha, beta effective etc.)-A. Santos
• Participation in the IAEA CRP:” Analytical and 

Experimental Benchmark Analysis of ADS” (J. Maiorino)
• Proposal to install a compact neutron generator in the 

IPEN-MB-01 in cooperation with Lawrence Berkeley 
National Laboratory( KA-NGO LEUNG)

• Sub CRP: “Use of LEU in ADS”( IAEA)
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Development of the CRISP code
(Rio – São Paulo Collaboration)

• MCMC (Fortran) e MCEF (Java) ⇒ CRISP
• Development of the CRISP (C++)
• Improvements:

• Inclusion of the quasi-deuteron mechanism
(correlations);

• Inclusion of barionic resonances;
• Realistic Pauli Blocking mechanism;
• Photon hadronization above 1 GeV and

shadowing effects;
• Inclusion of double-pion direct production in 

nucleon-nucleon collisions;
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Next steps
for CRISP application in ADS

1. Improve spallation calculation for 
different preactinides and actinides;

2. Calculation of neutron multiplicities, 
spallation products, angular distribution
and neutron spectrum;

3. Couple CRISP to MCNPX for ADS 
studies;
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Neutron 
Generator
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Rossi-ά measurements
in a sub critical core of IPEN-MB-01

• α=(βeff-ρ)/Λ
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PHYSOR 2006
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Feynman-ά measurements
for a sub critical core of IPEN-MB-
01
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SENIOR GROUP

Ph.D Students
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The New Consideration of FR Development in China and the 

Current Status of CEFR 
 

Donghui ZHANG, Mi XU 
China Institute of Atomic Energy 

 
Abstract: Considering the shortage and the structure of electricity power, the government of China 
decides to develop nuclear power actively instead of moderately. The scale of nuclear power will 
be up to 40GWe till 2020. According to the basic atomic energy development strategy of China, 
PWR-FBR-fusion, the new issued “National middle-long term science and technology 
development program” identified that the fast reactor technology is one of the preferential topic. 
CEFR, as the first step of FBR in China, will reach the first physical critical at the middle of 2009. 
The prototype reactor with 600MWe is under discussion as the next step. 
 
1 Background 

Nowadays the nuclear power is considered as a kind of clean and safety power in China. The 
State Council meeting chaired by Premier WEN Jiabao deliberated and passed the “medium- and 
long-term nuclear power development plan (2005-2020)” in principle on March 22. According to 
the plan, nuclear power is a strategic energy source and should be actively developed to meet the 
country's growing demand of energy sources. The total nuclear power capacity will be up to 
40GWe till 2020.  

By the end of 2005, there are nine operating units with the capacity of 6998MW, accounting 
for about 1.5% of the gross installed capacity in mainland of China. The accumulated electricity 
generation by all operating NPPs was 53.082 billion kW•h. 

Table 1 Mainland nuclear power plants 
NPP Type Power(MWe) Status 
Qinshan-1 PWR 300 Operation 

PWR 2×600 Operation 
Qinshan-2 

PWR 2×600 Construction  
Qinshan-3 PHWR 2×720 Operation 
Daya Bay PWR 2×900 Operation 

PWR 2×944 Operation 
Lingao 

PWR 2×944 Construction  
Tianwan PWR 2×1000 Construction  
Sanmen PWR 2×1000 Planned 
Yangjiang PWR 2×1000 Planned 
Hongyanhe PWR 2×1000 Planned 
Haiyang PWR 2×1000 Planned 

 
In order to keep the sustainable develop of nuclear energy, the “National middle- and long- 

term science and technology development program” identified that the fast reactor technology is 
one of the preferential topic. The program figures out that the technology of hydrogen energy and 

100 of 459



fuel battery, the technology of distributing power supply, the technology of fast reactor and the 
technology of magnetism-bundle fusion are the advanced energy technologies. The program 
emphasized that the features of future energy should be cheap, efficiently and clean. The G-IV 
nuclear power system, advanced fuel cycle system and fusion technology should be paid more 
attention. As one of the selected technology, the aim is to complete the project of CEFR and 
master the design, fuel and material technologies. 

 
2 Fuel Cycle 

The development of fast reactor must base on the development of fuel cycle. There is a 
middle size reprocessing plant under construction now and a laboratory-size MOX fuel production 
line will be finished before 2009 in China. After that, industrial-size reprocessing plant and MOX 
fuel fabrication plant will be built. 

The developing of MOX fuel in China has two purposes, one is for fast reactor and another 
one is for thermal neutron reactor which could decrease the demand of uranium. For the first step, 
the laboratory-size production line could meet the requirement of CEFR. 

The main purpose of fast reactor developing is to meet the energy demand and mitigate the 
shortage of uranium source. Metal fuel is the certain selection. Some preliminary out-pile studies 
had been done. 

 
3 FBR technologies 
3.1 basic researches 

From the end of 1960’s, China began the study about the fast reactor technologies such as 
material, sodium technology, fuel, physical, safety etc.  

 The zero power facility 
A zero power fast neutron facility was achieved at 1970’s. The characters of fast neutron pile 

had been studied. 
 Sodium loops 

More than twenty loops have been constructed for different purpose which covers sodium 
operation, thermalhydraulic, material study, sodium equipment study, safety study etc. 

 Sodium purification technology 
In order to supply the nuclear-classed sodium of CEFR, the sodium purification technology 

has been developed. The first step is to construct a middle scale purification facility with the 
ability of 300kg/day. The quality of sodium produced by this facility is about 28ppm. Based on the 
experience of the middle scale facility, a large scale facility has been constructed at the Wuhai 
Sodium Factory with the ability of 1500kg/day. The production shows that the technics could meet 
the requirement very well. The sodium index is up to 10ppm. 

 Clad and structure material. 
Cr-Ni 316 S.S. was selected to be the clad material. The preliminary study shows that the 

characters are satisfied. For the future, ODS is one of the selection. 
316 and 304 S.S. are selected as the structure material. The sodium equipments of CEFR 

mostly adopt these kinds material. The studies show that the material could work under sodium 
environment very well. 
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3.2 reactor technology 
Under the Sino-Russia cooperation on the fast reactor project CEFR, China began to start the 

design of this experimental reactor. After the preliminary design, 40 items had been decided to be 
verified including residual heat removal system, siphon-break facility, structure erosion testing etc.  

The detail design started from 1998. CIAE was with responsibility for the sodium loops and 
fuel refueling system design. BINE designed the auxiliary systems. One of the most important 
issue is anti-seism design. The bedrock acceleration of Beijing region is up to 0.214g which 
induces relative large load to the equipments. In order to sure the safety of main vessel under 
different cases, experiments and analysis had been done.  

The safety design is another important aspect. The core melt probability CEFR is lower than 
10-6/a and the maximum public dose is not more than 0.5mSv/accident. Passive safety design of 
systems, negative feedback, and confinement system were adopt by CEFR.  

After the finish of CEFR project, the experiences about construction, commissioning and 
operation will be gained. 

 
 

3.3 The preliminary consideration of prototype reactor 
According to the Prof. Xu’s suggestion, the development of FR in China will be divided into 

three steps, experimental reactor, prototype reactor, and large scale reactor. All of the technical 
selections aim at the commercialization of FR.  

Table 2 China FBR Development Strategy Study (to be approved) 
Reactor Power(MWe) Design Beginning Commissioning 
CEFR 20 1990 2008 
CPFR 600 2009 2020~2025 
CMFR n×300 If needed  
CDFR 1000~1500 2015 2025~2030 
CCFR 1000~1500 2020 2030~2035 
 
The international experience shows that the prototype reactor with 300~600MWe power is 

more easily to realize reliable than the large scale reactor. It seems that it is better to stay at the 
middle size level for more time to obtain the data. 

Up to now, the design of Chinese CPFR has not formally started due to the design team is 
still engaged in the CEFR construction. But the main design target had been settled as follows. 

(1) The main parameters 
 Power: 1500MWt/600MWe; 
 Fuel: MOX; 
 Design life: 40y 
 Construction cost: ~ 2000$/kW. 
 Safety: Probability of core melt < 10-6/a; 

Maximum public dose < 0.5mSv/DBA 
Maximum public dose < 5mSv/BDBA 

 Loading coefficient: >70% 
 Breeding ratio: 1.2; 
 Fuel handling period: 150d; 
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(2) Technical scheme selection 

 MOX fuel, clad and structure material adopting 316 austenitic stainless steel; 
 Sodium as the coolant; 
 The primary loop adopts pool-type; 
 The main heat transfer system use the design sodium-sodium-water/steam; 
 The primary and secondary loop with 3 circuit respectively; 
 The tertiary loop with one turbine; 
 Two set of shut down system, and each one could shut down the reactor with enough 

margin under the case of one control rod stick out of the core; 
 Inherent emergency residual heat removal system; 
 Containment; 
 Primary sodium system set in the bound of containment. 

 
Table 3 CPFR Main Parameters (primary) 

Parameter Unit Design Value 
Thermal Power MW 1500 
Electric Power, net MW 600 

Reactor Core   
Height cm 75.0 
Diameter Equivalent cm 2050.0 
Fuel   (Pu, U)O2 

Pu, total  kg 2000 
Linear Power max. W/cm 480 
Neutron Flux n/cm2·s 6×1015 

Bum-up  MWd/t 80000 
Inlet Temp. of the Core ℃ 380 
Outlet Temp. of the Core ℃ 550 

Diameter/height of Main Vessel(outside) m 12.6/13.0 
Primary Circuit   

Number of Loops  3 
Flow Rate, total kg/s 6600 
Number of IHX per Loop  2 

Secondary Circuit   
Number of Loop  3 
Flow Rate kg/s 6300 

Tertiary Circuit   
Steam Temperature ℃ 500 
Steam Pressure MPa 14 
Feed water temperature ℃ 190 
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4 Current status of CEFR 
4.1 Construction and commissioning 

The CEFR is under construction right now. Most of the systems are started to install. The 
main vessel is close to be finished. The pressured testing will be executed next month. According 
to the installation schedule, all of the system below +16.8m of the main building will be over 
before the end of this year. The common island and most of the auxiliaries systems, such as 
ventilation systems, water systems etc. will be finished this year. 

The I&C system of main control room will begin installation next month. And most of the 
other control room will be finished before August. 

The commissioning of some auxiliaries systems has been finished, such as desalination water 
workshop, gas station, vacuum making systems, sodium-acceptance system etc. And 48 ton 
sodium has been transform to the site and stored in the sodium tanks.  

The refueling system is under preview coupled with control system and equipments. 
According to the reactor project plan, the reactor will reach the first criticality in the middle 

of 2009 and connect to the net in the middle of 2010. 
 

4.2. Operation preparation 
The operation team was begun to prepare since 2000 according to the original schedule of 

CEFR which will startup at the end of 2005. There are totally 4 senior operators and 21 operators 
now. They are being train according to the HAF (Chinese nuclear laws) requirements. 4 fellows 
were selected from the 21 operators which is going to be trained as senior operators. Local 
operators and maintain engineer are under employ and training too. There are totally 62 operators 
till this year. 
 

It could say that the national FBR strategy depends on the progress of CEFR. If this reactor is 
a safe, stable reactor, the government could have the decision to build prototype fast reactor as 
quickly as possible. Otherwise, the target will be delay to keep the time to gain enough experience 
from the experimental fast reactor. 
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Abstract 
 

The conceptual study of Accelerator Driven System (ADS) had lasted for about 
five years and ended in 1999 in China. As one project of “the major state basic 
research program (973)” in energy domain, which is sponsored by the China Ministry 
of Science and Technology (MOST), a five years program of basic research for ADS 
physics and related technology has been launched since 2000 and passed national 
review at the end of 2005. CIAE (China Institute of Atomic Energy), IHEP (Institute 
of High Energy Physics), PKU-IHIP (Institute of Heavy Ion Physics in Peking 
University) and other institutions are jointly carrying on the research. 

The research activities are focused on HPPA physics and technology, reactor 
physics of external source driven sub-critical assembly, nuclear data base and material 
study. For HPPA, a high current injector consisting of an ECR ion source, LEBT and a 
RFQ accelerating structure of 3.5MeV has been built. In reactor physics study, a 
series of neutron multiplication experimental study has been carried out and is being 
carrying on. The VENUS facility has been constructed as the basic experimental 
platform for the neutronics study in ADS blanket. It’s a zero power sub-critical 
neutron multiplying assembly driven by external neutron produced by a pulsed 
neutron generator. The theoretical, experimental and simulation study on nuclear data, 
material properties and nuclear fuel circulation related to ADS is carrying on to 
provide the database for ADS system analysis. The main results on ADS related 
researches will be reported. 
 
Introduction 
 

China, as a developing country with a great number of population and relatively 
less energy resources, actively emphasizes the nuclear energy utilization development. 
To develop nuclear power in large scale, two problems must be solved. First, as we 
understand the technically and economically exploitable natural uranium resources 
are limited domestically or overseas, so the uranium utilization rate has to be raised 
greatly. Second, long-lived radioactive nuclear wastes have to be in disposal to reduce 
its impact to environment and public fear to nuclear power. 

Right now only small amount of spent fuels from NPPs has been accumulated in 
China. But the situation will be very serious in the future according to the prediction 
of nuclear energy development in China. The annual generation of waste is estimated 
to 2 275, 7 500 and 10 000 m3 respectively for the year 2004, 2010 and 2020. 

Considering MA and LLFP transmutation with more efficiency and 
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non-criticality risk for new nuclear application, the accelerator-driven sub-critical 
system (ADS) have been started to develop as a national research projects in China. 

The conceptual study of Accelerator Driven System (ADS)[1], had lasted for 
about five years and ended in 1999 in China. As one project of "the major state basic 
research program (973)” in energy domain, which is sponsored by the China Ministry 
of Science and Technology (MOST), a five years program of basic research for ADS 
physics and related technology has been launched since 2000 and passed national 
review at the end of 2005. The research activities are focused on HPPA physics and 
technology, reactor physics of external source driven sub-critical assembly, 
performance assessment of different blankets, nuclear data base and material study [2]. 
CIAE (China Institute of Atomic Energy), IHEP (Institute of High Energy Physics), 
PKU-IHIP (Institute of Heavy Ion Physics in Peking University) and other institutions 
are jointly carrying on above mentioned research. 

In the last years the scientific and technical exchange and cooperation with 
foreign research Institutions in different aspects are of really a great help to our work. 

 
Venus Ⅰ Experiment   
⎯The measurement on subcritical assembly driven by pulsed external source 
 

A composed structure of zero-power sub-critical assembly combined with a 
pulsed neutron source, Venus Ⅰ program is being carrying on. The pulsed-neutron 
was provided by a Cockroft-Walton machine, routinely operated since 2001. 14MeV 
and 2.5 MeV neutron was derived by d-T and d-D reaction. The neutron yield in DC 
mode can reach 1012n/s, while in micropulse mode 109n/s~1010n/s for d-T reaction. 

As showen in figure 1, there are source and buffer in the center of the composed 
core, a driven zone consisted of natural Uranium pin is very dense lattice with 
aluminum in between, an active zone with 20% and mainly 3% enriched 235U fuel pin 
is polyethylene lattice and the polyethylene reflector. Different neutron spectra in 
different zone are expected. The buffer will shift the sharp 14 MeV and 2.5 MeV 
neutron to the fast neutron spectra to mock-up the evaporation bump in the spallation 
neutron spectrum and fission spectrum as possible as. In the driven zone not much 
neutron multiplication is to be expected, while the hard neutron spectra with average 
energy about 700 keV is expected. In the active zone the thermal neutron is expected. 
The assembly will be operated in deep sub-criticality keff ≈0.90~0.95 range. 

The neutron importanceφ*, keff, spatial distribution of neutron flux, neutron 
spectra and fission rate was measured for d-T and d-D source respectively. 

Beside the SSNTD and small fission chamber was used for thermal neutron 
measurement, the TOF technique was used to measure the neutron spectra from buffer 
(while there are no core structure), the activation foils, fission rate for 235U and 238U, 
3He proportional counter and special designed NNSTD detector will be used for the 
neutron spectra measurements in eV, spectra index, 100~1000 keV and MeV energe 
region in different zones. 
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Fig.1 The subcritical reactor core arrangement of The Venus program Ⅰ 

1. d-T and/or d-D source with buffer   2. Driven zone 

3. Active zone   4. Reflector  5. Shielding 
 

 

 

 

 

Fig. 2   The cross section view of the microwave ion source 
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Intense Proton Ion Source   
 
An electron cyclotron resonance (ECR) ion source is selected for the source of 

our verification facility system which is shown in fig.1. The microwave power 
generated by a 2.45GHz-1kW magnetron is coupled into the copper chamber (54×72 
mm in cross section and 36 mm long) through a three stubs tuning unit and a ridged 
wave guide. Inside the chamber, a φ54 mm in diameter quartz tube which is tightly 
fixed by a BN disk and a plasma electrode is placed to confine the plasma. A BN plate 
is placed between the ridged waveguide and plasma chamber to separate the plasma 
and vacuum. Three holes are made on the waveguide to evacuate the wave guide after 
the microwave window; with this configuration the gas in the waveguide can be 
evacuated quickly to avoid interfering the discharge. The microwave window for 
vacuum sealing is placed behind a bend section in order to avoid any damage due to 
the back streaming electrons. The microwave system including its power supply is 
placed on the 75kV high voltage platform.  

A 65 mA hydrogen beam can be routinely extracted from a φ6.5 aperture of the 
source. The emittance of the extracted beam is measured by a multi-slits and single 
thread emittance-measuring unit. The measured emittance of the total beam at 60 mA, 

60 kV, 50 cm downstream of the ion source is 0.129πmm.mrad. At a specific 

extraction distance, an adequate extraction voltage always can be found for various 
beam currents to obtain minimum emittance. The proton ratio is measured by 
analyzing a portion of the beam with a mini-deflection magnet. The result shows that 
proton fraction is more than 80% which satisfied the requirement of the system. The 
proton fraction slightly varies with the changes of microwave power but no significant 
effect is found. 

The more stringent request concerning the reliability test have been investigated. 
There are three breakdowns in the 121 hours test, first 2 breakdowns occur at first 5 
hours and the last one occurs 2 hours to the end of the test. All three breakdowns 
caused by self-protection of the power supply of magnetic coils. The beam is restored 
in one minute by simply restarting the power supply each time. The longest 
uninterrupted beam time is 110 hours. A solenoid has been installed 0.6 m 
downstream of the extraction aperture. The primary result shows that the solenoid 
works as expected, a through investigation of the solenoid is being conducted. 

 
RFQ Accelerator study   
 

The structure of RFQ is a four-vane type and designed to accelerate 50mA peak 
current of proton beam with input energy of 80kV. In preliminary research phase, the 
352.2 MHz RF system will be operated in pulse mode. CERN kindly provided IHEP 
with some RF equipment. Because the given RF system was used for CW operation at 
CERN before, to apply them to our pulse mode operation, some modifications and 
improvements are necessary. We have made some indispensable assemblies, and also 
did some tests and commissioning of every sub-system. At present, we have already 
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finished the 100 kV power supply test and long pulse floating desk hard tube 
modulator test. Furthermore, the initial high power conditioning of the klystron is 
carried out, and output power can reach up to 800 kW. 

The fabrication of the RFQ copper model was performed in a company in 
Shanghai, China. At first, some tests for development the mechanical technology have 
be done, for example, the brazing technology for assembling four vanes together with 
required mechanical tolerance, the characteristics of melting filler, the structure 
surface and the vacuum leak; the drilling of the coolant hole through the 1.2meter 
RFQ cavity with 12mm in diameter; the precision machining of the vane electrodes 
on the numerical controlled mill. The fabrication of the RFQ was finished last Month. 

 
ADS Related Nuclear Data   
 

The new nuclear reaction theoretical models code MEND, which can give all 
kinds of reaction cross sections and energy spectra for six outgoing light particles 
(neutron, proton, alpha, deuteron, triton, and helium), gamma and recoil nuclei in the 
energy range up to 250 MeV, is being developed. The incident particle can be neutron, 
proton, alpha, deuteron, triton and helium. A program[4] for automatically searching 
optimal optical potential parameters in E<300 MeV energy region has been developed. 
By this code the best optical potential parameters can be searched automatically to fit 
with the relevant experimental data of total cross sections, nonelastic scattering cross 
sections, elastic scattering cross sections and elastic scattering angular distributions. 
Nuclear data evaluation method has been developed for ADS. According to the 
experimental data of neutron-induced reactions, and theoretical model calculation 
codes UNF[5], ECIS and DWUCK, all cross sections of neutron induced reaction, 
angular distributions, double differential cross sections for neutron, proton, deuteron, 
triton, helium and alpha emission, γ -ray production cross sections andγ -ray 
production energy spectrum are calculated and evaluated at incident neutron energies 
from 10-5 eV to 20 MeV. Since the recoil effect is taken into account, the energy for 
whole reaction processes is balance. Nuclei have been evaluated as follow: 

50,52,53,54,natCr, 54,56,57,58,natFe, 90,91,92,94,96,natZr, 112,114,115,116,117,118,119,120,122,124,natSn[6], 
180,182,183,184,186,natW, 204,206,207,208,natPb, 209Bi[7], 232Th[8], 233,234,235,238U. By using 
advanced nuclear models that account for details of nuclear structure and the quantum 
nature of the nuclear scattering, nuclear data are calculated and evaluated for both 
incident neutrons and incident protons at incident neutron energy from 20 to 250 MeV 
as follow: 50,52,53,54Cr, 54,56,57,58Fe, 90,91,92,94,96Zr, 180,182,183,184,186W, 204,206,207,208Pb, and at 
incident proton energy from threshold energy to 250 MeV as follow : 54,56,57,58Fe, 
180,182,183,184,186W, 204,206,207,208Pb, 209Bi[9]. 
 
ADS Related Target Physics   
 

The calculations for the standard thick target were made by using different codes. 
The simulation of the thick Pb target with length of 60cm, diameter of 20cm 
bombarded with 800,1000,1500,and 2000MeV energetic proton beam was carried out. 
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The yields and the spectra of emitted neutron were studied. The spallation target was 
simulated by SNSP, SHIELD, DCM\CEM (Dubna Cascade Model \Cascade 
Evaporation Mode), and LAHET codes. The neutron yields calculated by SHIELD 
and DCM\CEM were in agreement within ±10%. 
 
Material Development for ADS Beam Window  
 

 Three heats of 9Cr2WVTa steel have been smelted. The mechanical properties 
of the smelted 9Cr2WVTa steel have been investigated. It is indicated that the C and 
Mn content as well as the heat treatment technologies affect the mechanical properties, 
therefore, the optimum of the elements content and the heat treatment technologies 
will be the key issues for the improvement of the 9Cr2WVTa steel. This research is 
being performed at moment. In order to get the martensitic structure and increasing its 
mechanical properties, the quenching treatment was performed. It can be seen that the 
black dots in the matrix become more and more with the increasing of the tempering 
temperature, this may results from the carbides become more and more with 
increasing of the temperature. There are little carbides in the matrix without tempering. 
The measurement results of the micro-hardness indicated that the hardness decreases 
with the increasing of the tempering temperature, it may results from the dissolution 
of the martensitic under the increasing of the temperature. 
 
ADS Related Material Radiation Effects Study  
 

 The spallation neutron source system is one of the three key parts of ADS, 
which provides source neutrons of ~1018 n/sec for the burning-up of fuels. It is mainly 
composed of the target and beam window. Stainless steels and tungsten are important 
candidate materials of the beam window and the spallation neutron source target. 
They are irradiated by high-energy and intense protons and neutrons during operation. 
The accumulated dose could reach a couple of hundred dpa per year, and radiation 
damage is very severe in them. The radiation damage study of the spallation target 
and beam window materials is of great importance for the understanding of the their 
lifetimes and the safe operation of the ADS.  

Dependence of radiation damage in the modified 316L stainless steel has been 
investigated on irradiation temperature from room temperature to 802 oC at 21 and 33 
dpa and on irradiation dose up to 100 dpa at room temperature by the heavy ion 
irradiation simulation and positron annihilation lifetime techniques. A radiation 
swelling peak was observed at ~580 oC where the vacancy cluster contains 14 and 19 
vacancies and has an average diameter of 0.68 nm and 0.82 nm, respectively for the 21 
and 33 dpa irradiations. Fig. 3 shows the temperature dependence of positron lifetime 
τ2 in MSS irradiated to 21 and 33 dpa. It can be seen that before the peak temperature 
the variation of positron lifetime τ2 with irradiation dose increases with the increasing 
of irradiation temperature. The higher the irradiation temperature, the larger the 
increase of lifetime τ2 with irradiation dose. This indicates that the radiation damage 
depends on irradiation temperature more sensitively than on irradiation dose. 
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Fig. 3  Temperature dependence of positron lifetime τ2 in MSS irradiated to 21 

dpa and 33 dpa 
 

Before this experiment, radiation damage and its detailed thermal annealing 
behavior in �-Al2O3 irradiated at the equivalent dose, respectively, by 5.28×1016 cm-2 
85 MeV 19F ions and by 3x1020 cm-2 En > 1 MeV neutrons have been investigated by 
the positron annihilation lifetime technique. The experimental results show that all the 
positron annihilation parameters of lifetime and intensity in the heavy ion irradiated 
�-Al2O3 are in good agreement with the ones in the neutron irradiated �-Al2O3, and 
verify that heavy ion irradiation can well simulate neutron (proton) irradiation.  

 
 

Conclusion 
 

For long term and sustainable nuclear energy development, ADS is an option in 
fuel circulation and energy generation. The ADS has been started to develop with a 
rather moderate project in China and it is still in the early stage. The goal for our ADS 
research is to establish the scientific and technological foundation for the future 
development of the ADS research step by step. 
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1 General situation  

1.1 General Policy  
From an overall point of view, four events must be pointed out: 
 
The new French law on energy:  
After the national debate organised in 2003 on energy policies for the next 30 years to come, the French 
government issued a White book on Energy, which contributed to the debate and gathered many 
contributions from French national representative organisations. In 2005, the French government 
proposed a new bill, adopted by French parliament on June 3, 2005 
 
This law identified four major ideas for the future development of energy in France:  
• The economising of energy for a mastery of energy consumption,  
• The diversification of French energy resources with three activities involved:  

o Keeping the nuclear option open and building an EPR reactor as an industrial prototype 
before launching a series. 

o Supporting the development of renewable energies such as solar energy, biomass 
(including wood and bio-fuels), hydraulics and wind energy with the objective of reaching 
21% of the electricity production in 2010.  

o Ensuring the safety of supply in the fields of oil, gas and coal. 
• The development of research in the energy sector, particularly an improvement of competitiveness 

for renewable energies, support for the nuclear energy option, the development of future reactor 
technologies, the hydrogen option 

• The transport and distribution of energy that contributes considerably to economic and social 
development. 

 
This law, governing the orientations of the new energy policy also provides for the continued support of 
the nuclear option in France, which is a decisive option for three of the objectives in terms of the new 
energy policy defined within the texts of the law, namely 1) safeguard the independence of the French 
national energy resources and safety in their procurement, 2) fight against the Green House Effect and 
3), ensure regular and competitive prices for electricity. It is therefore of the greatest importance to keep 
all options open for the replacement of present-day nuclear power plants, an issue which will emerge 
around the year 2015, in order to plan the construction of an EPR reactor before 2012. The construction 
of an EPR power reactor will also enable the French nuclear builder (AREVA) and its operator and 
architect, the EDF to maintain the very highest level of competence.  
 
The decision to build the EPR: 
In 2020 the first French nuclear power plants of the present generation will be 40 years old (minimum 
lifespan set down in the design) and will have to be shut down progressively. The EDF is now attempting 
to prolong their operation observing all safety standards but must begin preparations for their shutdown. 
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By 2030, 83% of the present-day nuclear power plants will have gone well beyond their planned life 
spans. The Flamanville 3 Project will enable to acquire a sound experience in the construction and 
operation of this new generation reactor and to be prepared, when the time comes, for the renewal of 
these power plants. 

On October 21, 2004, the EDF announced 
its decision to build the EPR. This reactor 
will be built at the Flamanville site (Basse 
Normandie).  
 

 
 

The EPR project is to last for a period of 5 years, starting in 2007, with a coupling to the grid in 2011. For 
the EDF, "The launching of the EPR will help guarantee Europe's independence in terms of energy for 
decades to come. In the long run, its purpose is to enable the EDF to renew its power-producing 
infrastructure in a competitive manner. It will allow us to promote technological advances of the EDF and 
will act as a technological showcase for foreign markets. This choice of investment reveals the 
determination of the EDF to maintain its place as the world's leading producer of nuclear electricity." 
 
Gen IV Agreement:  
On February 28th 2005, five members of the International Forum Generation IV (USA, Canada, Japan, the 
United Kingdom and France) signed an inter-governmental agreement that solidly launched the 
cooperation phase of this forum. This inter-governmental agreement marks the entry of the Forum into 
its operational phase of cooperation. It emphasizes above all: 

• The provisions that must be implemented in order to promote a maximum participation of R&D 
organisations and industrialists in the International Forum Generation IV; 

• The fair and honest handling of intellectual property; 
• The stakes in terms of non-proliferation. 

 
On February 15th 2006, the French, Japanese, and American representatives signed an “arrangement 
system” on the Sodium Fast Reactor, one the six concepts of future nuclear systems selected within the 
framework of the Generation IV Forum.  
This agreement launches a new stage in the implementation of an international contractual R&D 
framework after the multi-lateral agreement signed on February 2005. It completes the cooperation 
programs already underway between the United States and Japan in the field of sodium-cooled fast 
reactors on the Japanese JOYO and MONJU reactors as well as on the PHÉNIX reactor with the FUTURIX 
program. 
For this system, the R&D objectives focus on substantial gains in terms of competiveness, safety and 
operation in particular: 

• The reduction of investment costs through a simplification of the system: its architecture, 
conversion system (supercritical CO2 , the direct of combined nitrogen-helium cycle); 

• In-service inspection and reparability; 
• Advanced materials for the fuel and the structures; Core safety; 
• Enhanced integration of the decommissioning imperatives at the design level. 

The negotiations continued, focusing on the third and last level of the contractual agreement: “the 
project arrangements" beginning with the advanced fuel project dedicated to fuels containing minor 
actinides for the SFR. 
 
Last evolution of the French policy:  
At the beginning of 2006, during his traditional New Year’s Address to the Nation, the President of the 
French Republic, Jacques Chirac announced the commissioning of a fourth generation prototype reactor 
for 2020. On this occasion, Mr. Chirac stated “Many countries work on the new generation reactors, those 
planned for the years 2030-2040 which would produce less nuclear waste and would allow operators to 
improve their management of fissile matter. I have therefore decided to launch, as of now, the design of 
a Fourth Generation prototype reactor within the French Atomic Energy Commission (the CEA). This 
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prototype will be commissioned in 2020. We shall, of course, include our industrial or international 
partners who wish to collaborate with us. The challenge to our national energy policy goes well beyond 
our borders. It is now on the European level that we must combine forces to build a bold energy policy. 
This declaration provides a compelling argument for setting up a correspondingly ambitious program.” 

1.2 Nuclear Energy in France   
 

Production  TWh Relative 
share % 

Variation 
2005/2004 % 

 
Nuclear power plants 
Conventional power plants 
Hydraulics plants 
Other renewable energy 
resources  

 
430.0 
58.9 
56.0 
4.3 

 
78.3 
10.7 
10.2 
0.8 

 
+0.7 

+10.7 
-13.0 
11.5 

Net French electricity output:  549.2 100 +0.2 
  

Consumption TWh Relative 
share % 

Variation 
2005/2004 % 

French consumption 
 
Net consumption  
Losses  
Exportation 
 
Pumping 

482.4 
 

450.0 
32.4 
60.2 

 
6.6 

100 
 

93.3 
6.7 

+0.7  
 

+0.6 
+1.9 
-2.6 

 
-9.6 

Total :  549.2    
Temporary figures 

 
The keys points concerning French electricity production and consumption in 2005 are:  
 
A moderate rise in electricity consumption : 

French domestic electricity consumption in 2005 was up by 
0.7% compared to 2004, with a cumulative total for the year 
of 482.4 TWh, some 3.2 TWh more than 2004. Adjusted for 
climatic contingencies and the effect of the leap year in 2004 
(which included an extra day), electricity consumption rose 
by 0.5% compared with 2004. 2005 was marked by several 
very cold periods (late January, late February to early March 
and late November to December). Conversely, the 
temperatures recorded during October were relatively mild. 
The average temperature recorded over the first and last 
quarters of 2005 was 0.4°C lower than the average figures 
calculated for the corresponding months in 2004. 
Temperatures during the summer of 2005 were close to the 
norm, despite a heat wave in late June. In 2005, climatic 
fluctuations alone caused consumption to raise by 10.8 TWh 

in the winter and 0.4 TWh in the summer.  
  
Sustained growth in residential electricity consumption : 
Compared with 2004, the rise in consumption was mainly the result of sustained growth in residential 
electricity consumption, which was in turn partly due to colder winter weather and the increased use of 
heating equipment. RTE therefore recorded a substantial rise in consumption by customers supplied at 
low voltage levels (households, businesses, public services, street lighting, various tertiary customers, 
etc.). Consumption by these groups rose by approximately 3% in gross terms compared with 2004, a 
figure that drops to 2% when adjusted to take climatic contingencies into account. Consumption by SME 
remained stable in 2005. However, supplies to major industrial customers by the RTE network were down 
by 3.6%. 
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Rising cross-border commercial exchanges : 
In 2005, the sum of cross-border commercial 
exchanges (exports + imports) rose by 3.7% to 
reach 123 TWh. This figure is a new annual record, 
beating the previous record that dates from 2001. 
The cumulative volume of import and export 
transactions rose by 13% on the border with 
England (+1.6 TWh) and by 4% (+3.7 TWh) with 
the group of countries including Belgium, Germany, 
Switzerland and Italy. The volume of exchanges on 
the Franco-Spanish border fell by 9% (-0.8 TWh). 
These results reflect the development of import 
transactions, which have doubled in volume since 
2002 (to 32 TWh), whereas the volume of exports 
has remained around the 90 TWh mark throughout 
the period 2002- 2005.  
 
 

 
Slight rise in French electricity generation: 

French electricity generation rose by 0.2% (+0.8 TWh) in 
2005: 

• Output by nuclear power plants was up by 0.7% (+ 
3.1 TWh)  

• Output by hydro-electric plants fell substantially by 
13% (- 8.4 TWh), due to the drought which 
occurred in 2005.  

• Generation from other renewable energy sources 
rose by 11.5% (+ 0.4 TWh). It accounted for 4.3 
TWh in 2005. For the first time in France, 
generation by wind farms passed the symbolic 1 
TWh mark, a 64% increase on 2004. 

• Generation by conventional thermal power plants, 
which are used to maintain the supply-demand 
balance, rose by 10.7% (+ 5.7 TWh).  

 
 

 
New production facilities needed in 2008: 
Provisional studies on the supply/demand balance in terms of electricity; carried out by RTE (the operator 
of the French electricity public power transmission system) was updated at the end of 2005. A risk of 
insufficient electricity supply, notably during winter consumption peaks has been confirmed. Studies in 
this area revealed that the launching of new production facilities (estimated at 800 MW) would be 
necessary by 2009 to ensure that France is able to meet its electricity demands. From 2010, it is 
estimated that an additional 1000 to 1200 MW per year will be needed to maintain security of supply. The 
hypotheses on which these estimates are based include the expected entry into service of an EPR reactor 
at Flamanville by 2012. 

1.3 Status of the French Nuclear Power Plants   
The EDF nuclear power plant infrastructure now in operation consists of 58 units of the PWR type, 
distributed over 19 sites: thirty four 900 MWe plant units (20 loaded with MOX fuel), twenty 1300 MWe 
and four 1450 MWe plant units for a total capacity of 63 GWe.  
In 2005, the availability rate of the units in operation was 83.4% versus 82.8 % in 2004.  
From a safety standpoint, the number of significant events for safety increases from 7.8 events per 
reactor in 2004 to 9.52 events in 2005; at the same time the number of events classified on the INES 
(International Nuclear Event Scale) decreases from 0.88 in 2004 to 0.76 in 2005.  
A single INES event, classified as level 2, occurred in 2005 as was the case in 2004. This event is generic 
and concerns the low-pressure pumps of the safety water injection circuits (RIS) and the water sprays 
within the confinement (EAS) of the 900 MWe reactors. Abnormal vibrations in these pumps were 
detected at the time of the bench tests and they could incur malfunctions or failure. In the hypothetical 
case of an accidental leak in the reactor’s primary circuit, these pumps are used to send back the water 
escaping in the RIS and EAS circuits to ensure reactor cooling. The EDF has proposed a solution to the 
ASN for repairing the equipment concerned and plans to implement it before March 31st 2006.  
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Concerning radioprotection, the indicators of individual dosimetry also showed significant improvement 
between 2004 and 2005. 
Overall, both the safety and radioprotection situations improved between 2004 and 2005. 
 
In 2005, the operation of the prototype fast reactor PHENIX, carried out at the MARCOULE centre was 
excellent with an availability factor of 85% corresponding to 262 full power days. An important irradiation 
programme is underway, particularly on material for future reactors (SFR, GFR, ADS..), for transmutation 
(metallic fuels for homogeneous mode, targets irradiation for heterogeneous mode, neutronic data) and 
fuel tests for future nuclear systems (High Pu fuels, fuels bearing with MA..) 
 

  

1.4 French Strategy for future Nuclear Energy  
The orientations of French R&D strategies for the future development of nuclear energy are established 
taking the present situation into account. It is therefore essential that we: 
 
Obtain the very best from the potential offered by water reactors which will lead to both: 

• Advances in the fields of economy, safety and plutonium management in the EPR using new 
fuels, 

• Advances in new projects that are likely to attract international markets in lower and 
intermediate power ranges (300-600 MWe) or very high power ranges (> 2000 MWe) 

• Advances for a water reactor generation after the EPR that would make up for the consequences 
of a greater demand for natural uranium through a more effective and efficient use of this 
resource. 

Optimise the opportunities offered by a renewal of nuclear facilities presently in service: 
• Renewal of the nuclear infrastructure considered by the EDF by replacing at least half of the 

present infrastructure by EPRs beginning in 2020 and the possible introduction of a fast neutron 
reactor technology beginning between the years of 2030-2040 to complete the infrastructure 
renewal, 

• Refurbishment or renewal of the reprocessing plant at La Hague beginning in 2040. 
Integrate the consequences of implementing an optimal radioactive waste management 
strategy on the basis of findings obtained from research carried out in France within the framework of 
the Law of December 31st 1991 particularly regarding the pursuit of R&D in the field of waste reduction in 
terms of the quantity and harmfulness of the final waste products. 
Develop on a long-term basis, areas of research enabling us to find a durable use of nuclear 
energy that will respect the environment and help us to improve the economy and safety objectives 
relating to water reactors: 

• An economy in the use of natural resources and a minimal production of long-lived radioactive 
waste, which involves fast neutrons and fuel recycling, 

• A broadening of applications beyond electricity production, particularly the production of fuels 
such as hydrogen for transportation purposes which, on the basis of current knowledge calls for 
very high temperature processes (> 850 °C) to decompose water efficiently through thermo-
chemical or electro-chemical methods. 

2 Status of Fast Reactors    

2.1   RAPSODIE  
In 2004, the RAPSODIE plant was maintained safely under monitoring. Up to 2003, the programme for 
the dismantling of the plant involved three steps: 1) Cleaning operations and partial dismantling up to 
2008, 2) surveillance phase during the period 2008-2020, 3) dismantling operations which will resume in 
2020. 
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During 2004, a new strategy was elaborated, discussed (cost evaluation, schedule) and finally adopted; it 
consists of two main steps:   

• A cleansing period from 2004 to 2008 for :  
o Dismantling of auxiliary systems (cleaning pits, sodium treatment installation DESORA…  
o Elaboration of the files to be submitted to the safety authorities for the elaboration of the 

decree allowing the full dismantling of the reactor block and cleansing of buildings by 
mid-2006.  

• A dismantling period from 2009 to 2017 for the dismantling of the reactor block and cleansing of 
the buildings. A regulatory authorization, expected mid 2009, is necessary to perform the 
dismantling phase. The reference solution for dismantling of the reactor block consist of three 
phases: the carbonation of the remaining primary sodium, specific treatment of two identified 
retention zones, cleaning of the carbonates using water and dismantling under water of the 
internals using specific plasma-cutting and handling tools. After water draining, the dismantling 
of the primary and safety vessel and of the building itself will be carried out. Considering the 
dismantling of the reactor block, the reference solution consists in extracting the internals and 
cutting them up in a specially designed workshop. All reactor waste will be transported to long-
term storage in the Aube waste disposal facility of the ANDRA, the French National Agency for 
Radioactive Waste Management. 

2.2 PHENIX  
 
In 2005 the annual availability factor of the Phénix plant was equal to 85%, close to historical records. 
The load factor was 72%. 
The 2005 operation diagram is shown in the figure above. 
 
There were two scheduled shutdowns for refuelling, maintenance and inspection: 
 
From  6th of May to  7th of June (“AM3”): 
The main activities during the shutdown were: 

o Refuelling campaign: 
o Control of Diagrid support structure by measurement of S/A head positions 
o Replacement of 5 CR absorbents 
o Discharge of SUPERNOVA experiment (material irradiation)  
o Inspection of SGU n°3 evaporator modules, following the detection, during the previous 

shutdown, of some distortion on steam tube spacer grids of two Evaporator modules. No 
evolution of the affected grid was found and the two modules will be kept on operation. 

The shutdown was completed close to schedule (29.5 days duration compared to 28 planned days) 
 
From  25th of August to  1st of October (“AM4”) 
The main activities were: 

o Refuelling campaign 
o Discharge of PROFIL R experiment (Actinide cross section measurement)  
o Periodical maintenance 
o Draining of secondary loop N° 1 for preparation of installation of a module leak location system: 

Following the Sept. 2003 Na/water reaction, a technique has been developed for identification of 
a leaking module at the micro-leak phase (a few mg/s) before acceleration of the leak. The 
location of the leaking module is carried out after reactor shutdown, by injection of a radioactive 
tracer (Kr79) and circulation of nitrogen on the steam side. The sodium activity is measured at 
the sodium outlet of each module. 

The duration was 36.5 days (scheduled: 28 days). The main contingency was the replacement of 
Complementary Shutdown system absorbent assembly following a decrease of lifting force due to 
deposits on the electromagnet surface.   
 
The 52st cycle ended on 25th of August after completion of 121 EFPD. The 53rd cycle started on 1st of 
October. 
The reactor was shutdown from 1st to 8th of October for repair of some leaking condenser tubes.  
 
Eleven trips were experienced during the year. They were essentially due to minor equipment faults. 
Four significant incidents occurred classified at level 0 and 1 of the INES scale. 
 
Operation at the beginning of 2006 in shown in the figure above. A planned shutdown for 
refuelling, maintenance and statutory inspection took place from 28th of January to 11th of April. The 
programme was: 
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o Refuelling campaign 
o Discharge of CAPRIX (high Pu content experiment) and ECRIX H (Am bearing target) and loading 

of MATRIX (material irradiation for ADS, GCR, ITER) 
o Statutory inspection of SGU (every 18 months) and secondary sodium circuits (every 15 000 h) 
o Fifteen-yearly maintenance of Diesel Generator n°1 
o Maintenance on primary purification circuit (trace heating, leak detection, sodium level 

measurement) 
o Installation of the leaking module location system (Sodium/water reaction) 
o Inspection and repair of Condenser 
o Control of Diagrid support structure by measurement of S/A head positions 
o Tightness test of main vessel upper weldings 

 
Four operating cycles are planned (representing about 400 EFPD) until final shutdown of the plant in 
2009.  
 
Experimental irradiation programme : 
Design and manufacturing of future experiments have continued : 

o CAMIX- COCHIX: optimization of actinide compound and testing of new microstructures 
(macromasses) dispersed in inert matrix, 

o MATINA 2 and 3: testing of Ceramics/Ceramics targets with a MgO matrix and macrodispersed 
particles and of new materials, 

o PROFIL M: basic neutronic data  measurement in a slightly moderated spectrum. 
o FUTURIX FTA: testing of fuels for transmutation in future nuclear systems dedicated to 

incineration. 
o FUTURIX MI: testing of structure and fuel materials for future GFR 
o FUTURIX Concept: testing of innovative fuel for GFR 

 

 
 
 

2.3   SUPERPHENIX   

2.3.1 Introduction 
The decision to stop SUPERPHENIX was taken by the French Government in 1997. The ministerial decree 
ruling the start of the SUPERPHÉNIX decommissioning was issued on December 31, 1998. In 
conformance with this decree, the following operations may be carried out, after specific agreement on 
the part of the safety authorities: 

 Core unloading from the reactor vessel to the fuel storage water pool, 
 Removal from service of non-required systems, 
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 Draining and intermediate storage of the sodium. 
In parallel to the work done on the plant, a global scenario was studied by the EDF in accordance with the 
EDF strategy for the dismantling of the first generation reactors that is scheduled to complete the 
dismantling of these reactors before 2025 without intermediate safe storage.  
In 2003, the technical files, required for new authorizations, were issued by the Engineering Centre for 
Decommissioning and Environment and they have been submitted to the Safety Authorities. Public 
Inquiry covering all the aspects was organised by local authorities in 2004: it was successful. The new 
final decree was issued in March 2006. 
 
The progress accomplished until March 2006 is summarised hereafter. 

2.3.2 Core unloading 
Core unloading involves the transfer of each subassembly from the reactor vessel through the reactor 
handling transfer chamber into various corridors and cells allowing, in particular, sodium draining and 
then residual sodium cleaning in a washing pit, before final transfer to the water pool. 
On March 19, 2003, the last fuel subassembly of the core was unloaded and stored in the water pool. 
Since the end of 1999, 650 subassemblies have been successfully transferred, washed and stored in the 
water pool, with the exception of the control subassemblies for which a specific treatment in the ISAI 
facility at the Marcoule centre is underway before storage on site.  
The unloading of steel subassemblies (197) and of lateral neutron shielding assemblies (1076) will be 
running now until 2006. Half of the 2nd core (new) was transferred in 2004 to the spent-fuel pool with 
the spent sub-assemblies. The second half of the new core is still stored at the CEN Cadarache Centre 
and will also be transferred to the spent-fuel pool on site. 

2.3.3 Dismantling of conventional systems  
The 400 kV power lines as well as 48 large chimney stacks positioned on the outside of the reactor 
building and no longer in use, were dismantled in 2001 and 2002 respectively. On March 3rd, 2003, the 
first dismantling work was launched in the turbine hall: full dismantling was reached for the end of 2004. 
All the steel components were recycled in steel mills. Special cutting and transit areas that were installed 
outside the building, to deal with the turbine hall large components removed in one piece, were cleaned 
at the beginning of 2005. 

2.3.4 Sodium treatment, Primary vessel draining and retention treatment   
Secondary sodium has already been stored in solid state in existing storage tanks. The primary sodium is 
kept in a liquid state (180°C) in the primary vessel thanks to electrical heaters installed on the safety 
vessel.  
The choice of the sodium treatment solution for SUPERPHENIX is based on what is termed an on-line 
drainage system using a specific sodium destruction facility, based on the proven NOAH process, which 
has already been applied on the RAPSODIE reactor (France) and the PFR (UK). Detailed studies of this 
plant were completed in 2004 and this facility is being installed in the turbo-alternator machine room 
(2006-2007). The plant is made up of two facilities nearly identical to the Sodium Disposal Plant used for 
PFR on the Dounreay site. During the 2007-2010 period, this plant will treat 6 tons of sodium per day; 
the soda produced by the process will be mixed with cement to make 1. m3 blocks to produce around 35 
000 blocks. These blocks will then be stored on site until final disposal in view of the fact that their 
activity is very low. 
Drainage of the primary vessel will be carried out using tools installed on the reactor slab, as envisioned 
by the design for all the normal reactor equipment. An immersed electro-magnetic pump with adjustable 
flow of up to 20 tons per hour has been manufactured for this operation, which is planned over the three-
year period of 2008 to 2010. 
Prior to the main draining process, specific tools were introduced in the reactor block to allow draining of 
the main areas of retention: namely the core diagrid (thanks to a specific siphoning device), core catcher 
(see hereafter), and the main vessel bottom (thanks to a specific flexible nozzle for enhanced pumping). 
A specific machine has been manufactured to drill holes in the core catcher plate in order to allow 
draining of sodium retention in the plate of the core catcher during the planned primary draining 
operation. In October 2003, after qualification on a full-scale model, the drilling machine was loaded in 
the reactor block and successfully used. 
After enhanced vessel draining, the sodium remaining in the reactor vessel is estimated to be 1.3 m3 in 
bulk and 1.3 m3 in films on the surfaces of the structures. 
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2.3.5 Treatment of components and secondary circuits  
Dismantling of small components started in 2002 with clean components thanks to a specially designed 
workshop set up in the reactor building and a second step with a sodium wetted component began early 
in 2004. Existing cleaning pits are used to eliminate the residual sodium after draining and cutting. The 
process used in these cleaning pits is a mist spray (composed of demineralised water, carbon dioxide and 
nitrogen). By the end of 2005, about 50 small primary components had been treated. For large 
components, a special cutting workshop will be built in the reactor building: removal and treatment of the 
4 coolant pumps and 8 intermediate heat exchangers is planned to start during 2007.  
The secondary loops have already been drained and carbonation method is to be applied before 
dismantling. The carbonation process was successfully tested on a small auxiliary sodium loop in 2003. 
The treatment of colds traps appears to be a real challenge: detailed studies were carried out in 2003 and 
2004 in order to define a safe chemical process for on-site treatment. Thermolysis and then WVN (Water 
Vapor Nitrogen) should be used to treat hydrides, oxides and remaining sodium. The first qualification 
tests began in February 2006, in a small test vessel. 

2.3.6 Dismantling of the reactor block  
For the reactor block, after enhanced draining, the carbonation process is proposed for treatment of the 
remaining sodium: after carbonation of a 20 mm-thick layer of sodium, the remaining residual quantity of 
sodium is estimated to be somewhere between 100 and 200 litres. 
The dismantling of reactor vessel and internals will then be carried out after partially filling the vessel 
with water, thanks to the use of underwater tooling. This last option offers the most promising provisional 
radiological assessment so dispersal of carbonates should be well controlled (easily dissolved in water).  

2.3.7 Regulatory files. 
The current EDF objective for the dismantling of the first generation reactors, including the SUPERPHÉNIX 
reactor is to finish the dismantling of these reactors by 2025 without intermediate safe storage status. 
New regulatory authorisations, necessary to continue the dismantling of the plant, will include all the 
required operations: renewal of the effluent release authorisation covering all the dismantling work, 
modification of the decree on the spent fuel pool to include the storage of fresh fuel, a single decree 
covering the dismantling of the reactor block including sodium treatment and interim on-site storage of 
concrete blocks. The technical files, issued by the Engineering Centre for Decommissioning and 
Environment were submitted to the Safety Authorities in Autumn 2003. Public Inquiry covering all the 
aspects was organised by the local authorities in 2004 and was successful. The new final decree was 
issued in March 2006. 

3   R&D Activities for Future Nuclear Systems :  

3.1  General Strategy   
The three major and complementary objectives of the CEA for R&D in the field of nuclear energy are as 
follows:  

• The support of the current nuclear industry: this is to be accomplished by increasing the 
economic competitiveness of the cost per kWh of energy produced from nuclear sources, 
particularly by extending the lifetime of reactors, improving fuel performances, and spent fuel 
reprocessing technologies, while continuing to improve safety at all stages of the activity. 

• The design, assessment and development of a new generation of fast neutron reactors and 
closed fuel cycle systems based on the following criteria: 

o Improved economic competitiveness (reduction of the capital costs), 
o Even greater improved safety and reliability (fuels and materials offering better resistance 

in the event of an accident, etc.), 
o Sustainability i.e. optimum use of the fuel and natural resources, 
o Reduction of long-life radioactive waste,  

• The development of key technologies for hydrogen nuclear production. 
 
These two last objectives for future systems as well as the choice of key technologies necessary in 
achieving them have become the object of very active international cooperation, particularly within the 
framework of the Forum Generation IV, and also through bilateral collaboration (China, Japan, Korea, 
Russia, USA and the European Community).  
 
The French R&D programme for future systems gives priority to the development of fast neutron systems 
with the closed fuel cycle (Sodium cooled and gas cooled reactor). At a second level, the VHTR, (Very 

9/20 121 of 459



IAEA Technical Meeting to “Review of National Programmes on Fast Reactors and Accelerator Driven Systems (ADS)” Technical Working 
Group on Fast Reactors (TWG-FR) , 39th Annual Meeting, CIAE, Beijing, China, 15 – 19 May 2006  

High Temperature Reactor system), which will open up a field of applications that goes well beyond that 
of electricity production (hydrogen production, sea water desalination) and offers interesting prospects of 
competitive gain through co-generation will be considered. 
 
For fast reactor systems, the CEA is developing a dual approach: Gen. IV Sodium-Cooled Fast Reactors - 
Gas-Cooled Fast Reactors through innovative research on the sodium reactor type and in depth R&D on 
the technological locks specific to the Gas-Cooled Fast Reactors. 
 
For the gas system 1, the main design goals and criteria are fast neutron spectrums with zero breeding 
gain (fuel cycle fed with depleted/natural uranium, homogeneous actinide recycling), high core outlet 
temperatures (850 °C and higher), use of a refractory fuel facilitating close retention of fission products, 
high burn-up with an interim objective about 5-8 % FIMA (Fissions of Initial Metal Atoms), power 
conversion using the direct Brayton cycle, also indirect cycle option with He as a primary coolant should 
be assessed.  
As a first step, exploratory studies were performed considering a reactor power of 600 MWt, a choice 
mainly motivated by the idea of using the GT-MHR Power Conversion Unit limiting our efforts to the core 
and the safety systems.  
Quite early, it was found out that this rather “small” power level has significant drawbacks: it requires a 
very challenging fuel element (Composite ceramic-ceramic CERCER with only 30% of matrix for 70% of 
U,Pu ceramics) ; its economic competitiveness looks questionable (medium size reactor, cost of safety 
systems). It was therefore proposed that a greater power be considered.(2400 MWt, 1100-1150 MWe) 
This would be compatible with the conventional “economy of scale” viewpoint and would make the 
opportunity of this new study interesting for opening the design options (energy conversion system, 
safety systems…).  
Prior to an initial demonstration of a commercial power reactor, the construction of an Experimental 
Technology and Demonstration Reactor (ETDR) is planned. It is a small experimental power reactor (< 50 
MWth) the objective of which is to demonstrate the specific GFR technologies (fuel, safety systems,.) and 
also to bring elements of demonstration to the whole Gas Cooled Reactor technological pathway. It is to 
be built at the CEA in Cadarache, with a starting date of operation set at about 2017. It will be an 
essential step for the direct qualification of GFR fuels and materials as well as a unique experimental tool 
for core physics code validation. It intervenes in particular in the fuel development plan in between the 
irradiation phase of materials and fuel samples in Materials Testing Reactors and existing Fast Reactors 
prototypes and the full-scale demonstration phase in the prototype GFR of which the ETDR has to be 
considered as a precursor. 
The ETDR design specifications include: 

• Some generic GFR characteristics (Helium primary coolant at 850 °C maximum temperature, 
metallic pressure vessel, decay heat removal relying on gas circulation) 

• Some specific ETDR characteristics (small power size ~ 50 MWth , no energy conversion, 
experimentation involving short cycle, short cooling delay and fuel handling under pressure.…)  

Pre-conceptual design studies are in progress and are now broadening at the international level (GEN IV, 
European Framework Program). 
 
In the field of sodium reactors, the goal of the studies is to propose innovative design that will enable 
us to: 

• Reduce investment and operation costs, 
• Improve points that have been judged weak (core safety, sodium risks, the “inspectability” and 

“reparability” aspects 
• Meet the criteria of the 4th Generation for the core and the fuel cycle (minimum amount of waste, 

avoid proliferation, sustainability,) 
• Improve social acceptability of fast sodium reactors. 

Several coherent images of reactors will be proposed in order to realistically assess each innovative 
option in relation to the criteria cited earlier. This evaluation will be done on the basis of an analysis 
carried out in the following major fields: the reactor block, the core and the energy conversion system. 
These studies will quite naturally take into account the experience acquired in France and abroad with 
regard to design, production and operation of sodium reactors as well as the analysis of innovative 
proposals for sodium reactors produced within the framework of GEN IV. 
 
As for the 4th Generation prototype that is to be launched in 2020, the technical characteristics have yet 
to be determined. We may only point out that the start-up in 2020 means that construction work must be 
launched in 2015. This implies that the following steps : between 2007-2008 pre-design studies, from 

                                                           
1 GFR &ETDR PRECONCEPTUAL DESIGN STUDIES JC GARNIER, P. ANZIEU, Ph BROSSARD, ENC 2005, 
11-14/12/05 VERSAILLES (France) 
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2009-2010 design studies; 2011 to 2012 preliminary project studies and a preliminary safety report; 
2013-2015 a detailed preliminary project and provisional safety report. The choice of the major technical 
characteristics will be carried out by 2007 giving priority to choices that will provide future reactors with 
demonstrations of the expected improvements on essential points, namely investment costs, safety and 
operation. 

3.2 Gas cooled Fast Reactors  
 
By the end of 2005, a reference Gas-cooled Fast Reactor of 2400 MWth was defined and it is to be the 
subject of most of the detailed studies to be undertaken in 2006 and 2007 which will be gathered and 
synthesized in a preliminary viability assessment report. 
 
Core design 
Since the very beginning of the GFR project, the objective has been to design self-sustainable cores with 
a reasonable initial plutonium inventory (less than about 10 t/GWe). Considering the possible fuel fraction 
in a gas-cooled reactor, it has been decided to study, as a first priority, dense fuel compounds (mixed 
carbide and nitride). On the other hand, to ease the safety demonstration, other significant core design 
specifications have been considered: a low core pressure drop (about 0.5 bars) and a moderate 
maximum fuel temperature (1200°C in nominal operating conditions).  
The proposed 2400 MWth core is based on a plate fuel element patented by the CEA fuel study 
department its design principle is illustrated in the following figure. Basically, two ceramic plates close a 
honeycomb structure containing the elementary fuel compound. The current reference choice is to use 
mixed carbide (U,Pu)C with silicon carbide ceramic. The arrangement of this fuel element in a sub-
assembly (S/A) is a key design issue: in next figure, plates are arranged in an hexagonal tube. 

Design principle of the plate fuel element 
 

Diagram of the S/A (3*7 plates) 
 
For a core power density of 100 MW/m3 (which yields a reasonable Pu inventory) and a Zr3Si2 neuron 
reflector, the design objectives are fulfilled with a core height over diameter ratio of 0.35 and a fuel plate 
thickness of 7 mm. The main core characteristics are summarized in the following table.  
 

Core power density (MW.m-3) 100 
Core Inlet / outlet temperature (°C)  400 / 850 

Core height / diameter (m) 1.55 / 4.44 
Core pressure drop (bar) 0.44 

Maximum fuel temp. BOL (°C) 1260 
Number of fuel S/A 387 

Number of plates per S/A (radial) 27 
Plate element thickness (mm) 7 

(U,Pu)C fuel / Coolant volume fraction % 22.4 / 40. 
TRU content (%) 15.2 

Pu inventory  (t/GWe) 7.7 
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Core management (eq. full power days) 3 × 831 = 2493 
Breeding Gain* -0.07   /  -0.04 

Doppler Constant* (pcm) -1872  /   -1175 
He depressurization* (pcm) 212   /   253 

Delayed neutron fraction* (pcm) 388   /  344 
* Beginning Of Life / End Of Life 

The reference core (called 06/04) used for the 2005 studies 

 
This core is implemented in a reactor vessel (see the following figure) having an internal diameter of 7.3 
m. With the 9CrMo steel, the reactor vessel thickness is about 0.19 m. It should be pointed out that an 
upward helium flow cools the reactor core, a choice initially made to ease the natural convection start-up 
during accident transients. The fuel handling is accomplished by an articulated system in the upper 
plenum.  Consequently, the control rod mechanisms are implemented in the bottom of the vessel. It is 
worth noting that the absorber rods are located above the core in normal operation in order to have a 
gravity driven control rod insertion in case of SCRAM. 

 
Diagram of the reactor vessel (including the two DHR loops) 

 
Decay Heat Removal system design 
One of the major GFR design issues is the Decay Heat Removal (DHR), and LOCA (Loss Of Coolant 
Accident) is a key transient to consider. In the 600 MWth GFR studies (reported last year), the decay 
heat was removed by means of a fully passive natural circulation system, requiring in any case a high gas 
pressure in the system called the back-up pressure. For the GFR2400 case, a back-up pressure of 30 bar 
is required to have enough natural convection a few minutes after the reactor SCRAM. Such pressure can 
be obtained with a heavy pre-stressed concrete “guard containment” enclosing all the primary system 
and pressurised during normal operation. This solution (called the high back-up pressure strategy) was 
not chosen for the 2400 MWth case due to the significant investment cost of such a guard containment.  
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The opposite alternative is to have a very large containment (as in the PWRs). In this case, the pressure 
obtained after a LOCA cannot be very different from the atmospheric pressure. In these conditions, it is 
not possible to use natural convection, forced convection systems must be considered and the pumping 
power required is very significant: more than 1 MW per loop. For such powers, only active systems seem 
usable. This way is called the low back-up pressure strategy and has not been chosen for this year’s 
study.  
Another alternative is to try to keep some pressure after a LOCA. It is the “medium back-up pressure 
strategy”. At 10 bar, about 15 to 20 kW pumping power is required a few minutes after the SCRAM 
instead of more than 1 MW. In addition to this, at this level of back-up pressure, it is possible to recover 
natural convection after some time (24 hours) due to the decay heat decrease. Finally, such medium 
back-up pressure can be coherent with the use of metallic containment. 
With this strategy simpler and smaller systems can be used. Therefore, the 2400 MWth GFR DHR system 
design is based on this medium back-up pressure strategy. It includes: 

- A metallic guard containment enclosing the primary system, not pressurised in normal operation, 
ensuring after primary helium expansion an equilibrium pressure of 10 bar, 

- Three dedicated DHR loops (3*100% redundancy) with secondary loops connected to an external 
water pool (the ultimate heat sink),  

- DHR forced convection made by one blower, this blower is powered by an electrical motor which 
can be supplied by batteries lasting one day, 

- Loop capable of removing the decay heat one day after the SCRAM by natural convection and 
with a pressure of 10 bar. 

 
CATHARE calculations support this design for both forced and natural circulation situations.  One loop, 
operating at 10 bar, can remove the decay heat for 1 day by forced convection and after by natural 
convection (see the following figure). 
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Maximum fuel temperatures for different S/A versus time and during a 100000 s transient at a back-up 

pressure of 10 bar. 
 
General system arrangement 
As far as the energy conversion cycle is concerned, considerable effort has been made to compare 
various solutions (direct Brayton cycle, indirect, indirect/combined, …) In terms of thermodynamic 
efficiency, for a given core outlet temperature (here 850°C) the differences are not significant (see the 
following table for few cases). Furthermore, the ratio between efficiency and investment cost must be 
better known. 
cycle Net efficiency Primary (secondary) temperatures and 

pressures 
Direct Brayton 48.2% 480 - 850°C, 70 bar 
Indirect, Nitrogen Brayton cycle on 
the secondary 

46.8% 480 - 850°C (444 - 820°C) 
70 bar           (65 bar) 

Indirect/Combined  
Nitrogen on the secondary 
Steam on the ternary 

45.1% 400 - 850°C (364 - 820°C) 
70 bar           (65 bar)  
Steam Pressure = 150 bar 

Table : Energy conversion cycles comparison 
 
The GFR2400 concept presented here is based on the combined indirect cycle option owing to : 
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- its efficiency (45 %) with prospects of improvements, particularly by using a supercritical steam 
cycle (about 3 points from 150 to 300 bar), 

- a low core inlet temperature : 400°C (480°C or more for the direct cycle) which facilitates the 
overall reactor vessel design  

- a compact primary system which facilitates the design of the guard containment, 
- the fact that FRAMATOME-ANP made a similar choice for its ANTARES VHTR project. 

The main characteristics of the chosen energy conversion system are given in the following figure.  

H2Os

He-N2
He 

400°C

850°C 820°C

Core Steam cycle 

534°C

150 bar 

364°C

406 MWe 

731 MWe Gas cycle 

IHX 

Primary circuit 

 
Combined/indirect cycle characteristics 

 
For this indirect combined cycle, a new IHX concept including the primary Helium blower was studied. 
The more salient features of this concept are: compactness, maintainability, durability and enhanced 
safety. With this IHX module and the DHR loop design, the integration of the primary circuit into a 
spherical containment with a diameter of 35 m has been done (see the following figures). Its thickness 
(38 mm.) is chosen to avoid any heat treatment after welding. The 8 additional reservoirs have the 
double functions of ensuring the helium inventory management in normal operation (Helium Supply 
System) and of maintaining the 10 bar back-up pressure in the long term (after a LOCA, this pressure 
tends to decrease due to the containment gas temperature drop). These reservoirs could also be used to 
power gas ejectors that could partly or totally replace the DHR blowers. 
 

 

 
Primary circuit integration within the spherical guard containment 

 
A possible integration of the guard containment into the reactor building is shown just below. 
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Layout of the reactor building 

 
The goal of the presented GFR studies is to be comprehensive and consistent. However, as the 
conceptual design process is still ongoing, some alternatives for specific key issues, such as the core by-
pass, or in the core fuel handling, are also discussed. 
The new CATHARE model which has been used for a blackout transient only, will allow for a better safety 
assessment of the indirect cycle GFR during  2006, and will help a great deal in refining and 
strengthening the overall design and the safety approach. 
 
This work which is currently being carried out at the CEA and discussed within the framework of various 
bi-lateral international collaborations is to be fully integrated in the GEN IV GFR R&D programme which is 
still under discussion. 
 
 
 
 

3.3 Sodium cooled Fast Reactors  

3.3.1 Introduction :  
The European Fast Reactor (EFR) project, which was launched in 1988, provides a sound basis for the 
commercial exploitation of the fast reactor. The final outcome of this project is a design that derives its 
full benefit from the operating experience gained from fast reactors in France (PHENIX, SUPERPHÉNIX) as 
well as those from around the world. It includes advanced and innovative features that have been 
validated by extensive R&D yielding benefits in terms of safety, reliability and economy.  
The main actions of the CEA in the SFR area are to: 

o Preserve and benefit from the experience gained in the field of Fast Sodium-Cooled Reactors 
o Investigate innovative reactor design with a goal to meeting the GENIV objectives, particularly 

with regard to economy, durability, and safety. But its purpose is also to propose a possible 
design that might be used for the 4th generation fast reactor prototype in 2020, announced early 
2006 by the President J. Chirac.  
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3.3.2 Activities in 2005 
 
3.3.2.1  Knowledge preservation 
 
In France, five decades of R&D activities, design, construction operation and decommissioning of sodium-
cooled fast reactors have led to significant progress in the sodium-cooled fast reactor technology. Some 
actions are planned to reinforce the capabilities of this background information that is to be used for the 
future SFR development. A huge amount of knowledge on sodium-cooled fast reactor technology has 
been accumulated and preserved following different formats and categories: documentary funds, design 
codes, experimental databases and specific codes. Since 2001, considerable effort has been put into 
long-term knowledge preservation (storage and access) for use in future designs. The most recent 
contribution to this activity consists of the MADONA encyclopaedia database, first available in 2002 and 
updated in 2004. Basically this base is organised by themes, consisting of 63 reports written by experts 
(the CEA, FRAMATOME, the EDF). These reports refer to 5300 relevant documents produced by different 
organisations (the CEA, the EDF, FRAMATOME, the IRSN and NERSA). The update of the database, 
performed in 2004, mainly concerned decommissioning and PHÉNIX feedback items. It now recorded on 
23 CD-ROMs also available on intranet for the use of CEA specialists involved in sodium-cooled reactor 
R&D. 
The MADONA encyclopaedia can be considered from a practical viewpoint as an entry point to the 
knowledge, thanks to the synthesis reports and the associated relevant references, dealing with more 
specific knowledge packages. 
3.3.2.2 Maintenance and adaptations of codes:  
During the knowledge preservation analysis, several computer codes were identified as important for 
future R&D activities however some of them need to be adapted: for example, the GERMINAL code 
devoted to fast fuel pin thermo-mechanical behaviour and physico-chemical evolution to take in account 
fuel allowing full recycling of Minor Actinides. Additionally, the adaptation of the CATHARE code  (two-
fluid, thermal-hydraulic code designed for use in realistic studies of accident thermal-hydraulics in 
pressurised water reactors.) to sodium-cooled reactor system started in 2005.  
3.3.2.3 PHENIX end-of-life tests and expertise 
The final shutdown of the PHÉNIX reactor is planned to take place between 2008 and 2009, after the 720 
Equivalent Full Power Days extended lifetime of the plant is achieved. The CEA decided to examine the 
possibilities of performing some end-of-life tests and expertise of materials.  
 
For the end-of-life tests, three main objectives have been proposed:  

o Tool validation in industrial situations, in different technical areas: thermal-hydraulics, neutronics, 
mechanics and material behaviour knowledge acquisition (material properties, damaging 
mechanisms, welds, modelling)   

o Verification of the design margin for material and components  
o Safety demonstration to improve public acceptance, the verification of calculation margins 

These tests will have to be representative of the sodium technology: i.e. they must be reproducible, 
interpretable, complementary and adequately compared to the tests already performed without influence 
on the planned expertise and dismantling operations. The current acquisition and recording system 
entitled SARA, allows high frequency acquisition, and will be available to collect the information (500 
channels for operation parameters and special measurements, 250 thermocouples from the SA core 
outlet temperature, 700 thermocouples from the reactor block temperature monitoring)  
For expertise, an analysis performed during the lifetime extension programme for the mapping of the 
more affected zones is available and will be used to determine the most interesting places to be 
examined.  
Such tests and expertise will allow us to acquire complementary knowledge in the field of industrial 
sodium-cooled reactors; they will be useful for the development of the future SFR. A preliminary 
programme has been established by the CEA and proposed to the international scientific community. In 
2006, a more detailed programme will be defined. Associated pre-calculation and preparation as well as 
the needs for an analysis and tools validation will be assessed.  
 
3.3.2.4 Analysis of the GEN IV sodium systems  
A comparative synthesis based on the analysis of the characteristics and performances of available 
projects was launched in 2005 to identify and motivate selected options in the choice of a sodium system 
that might be used throughout the French nuclear infrastructure. These projects are projects proposed 
within the framework of the 4th Generation SFR systems. SFR proposed by Japan, KALIMER 600 
proposed by KOREA, the EFR project studied from 1988 to 1998, studies performed before 1988 by the 
CEA for the design of Advanced Reactors (ECRA), and also the SMFR project developed between ANL, JNC 
and the CEA  
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3.3.2.5 Balltrap tests in support to the SIMMER III validation  
The BALLTRAP experiment is performed to improve the understanding of key phenomena governing the 
transition phase aimed at simulating behaviour in the fast transient of a mixed boiling pool (fuel-Steel); 
interpretation of these experiments using the SIMMER III code allows the qualification of the code. The 
goal is to study, using simulant material, the heat transfer during a droplet vaporisation (steel simulated 
by hexane) in a continuous phase heated in volume (fuel simulated by water). Several campaigns have 
been carried out and associated calculations were performed for the qualification of the modelling. The 
first test campaign called "small drops" (Ø .18, 0.4 and 0.6 mm.), ended in the first quarter of 2002. Part 
of these tests were evaluated by SIMMER which shows, despite the uncertainties due to the initial test 
conditions, a tendency of the code to overestimate the mass and water-hexane heat transfers. In 2003, a 
second campaign with larger droplets (2mm. in diameter) was launched, but a test section failure 
stopped the tests. A new slightly modified test section was then rebuilt. During this delay, an overall 
check-up of the loop was made and important wiring and data acquisition modifications were carried out 
in order to reduce the electronic noise observed in the measurements. The new modified test section is 
now available and some preliminary tests have been conducted. They show a very important noise 
reduction, and they confirm the general trends observed on the first series of tests. Thanks to these new 
low noise measurements and to the rapid camera, fine physical analysis is now possible in order to 

improve our understanding of the 
physical phenomena involved in this 
configuration.    

0.60.60.60.60.50.5

On the other hand, in collaboration with 
the JNC, studies performing more 
analytical tests with one single droplet 
(also connected to the high speed 
visualisation system) have been 
conducted. Two small installations has 
been defined and built. Several series 
of tests have been performed, with very 
detailed visualisation of the bubble 
behaviour. Results of these tests will be 
used to analyse the behaviour of a 
single drop and to improve the basic 
modelling used in SIMMER III.  0.6 0.6 0.6 0.6 0.6

3.3.2.6 Fuels and material irradiations  
 
The result of several experiment are or will be available to contribute to the FR programme: 
 

• METAFIX is an irradiation programme (CRIEPI, TUI, CEA) (carried out in the PHENIX reactor) of 
metallic fuels U-Pu-Zr with Minor Actinides (Np, Am and Cm) and Rare Earths (Nd, Y, Ce, Gd). 
Three experimental capsules, each one with 3 experimental pins will be irradiated in Phenix. The 
METAFIX 1 was unloaded during the planned shutdown period of August-October 2004, after 120 
EFPD irradiation. The two remaining METAFIX capsules will continue the irradiation programme: 
end of irradiation for METAFIX 2 will be in April 2006 and September 2007 for METAFIX 3.      

• FUTURIX irradiation (CEA,ANL,UTI,CRIEPI) is an irradiation programme planned in the PHENIX 
reactor to compare, in a fast spectrum, the most promising designs of fuel for transmutation and 
specifically between oxide fuels helium-bonded and metallic and nitride fuels sodium-bonded. 
Irradiation is planned in Phénix in 2007-2008, PIE during 2008-2009. Interest in the SFR focuses 
on fabrication aspects and tool validations 

• The CAPRIX irradiation in the PHENIX reactor is an essential part of the CAPRA programme. Its 
objective to demonstrate the ability of an SFR to burn/manage the plutonium inventory. A burnup 
equal to 10 at%, should be achieved on two annular pins made of (U,Pu)O2 fuel with 45% Pu.  
The CAPRIX Capsule was re-loaded during the shutdown period of August-October 2004 for a new 
irradiation cycle in order to reach the target burnup . . Both the capsule dismantling and the non-
destructive examinations of the two pins are planned for 2006. 

• The PHENIX reactor NIMPHE1 experiment involves the irradiation of the (U, Pu0.20)N fuel and the 
comparison to that of standard (U, Pu0.20)O2. The NIMPHE 2 irradiation of (U, Pu0.20)C and (U, 
Pu0.20)N fuels . Non-destructive examinations on 11 pins of NIMPHE 1 were carried out in 1993. 
Destructive test examination is available on one pin of NIMPHE 1. Another destructive 
examination of 1 nitride pin NIMPHE 1 (gas analysis, ceramography, fuel density measurements, 
microprobe analysis, SIMS, X-ray diffraction) was carried out in 2003-2004. Non-destructive 
examinations of NIMPHE 2 pins (length, diameter gamma spectrometry, neutronography) were 
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performed in 2003. Destructive examinations of one NIMPHE 2 carbide pin and one nitride pin 
was performed in 2004.  

• The BORA-BORA experiment (a contract between the CEA and Russian organisations) concerns 
the fabrication and irradiation in BOR60 of 16 pins, with different fabrication techniques (pelleted 
and Vipac), different composition without or with U ((U, Pu)N, (U,  Pu)O2, PuO2+MgO and (Pu, 
Zr)N fuels. The first step for the irradiation is now complete. The final second step was completed 
in 2005. PIE have been underway since 2003 and will continue until 2008. 

• AMBOINE is a study performed under contract between the CEA and Russian organisations. The 
first step concerns feasibility studies for the design, fabrication and the pyro-chemical 
reprocessing of vibro-compacted targets UO2-AmO2 and MgO-AmO2. A second step, dealing with 
the irradiation of these targets, is under consideration.  

3.3.2.7 Supercritical CO2 cycle BOP  
Preliminary evaluations of an alternative BOP based on the Supercritical CO2 cycle started in 2005, 
with three steps that have to be carried on in 2006:  

o The first step is the examination and assessment of such a cycle being applied to the SFR 
concept. The thermodynamic efficiency of the supercritical cycle (with full condensation or 
partial condensation) was investigated. The analysis does consider parametrical studies 
on hot and cold cycle temperatures. The pre-conceptual design and sizing of the pre-
cooler, intermediate cooler and recuperator will be carried out. The efficiency of the full 
and partial condensation cycles will be compared to reference cycles (Rankine 
superheated and supercritical water cycles). 

o The safety concerns related to this cycle will be qualitatively investigated to define the 
whole safety case. Among the transients that must be considered, some will be assessed 
and the consequences will be evaluated, e.g. the depressurisation of the CO2 circuit. 

o The development of a Na CO2 heat exchanger will be considered, taking  specific Na CO2 

interaction risks into account and their consequences as well as monitoring and ISIR 
aspects.  

3.3.2.8 Fuel cycles  
As is the case of any Generation IV selected nuclear system, the SFR performances rely on a closed fuel 
cycle which seems more than ever necessary for both an economy of resources and waste management. 
The idea is to develop an integrated approach based on the recycling of all the actinides in such a way so 
that actual waste will be permanently disposed of and will only involve the unvoidable fission products. 
This activity is a cross cutting project with the other GEN IV systems. On this subject, the French R&D 
programme focuses on two main routes:  

• A comprehensive programme is proposed for the development of grouped separation method by 
the hydro-metallurgical process in order to benefit from the considerable industrial experience 
gained from current PWR fuel reprocessing  

• Basic research on the chemistry of actinides in molten salt as well as hot cell experiments on real 
material are proposed in the fields of the pyro-processing. This is to be done in collaboration with 
the UE (The 6th Framework programme), Japan and the US.  

3.3.2.9 Dismantling activities  
 

• The CEA is still heavily involved in the SUPERPHÉNIX decommissioning, through R&D activities on 
radiological appraisals (new methods for specific elements, tritium inventory, on-site 
measurements, radiological measures for samples of various SUPERPHÉNIX systems), on sodium 
treatment processes (carbonation, oxidation, hydrolysis) and on safety analyses (for all on-site 
decommissioning operations and for international feedback analysis). 

• For the decommissioning of the RAPSODIE reactor it was decided in December 2005 to not wait 
any longer. The specific project team, after looking at some technical analyses in order to check if 
alternative (and faster) schedules would be more attractive, is now organizing the final 
decommissioning operations (2009–2017 period); among them, the treatment of primary sodium 
retentions (only a few dozen litters) will be an important phase. 

• The PHÉNIX plant decommissioning, though planned for a distant future (beginning in 2009), is 
nevertheless being studied by a specific project team. The objective is to anticipate that the fact 
that decommissioning activities will immediately follow the operating period (no latency). This 
procedure corresponds to the existing French policy of decommissioning activities for nuclear 
plants. 

• French knowledge, ability and know-how in the field of sodium and NaK facility decommissioning 
induced some national and foreign activities, in areas concerning validation, qualification and 
technical assistance to project mastery (CEA Grenoble centre sodium and NaK cleansing, DFR 
plant, MOL Research Centre). 

• Decommissioning activities have led to specific training sessions organised at the French Sodium 
School 
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3.3.3 Ongoing and future activities  
3.3.3.1 GENIV contributions  
The Sodium Fast Reactor is one of the systems selected by the roadmap of the Generation IV 
International Forum, and the CEA is engaged in a substantial effort in the viability phase. The 
considerable amount of experience accumulated in France over the past 40 years of R&D and feedback 
experiments will be used but some improvements are needed on the SFR to meet the GEN IV goals. A set 
of four projects is under preparation to meet the corresponding objectives: 
 Design and safety  
 Advanced fuels and materials  
 Component design and BOP  
 Fuel cycles (front end and back end)  
The CEA participates in the four projects, providing both significant expertise and original work The main 
CEA proposals serving as a contribution to the SFR R&D plan are briefly presented herein.  
 
3.3.3.2 Innovative SFR designs 
 
During 2005, the R&D activity on sodium reactors was intensified and it will continue in 2006 particularly 
in light of the recent statements made by the President of the French Republic at the beginning of the 
year. The elaboration of coherent reactor images, necessary in the evaluation of each and every aspect of 
the system in relation to objectives, began in 2005. Several different images will be proposed in order to 
provide an overall view of all the various possibilities. These images will come from the following great 
fields of study: the reactor block, the core and the energy conversion system. 
 
The reactor block 
Different types of reactor blocks will be considered: 

• The high power integrated reactor, based on the EFR design (European Fast Reactor), 
• The high power loop reactor, with intermediate circuits for primary heat transfer towards the 

energy conversion system, 
• The high power reactor without an intermediate circuit which is an advanced version of the loop 

reactor, 
• The modular concept made up of several units (integrated or loop type, with or without a 

secondary circuit) of moderate power, the coupling of which will permit the pooling of materials 
between various modules. 

The core: 
The reference core is an oxide fuel core, iso generator without a radial fertile blanket (which can evolve 
towards a breeder core), which can accept a fuel loaded with minor actinides. Studies. 
The energy conversion system: 
Different energy conversion cycles will be considered: the supercritical steam cycle, the gas cycle or gas 
mixture cycle and a supercritical CO2. We shall seek the possibilities of an investment gain linked, for 
example to the great compacity of the supercritical CO2 turbines in other terms, through a simplification 
of the detection, prevention and protection systems. 
 
Preliminary results have been obtained and are illustrated below: 

  
The high power integrated reactor: 
 
This is a reactor with power equivalent to that of the 
EFR, three secondary loops, three innovative IHX 
and three injection PPs, a cylindrical redan and three 
DHX in the hot pool. Handling of the assemblies is 
carried out by means of a single rotating plug, a 
pantograph arm and a transfer ramp. Decay heat 
removal is accomplished by three DRACS in the 
primary vessel. 
 
 
 
 
 
 
The modular reactor without an intermediate 
circuit: 
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This modular reactor concept involves the preceding 
handling system with a single rotating plug, a 
pantograph arm and a transfer ramp without 
intermediate storage. This is a loop reactor of mean 
power (approximately 500 Mwe), with two primary 
loops, each with a EPM, a primary gas sodium 
exchanger, a degassing system enabling us to 
mitigate the effects of a gas leak in the primary 
circuit. Decay heat removal is carried out by two 
DRACS in the primary vessel. 

 

 
 
 
 
 
 
 
 

3.4 Conclusion  
In France, we have a clear strategy concerning fast spectrum systems for future energy; The proposal is 
to develop these systems along two track of R&D: the Sodium Fast Reactor and the Gas fast Reactor.  
The SFR R&D program is still under finalization with the objective to explore through several new pre-
conceptual designs some innovations which could improve the system on its weak points.  
The GFR system is promising (first results confirm the potential of the concept) and requires significant 
breakthroughs in the field of fuel, materials and system arrangement. Some common R&D interest with 
the SFR are emerging 
The next steps are not the same for SFR and GFR: for SFR, a prototype in the range 250 – 600 MWe to 
demonstrate economics and safety of new options is planned to be commissioned in 2020. This reactor 
could be the GEN IV prototype of the recent declaration of the president J. Chirac. For GFR, an 
experimental reactor, ETDR, in the range of 50 MWth to demonstrate viability of key GFR technologies is 
planned to be operational in 2017.   
 
 

20/20 132 of 459



5/10/2006 1

Status of Fast Reactors Status of Fast Reactors 
in France in 2005in France in 2005

JC. ASTEGIANO

with contributions of  

F. BAQUÉ, X. BERSON, Ph DUFOUR,
P. DUMAZ, JC GARNIER L. MARTIN, J. ROUAULT

CEA/DEN Nuclear Energy Directorate  

IAEA Technical Meeting to “Review of  National Programmes on Fast Reactors 
and Accelerators driven Systems” 
Beijing, China, 15 – 19 May 2006

133 of 459



5/10/2006 23939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006

•General information 
•Status of Fast Reactors 

Rapsodie 
Phenix 
Super Phenix 

•R&D activities 
Gaz cooled Fast Reactors 
Sodium cooled Fast Reactors 

134 of 459



5/10/2006 33939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006

General PolicyGeneral Policy
A new French law on energy :
The new law on the French energy policy for the 30 years to 

come was adopted by the French Parliament on June 23, 2005 : 
Four majors areas were identified :

the economizing of energy for an enhanced mastery of 
energy consumption

the diversification of French energetic resources : 
• keeping the nuclear option open and building an EPR reactor 

as an industrial prototype before launching a series
• the development of renewable energies, solar energy, 

biomass (including wood and bio-fuels), hydraulics and wind 
energy with the objective of reaching 21% of the electricity 
production in 2010

• Ensuring the safety of supply in the fields of oil, gas and 
coal, 

The development of research in the energy sector: competitiveness 
of renewable energies, support for the nuclear energy, future 
reactor technologies, the hydrogen option 

The transport and distribution of energy that contributes 
considerably to economic and social development.
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General Policy : EPR in General Policy : EPR in Flamanville Flamanville 

EPR

SAFETY OPTIONS of EPR

- Proposition of  the construction was announced on October 
21, 2004 by EDF 

- Public debate organized from October 2005 to February 
2006 (23 meetings) 

- Announcement of the decision May 4, 2006
- Will be located in Flamanville (Manche)
- Investment cost  : ~3,3 B Euros
- Project to start 2007, operational in 2012
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General Policy GEN IV General Policy GEN IV 

Within the Gen IV cadre Agreement:
• On February 28th, 2005, five members of the International 
Forum Generation IV signed an inter-governmental 
agreement which solidly launched the cooperation phase of 
this forum. (United States of America, Canada, Japan, the 
United Kingdom and France). This inter-governmental 
agreement marked the entry of the Forum into its 
operational phase of cooperation.
• On February 15th 2006, three members signed an 
Arrangements-Systems agreement  on SFR (Japan, United 
States of America and France) with the main objectives: 

Reduction of the investment cost
ISIR 
Advanced material for core and reactor structures
Core safety
Best integration of dismantling restraints at the design level

• Discussions are under way on Arrangement-Project 
(operational level) starting with advanced fuel topic
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General PolicyGeneral Policy

At the beginning of 2006, during his traditional New Year’s 
Address to the Nation, the President of the French Republic, 
Jacques Chirac, announced the commissioning of a fourth 
generation prototype reactor for 2020.  Mr. Chirac stated that 
“Many countries work on the new generation reactors, those 
planned for the years, 2030-2040 which would produce less 
nuclear waste and would allow operators to improve their 
management of fissile matter. I have therefore decided to 
launch, as of now, the design of a Fourth Generation prototype 
reactor within the French Atomic Energy Commission (the CEA). 
This prototype will be commissioned in 2020. We shall, of course, 
include the industrial or international partners who wish to 
collaborate with us. The challenge to our national energy policy
go well beyond our borders. It is now on the European level that 
we must combine forces and formulate a bold energy policy”.
This declaration provides a compelling argument for setting up a
correspondingly ambitious program.
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Production of electricity Production of electricity –– main data for 2005main data for 2005

•Production
French electricity output  549.2 TWh + 0.2%
• Nuclear power plant : 430   TWh (78.3%)  + 0.7%
• Conventional 58.9  TWh (10.7%)  +10.7%
• Hydraulic 56.0  TWh (10.2%)  - 13.0%
• Other renewable 

energy resources 4.3   TWh (0.8%)   + 11.5%

• Consumption : 
French consumption  482.4 TWh  + 0.7% 

• Net consumption 450.0  TWh (+0.6%) 
• Losses 32.4  TWh (+1.9%) 

Pumping 6.6 TWh (-9.6%) 
Exportation 60.2 TWh (-2.6%) 
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Nuclear Power Plants 

• 58 PWR connected at the end of 2005 
• 19 sites 
• 34   900 MWe (20 loaded with MOX)
• 20 1200 MWe
• 4   1450 MWe (N4 units)
• total capacity 63 GWe 
• Availability factor 83.4% (82.8% in 2004)

• The SFR Phenix  
• Excellent operation in 2005, availability factor 85% 
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Nuclear Power Plants

•PWR Safety : 
Events classified on the INES (International Nuclear Event 
Scale) : 0.76 per reactor in 2005 versus 0.88 per reactor 
in 2004. 

A single INES event of level 2 
occurred in 2005 as in 2004, 
generic event concerning the 34 
900 MWe 

Individual doses to personal 
decreases in 2004 compared to 
2003 

All in all, progress was made in 
2004 compared to 2003 from both 
view point of safety and 
radioprotection
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Status of Fast Reactors
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RAPSODIE present situation  RAPSODIE present situation  

•Plant maintained safely under monitoring
•The past strategy, before 2003, was to place the 
reactor under surveillance phase (2007-2020) and 
resume the dismantling operations in 2020 
• In 2004 a new strategy has been proposed to 
reduce the schedule mainly for economic gain. 

•Reactor block 

•Hot cell  

•Liquid
effluent tank
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RAPSODIERAPSODIE
New schedule :

•Preparation phase up to mid 2006 for the 
elaboration of  the files to be submitted to the 
safety authorities for the elaboration of the decree
•Dismantling of auxiliary systems and detailed 
engineering studies up to 2009
•Dismantling period from 2009 to 2017

Preparation phase
Mid-2003 Mid-2005

- Scenarios
definition

Operational phase
Mid-2009

End of phase
2017 

Preliminary engineering studies
Selection of project companies  

- Detailed engineering studies
- Decree

2009: Start of the decommissioning operations

Ask for a new decree:2006 

Beginning of the project
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RAPSODIE sodium treatment RAPSODIE sodium treatment 

•Decommissioning of the reactor 
vessel : <80 kg of metallic Na and 
<100 kg of oxides.

•Three steps 
Generalized CarbonationGeneralized Carbonation
Local TreatmentLocal Treatment
Rinsing and washing the vesselRinsing and washing the vessel

MESOS
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RAPSODIE dismantling RAPSODIE dismantling 

• Step 1 : under water teleoperation 
Rotating plugs dismantling
Neutron shields dismantling
Diagrid, guide and support 
bushings dismantling

• Step 2: in air  teleoperation
Thermal shields dismantling
Reactor Vessel, Double 
Containment, Pipes dismantling
Thermal protection and Safety 
vessel dismantling
First layers of the SERCOTER 
dismantling

• Step 3: in air manual operation
Last layers of the
SERCOTER dismantling

 

Sas maintenance 

Zone intervention 

Sas accès personnel 

Zone évacuation poubelle HA Canal de mesure DDD 

Château de transfert 

Robot industriel 

Unité linéaire de translation Porte guillotine 

Zone de conditionnement 

Zone de découpe 

Table tournante de découpe 

Zone mise en place couvercle Porte guillotine 

Télémanipulateurs 

A working shield 
enclosure will  
erected above the 
reactor.
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PHENIX PROGRESS REPORT
May 2005 - April 2006
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LIFETIME EXTENSION PROGRAMME 1994 to 1997 and  1999 to 2003

Safety upgrading
Installation of one safety control rod

Seismic reinforcement of buildings

Improvement of protection against sodium fire in the SGU building

Anti-whip system on the high pressure steam piping

Construction of 2 independent emergency cooling circuits

Classical fire protection

Renovation work:
Repair of 321 steel components:

Secondary loop hot legs
SGU sodium headers
SGU modules

Manufacturing of three new Intermediate Heat Exchangers
Primary and secondary pumps refurbishing

special reactor structure inspections
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Phenix Operation 2003 2004 

2003 main events
Feb  End of Renovation works,
4th July Connection to the grid
3rd Sept. Nominal power
13th Sept. Shut-down following a sodium-water reaction in SG
22nd Dec. Connection to the grid and power rise

2004 main events 
8th of Aug. End of 51st cycle, 

Shutdown from August to November for maintenance, 
control and refuelling

15th of Dec. Connection to the grid
Excellent operation  
Nb of days of operation: 202  
Availability factor: 73.6 %
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2005 OPERATION DIAGRAM

2005

350
300
200

OctobreJanvier Février Mars Avril Mai Juin Juillet Août Septembre NovembreDécembre

100
AM3 AM4

53rd cycle52nd cycle

Planned operation

Power Operation

Reactor critical

Nb of days of operation: 262
Nb of EFPD: 162.7
Availability factor: 84.9 %
Load factor: 71.8 %

6th May to  7th April Planned shut-down ( 4 weeks) for refuelling and maintenance

25th Aug. to 1st Oct. Planned shut-down ( 5 weeks) for refuelling and maintenance

1st Oct. to 8th Oct Repair of condenser tube leak
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SHUTDOWN PROGRAMME  May 2005

Refuelling campaign:
Control of Diagrid support structure: 
measurement of S/A head positions
Replacement of 5 CR absorbents
Discharge of SUPERNOVA experiment
(material irradiation

Inspection of SGU n°3 evaporator modules: 
no evolution of steam tube spacer grid 
distortion

Maintenance

Duration: 29.5 days  (scheduled:  28 days)
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SG INSPECTION EXTENSION

Grid n°39 and 43

GridTie rodsFixing 
pin

Reheater
Stage

Superheater
Stage

Evaporator
Stage

During statutory control of EVA modules in 2003, one distorted 
steam tube spacing grid assembly found on module 10 of SG3
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DAMAGE ON GRID n°39 OF SG3 MODULE n°10

Présentation du 04 octobre 2004 – page 5 / 15

153 of 459



8Valrhô / DEN / Centrale Phénix, L. Martin         3939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006

SHUTDOWN PROGRAMME  Sept. 2005

Refuelling campaign
Discharge of PROFIL R experiment (Actinide cross section 
measurement) 
Periodical maintenance
Draining of secondary loop N° 1 for preparation of module leak 
location system

Duration: 36.5 days (scheduled: 28 days)

Main Outage
Replacement of Complementary Shutdown system absorbent 
assembly following decrease of lifting force 
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DEVELOPMENT OF LEAKING MODULE LOCATION 
TECHNIQUE

Following the Sept. 2003 Na/water reaction: development of a technique 
for identification of a leaking module in the micro-leak phase before 
acceleration of the leak.

Initial conditions: Reactor shutdown,
Secondary loops at 400°C
Steam side filled in with nitrogen

Injection of a radioactive tracer (Kr79) and circulation of nitrogen, activity 
measurement at the sodium outlet of each module
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2006 OPERATION DIAGRAM

2005

350
300

200

OctobreJanvier Février Mars Avril Mai Juin Juillet Août Septembre Novembre Décembre

100

Fin du 53 ème cycleFin du 53 ème cycle Début du 54 ème cycleDébut du 54 ème cycle

A6A5 A7

on April 25, 2006

Nb of days of operation: 38
Nb of EFPD: 23,8
Availability factor: 76.8 %Planned operation

Power Operation

Reactor critical
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SHUTDOWN PROGRAMME Feb.- March 2006

Main activities:
Refuelling campaign
Discharge of Caprix (high Pu content experiment) and ECRIX H (Am 
bearing target)
Loading of MATRIX (material irradiation for ADS, GCR, ITER) 
Statutory inspection of SGU (every 18 months) and secondary sodium 
circuits (every 15 000 h)
Fifteen-yearly maintenance of Diesel Generator n°1
Maintenance on primary purification circuit (trace heating, leak
detection, sodium level measurement)
Installation of module leak location system (Sodium/water reaction)
Inspection and repair of Condenser
Control of Diagrid support structure: measurement of S/A head positions
Tightness test of main vessel upper weldings
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MEASUREMENT of CORE DIAGRID DEFLECTION

Plan de référence pour le calcul de la flèche sur têtes d'assemblages 

Cône des moindres carrés 
calculé sur têtes des rondins de PNL 
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Measurement of core reference plan: 41 positions in radial NS, 5 meas. Per 
pos.

5 measurements with a calibrated SA in a near center position)

Diagrid deflection criterion : D- D0 < delta D and D- D0 + delta D < 1.5mm
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TIGHTNESS TEST OF MAIN VESSEL UPPER WELDINGS

S2

S4

Leak before Break 
approach

Test principle: Circulation of
nitrogen in vessel inter-spaces 
and monitoring of argon outlet  
concentration

Calibrated injection of argon
at the end for checking test
accuraty

leak rate specification 1 Nl/h

Ar

N2

WELDINGS

159 of 459



14Valrhô / DEN / Centrale Phénix, L. Martin         3939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006

PHENIX EXPERIMENTAL IRRADIATION PROGRAMME

TRANSMUTATION TESTS
Neutronic datas PROFIL R ,M

Fuel irradiation for homogeneous mode METAPHIX 1,2,3

Target irradiation for heterogeneous mode
Constituent materials (Inert matrices, moderators)       MATINA 1A / 2/3
Irradiation of actinide-based compounds (Americium)  ECRIX  B and H

CAMIX-COCHIX
Irradiation of targets containing long-lived fission products 
(Technetium 99) - ANTICORP

MATERIALS FOR NEW REACTORS
GEN IV materials :SFR and GCR                   MATRIX and
ADS and ITER materials                                              FUTURIX MI

FUEL TEST FOR FUTURE NUCLEAR SYSTEM
Irradiation of high Pu content fuel CAPRIX

Fuel with high minor actinide compound FUTURIX FTA

Fuel for GCR FUTURIX C
160 of 459



15Valrhô / DEN / Centrale Phénix, L. Martin         3939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006

PHENIX IRRADIATION EXPERIMENT PROGRAMME
Expériences JEPP 51-167 51-168 52-169 52-170 53-171 53-2 54-1 54-2 55-1 55-2 56-1 56-2 57-1 JEPP mini maxi %

Date début cycle
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0/
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Date fin cycle 
selon disponibilité
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/0

3/
20

03
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/0

2/
20
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05
/0

8/
20
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07
/0

5/
20

05

26
/0

8/
20
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/0

1/
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/0

7/
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16
/1

2/
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/0

5/
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/1

0/
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07
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/0

3/
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/0

9/
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23
/0

1/
20
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21
/0

6/
20

09

Arrêt AM1 AM2 AM3 AM4 AM5 AM6 AM7 AM8 AM9 AM10 AM11 AM12 final

JEPP totaux 0 42 131 206 252 314 371 421 480 540 600 670 720 780

JEPP chargement 42 89 75 46 62 57 50 59 60 60 70 50 60

durée arret 122 26 28 63 28 35 35 28 35 35 28

disponibilité 80%

Remarques :

FOU
BDC

240
644
560
340
300

117
112
230

308
566

329

720
360
353

99%

120
120
284
240
360
360
320
600

670

97%
100%
57%

100%
100%
100%
100%

97%
97%
98%
98%

99%
100%
89%
95%

prévu 659
prévu

670
720
360
353

100%
100%
100%

240
240

240

138

240

prévu 600
240
240
240

670

581

77
prévu 636414

prévu 564

0
-11
128
506
244
138
138

0
0
0
0

77
-11

0
0
0
0
0

-11

Matina2-3
Camix-Cochix
Ecrix H
Métaphix 3

Matina 1A
Métaphix 1
Profil R
Profil M

Futurix FTA
Futurix MI
Futurix Concepts
Ecrix B
Anticorp1
Metaphix 2
Caprix 1
Bachus 2
Bachus 3
Pavix témoin
Pavix 8
Pirogue 1
Supernova 1
Elixir
PNC P5
PNC P6

349
349
314
589

119
120
252
229

742

615
559
559
509
620
329
344

637
93%
96%

Matrix

607138
22

prévu

466 465 100%
REDT CPed6106
REDT CPed6103

463149
149 689

5 5 1
1

1+ SAC

- 80 % disponibilités sur cycles futurs
- planning irradiation du 12/07/05
- 52-170 terminé
- Mise en place d'un demi 57ème cycle
- modification durées Cped REDT
- Autorisation OK pour le 52-170 (Profil-M + Elixir)
- durée des arrêts remis à jour

3 1 1 3

AT3AT2
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EXPERIMENT PROGRESS IN % OF TARGET

Avancement Irradiations en % de l'objectif
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HOMOGENEOUS TRANSMUTATION  EXPERIMENT

METAPHIX: Irradiation of Actinides diluted 
in metal fuel (UPuZr+MA+RE)
Contract with ITU Karlsruhe for CRIEPI
Differents irradiation periods : 2,4 at % – 7at % – 11 at %

Core 
center 
plane

71 U19Pu 10Zr

67U 19Pu 10Zr 2A.M. 2T.R.

66U 19Pu 10Zr 5A.M.

61U 1 9Pu 10Zr 5A.M. 5T.R.
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1 2 3
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ECRIX EXPERIMENTS: SUB-ASSEMBLY DESIGN

ECRIX B and H : Transmutation of Americium in MgO inert matrix, pins located inside special 
moderating carriers)

ECRIX : moderator sub-assembly  and capsule cross section
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LLFP TRANSMUTATION : ANTICORP 1

Capsule : 3 pins with two pieces of 99Tc metal
Moderator carrier
Transmutation rate target: 25%
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A new experiment: MATRIX

Objective:
Irradiation of structural materials (metals, ceramics) for:

ADS
future nuclear systems (GFR)
Fusion reactor ITER 

International experiment associating: US/DOE, European Union 
and CEA

Temperature range: 380 to 530 °C
Target dose: 65 dpa (465 EFPD)

Beginning of irradiation: 2006 

Irradiation duration : 465 EFPD 
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MATERIALS FOR NEW REACTORS: MATRIX

Structure materials 
(metals, ceramics) for 
GCR, ADS, ITER

CEA, US-DOE, EU
Placing the baskets in the rig tubes

Basket after closing.

Basket assembly
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FUTURE OPERATION of the PLANT

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

51 - 2 52-1 53-1

2004 2005 2006

80% Load factor

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

53-2 54-1

54-2 55-1 55-2 56-1 56-2

2007 2008 2009

52-2
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CONCLUSION

Irradiation experimental programme in progress for:
Minor Actinides and Long-Lived Fission Products 
transmutation
Future reactor development 

Studies for a possible extra half cycle for burning out of fuel stock 
and extension of experimental irradiations

End of life tests and expertise programme project : 
CEA has studied the possibility to carry out some end of life tests 
and an expertise of materials. This unique opportunity has been 
proposed to be shared by the international community, in the 
prospect of SFR development.  
Test definition, precalculation and preparation (e.g. for the safety 
reports); test  interpretation and recalculation; benchmarking and 
tools validation are still open to discussions
Preparation of plant dismantling

169 of 459



5/11/2006 13939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006

SUPERPHENIX 
Decommissioning

May 2005 - April 2006
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SUPER PHENIXSUPER PHENIX

• The final shutdown of SUPERPHENIX has been announced 
by the Prime Minister in June 1997, and officially confirmed 
in February 1998. 
• A ministerial decree for SUPERPHENIX decommissioning was 
issued on December 31, 1998 

core unloading from the reactor vessel  to the fuel 
storage water pool,
removal from service of non safety-required systems
draining and storage operation of the sodium

• Decommissioning strategy was studied from 1998 to 2000   
• EDF Strategy : SUPERPHENIX dismantling to be finished 
around 2025-2030, without intermediate safe storage status
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SUPER PHENIXSUPER PHENIX

A new decree was needed to authorize the full 
dismantling of the plant. It covers all the required 
operation up to the end. Public inquiry was 
successfully organized at the end of 2004.  New 
decree was issued March 20th,  2006. 

Main points : 
New authorization for effluents
Authorization for final decommissioning
Authorization for modification of fuel storage pool

Some operations will need specific technical 
authorization :

Decommissioning of large primary components

Sodium treatment (TNA facility)

Sodium residues treatment in primary vessel
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SUPERPHENIX primary circuit 

•Primary sodium is kept 
liquid  thanks to 
electrical heating system 
(600kW) installed on the 
outside of safety vessel
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SUPERPHENIX Core unloading 

• The latest core subassembly
has been unloaded on March 
19, 2003, a total number of 
650 SA was unloaded, washed 
and transferred to the water 
pool

After cleaning

Before cleaning

Unloading of steels
subassemblies and  
lateral neutron 
shielding assemblies will 
take place in 2006-2008
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SUPERPHENIX reactor block 
• In October 2003, drilling of three plates of the lower part 
of reactor block has been realized under sodium thanks to a 
specific machine (21 m high) : 50, 26 and 12 mm diameter 
holes  were drilled

Drilling 
tools

Ø50  mm

Ø 26 mm    Ø 12 mm

23
08

0 
m

m
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SUPERPHENIX

Small primary components handling and treatment

~ 60 small primary components
[ 2002 to 2007 ]

~ 170 tons of radwaste
End of 2005 : 45 dismantled omponents

Cutting workshop in 
Reactor Block

Small Primary Component Treatment
- Handling
- Manual sodium removal
- Cutting into pieces
- Cleaning in plant pits
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SUPERPHENIX IHX isolation

• 2003 – 2004: IHX isolation and sodium draining

177 of 459



5/11/2006 93939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006

SUPERPHENIX Turbine hall 

• 2003 – 2004: Turbine Hall Dismantling 18 months work 
Metal  19 000t, Concrete  10 000t, Cabling    400t, 
Insulation  300t, Electronic devices 10t, Neon tubes 1t

Turbine Hall before 
dismantling

Turbine Hall in 
2003 Turbine Hall in 

2004
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SUPERPHENIX secondary circuitSUPERPHENIX secondary circuit

The secondary circuits are already drained (secondary 
sodium stored in existing tanks)
• 2005 – 2007 construction of large components treatment 
workshop (primary pumps, IHX,…)
• 2007 – 2010 Primary components extracted and dismantled
• 2006 – 2012 Secondary loops carbonated and dismantled 
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Sodium Sodium treatmenttreatment
Level
13,2 
MF

E

D C

Drum Na Tanks

Secondary
Na
Tanks

Primar
y 
vessel CA 

NOAH 
Process

CA blocks makin

Turbine Hall

NOAH is a continuous process used to transform Na in soda, this soda is 
incorporated in concrete to produce very low actives block, to be 
stored in surface on site. 
2005 – 2007 Building Sodium disposal treatment (TNA)
2007 – 2008 Secondary (1550 t) and Drum (670 t) storage Na treatment
2009 – 2011 Primary Na treatment (3300 t) 
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SodiumSodium treatmenttreatment installationinstallation
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SodiumSodium treatment treatment installationinstallation

Test samples of 
cement block

Sodium 
treatment vessel

182 of 459



5/11/2006 143939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006

SPX NPP DECOMMISSIONING   BRIEF TIME SCHEDULE
• EDF Strategy : SUPERPHENIX dismantling to be finished in 2027, 
without intermediate safe storage status
• The new decree which include all dismantling operation was 
issued March 2006

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2918 2019 2020 2021 2022 2023 2024 2025 2026 2027
Decree 
Unloading of Steel and Shielding SA 
Pool storage of unburned fuel 

Dismantling of small components 
Unloading of large components 
Dismantling of large components 

Sodium Treatment and cementing 
facility construction 
Secondary Sodium treatment  
Primary Sodium treatment 
Inspection, carbonatation and 
treatment of residual retentions 
Filing the primary vessel with water 

Carbonation of secondary circuits 
Treatment and dismantling of the 
secondary circuits 

Dismantling of the nuclear service 
buildings 

Dismantling of electro mechanics in 
the reactor building 
Reactor block dismantling 
Civil work dismantling (except reactor 
building) 

Reactor building civil work dismantling 
Site restoring 

DEFUELLING 

PRIMARY COMPONENT 
TREATMENT  

SECONDARY 
AND 
PRIMARY 
SODIUM 
TREATMENT  

FINAL 
DEMOLITION
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R&D activities 
for Future Nuclear Energy 

Systems in France 

May 2005 - April 2006
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Landscape 
France

58 PWR and SFR PHENIX in operation
One EPR will be built in Flamanville 
Development of a strategy for an optimized treatment of 
radioactive waste
New law on the energy policy for the 30 years to come was 
adopted by French Parliament in June 2005 
The strategy for Future Nuclear Energy Systems has been adopted 
by the Ministries of Research and Industries on March 2005. 
The president J Chirac announcement on the commissioning of a 
fourth generation prototype reactor for 2020 in January 2006 

International
Bilateral cooperation 
Generation IV International initiative
6th European Framework Programme on RTD  
IAEA INPRO Project
The GNEP initiative launched by US president GW Busch early 
2006
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In France, transition scenarios between generations is: 
o Extend the lifetime of the current Gen III LWRs 
o Partially replace the existing LWRs by Gen III/III+ 
o Introduce of Fast Reactors  in 2035-2040

Generation 3+

Generation 4
Existing fleet

40-year plant life

Plant life 
extension beyond 

40 years
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Average plant life : 48 years
Source : EDF, ENC 2002
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French Strategy for Future Nuclear Energy System

Development of Fast Reactors with a closed fuel cycle along two 
tracks:  

Sodium Fast Reactor (SFR)
Gas Fast Reactor (GFR)
New processes for spent fuel treatment and recycling

For industrial deployment around 2040 
need of prototypes around 2015/2020

Nuclear hydrogen production and very high temperature process 
heat supply to the industry

Very High Temperature Reactor (VHTR)
Water splitting processes

Innovations for LWRs (Fuel, Systems…)

This strategy has been approved by the Ministries of Research and 
Industries in March 17, 2005
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French Strategy for Future Nuclear Energy System

Why two tracks for Fast Reactors ?

- Sodium Fast Reactor :
- Very strong experience in France and in the world

- Some difficulties remaining, mainly on investment cost 
and some safety issues

The most mature of Fast Reactor concepts

- Gas Fast Reactor
- Interesting features like transparent and inert coolant

- Common technologies for materials and components 
with VHTR dedicated to hydrogen production 

Need of a large R&D program but gives access to both 
“fast spectrum” and “high temperature”
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French Strategy for Future Nuclear Energy System

Fast Spectrum is associated to the Gen IV closed fuel cycle

Integral recycling of all actinides

Self-sustainable cycle

Minimization of the recourse to fertile blankets

Reasonable in-core Pu inventory

Irradiated
fuel

Unat

FR FPs

Wastes
D. S. R.

Actinides

Dissolution
Separation
Re-fabrication
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Specific objectives for the Sodium Fast Reactor R&D

Knowledge is here and 
technology  often mature. 
Residual difficulties which call 
for improvements and/or 
innovations are real :
- Investment cost
- Core safety, sodium risk
- ISIR
- Core and fuel cycle 

compatible with the GenIV
close fuel cycle

- For an increased public 
opinion acceptance

An R&D program is currently 
being built with our industrial 
partners and in parallel of the 
international cooperation

Electrical
Power

GeneratorTurbine

Condenser

Heat Sink

Pump

Pump

Pump

Primary
Sodium
（Cold）

Cold Plenum

Hot Plenum

Primary
Sodium
（Hot）

Control 
Rods

Heat　Exchanger

Steam Generator

Cor e

Secondary
Sodium
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Specific objectives for the Sodium Fast Reactor R&D

The next stage will obviously be a demonstrator. CEA wishes 
to elaborate several SFR pre-conceptual designs to 
illustrate and evaluate envisioned innovations and to 
precise relevant R&D items

2009 : pre-conceptual innovative SFR designs evaluation 
and comparison and selection of options for an innovative 
SFR
2016 : final report on the confirmation of performances of 
the SFR and decisions concerning a SFR prototype

205020452040203520302025202020152010 205020452040203520302025202020152010

Viability & Performances

Optimization of SFR

Prototype : construction, operation,
experience feedback

Series : Construction, deployment

FOAK : construction, operation,
experience feedback
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SFR R&D fields identification

R&D items were identified as first trends of the ongoing 
program :  

• Valorization of acquired experience
- Knowledge preservation,
- Modernization and adaptation of existing tools… 

• Innovative SFR designs & systems assessment to improve 
the system, particularly regarding investment cost. 

• Enhanced Safety & public acceptance

• In service inspection & repair, life-time extension, easier 
dismantling

• Fuel performance & fuel cycle for sustainable 
development

• Advanced materials for the core and the nuclear plant

Pluri-annual detailed program still to be finalized
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SFR Current R&D : Valorization of the acquired knowledge

• Knowledge preservation and valorization of the knowledge 
acquired from the French FRs (including the deep review of past 
“innovative studies” : ECRA, EFR’s alternative options…)

• Modernization of the existing calculation tools and development 
continuation :  
- Design rules : RCC-MR
- Codes : Fuel (GERMINAL) ; Core physics (ERANOS); core 

Thermal-Hydraulic ELOGE); Operation and transients (OASIS 
CATHARE) ; Thermal-Hydraulics (TRIO-U) ; Mechanics.. 

(CAS3M) ; Safety (SIMMER)

• Evaluation and comparison of existing design concepts (JSFR, 
KALIMER …)

• Preparation of End-of-Life tests and expertise in PHENIX (
2008) as contribution to code validation, ….

• European framework program “innovative SFR” (6th FP proposal)

• Continuation of the Sodium School training in Cadarache
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CEA JAEA Joint Development of the SIMMER-III Code

0.583s 0.593s 0.603s 0.613s 0.623s 0.633s

0.643s 0.653s 0.663s 0.673s 0.683s

• Objective : Direct 
observation of vapor 
behavior
• Salted water was used.
• 2 electrodes were inserted 
into the test section and 
connected to high power supply. 

– High heating kinetics: up to 
100K/sec

BALL-TRAP
Experimental study
of mixed boiling pool 
(fuel  steel) with 
simulants (water and
hexane)
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• CATHARE will replace the OASIS code, presently used by 
CEA,  for the modeling of SFR in normal operating 
conditions, incidental and accidental transients (no 
sodium boiling) by the end of 2007

• First phase of development  2006-2007: cross 
comparisons with OASIS, recalculation of SPX tests

• CATHARE will be 
used from 2008 
for the evaluation
of new 
SFR concepts
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French sodium school

The French Sodium School deals with sodium technology  teaching
• Created in 1975, more than 3500 trainees over 31 years, 10 to 20

sessions per year 
• different courses (in French or in English) 30 

specialised teachers : 
Main topics :the sodium cycle, sodium equipment,  

loop operation, cleaning, management of 
contaminated sodium, decommissioning, 
NaK…

• Practice test rooms including Sodium fire area, Sodium circuits and 
specific instrumentation room

• Accumulation and preservation of large amount
of knowledge on sodium technology 

• Still very active for current needs : security training, 
CEA dismantling and Superphénix decommissioning
staffs, Phénix Plant staffs

Open to international cooperation : 
specific courses for Indian (IGCAR) and Chinese (CAEA)
active collaboration with JAEA sodium School in Tsuruga 
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SFR Current R&D : design & system assessment
EFR does not meet the economic competitiveness compared with 

LWR new generation : additional cost of about 20 % on overnight 
cost and about 10% on kWh cost

Basic options to be considered for  innovative pre-conceptual 
designs proposals :

- Architecture: Pool / Loop

- Power size : Large / modular

- Intermediate circuit : with (compact) / without 

- Energy conversion system : gas (N2..) / supercritical (steam, 
CO2) / …

- Primary handling : under rotating plugs / cell

- Core & cycle : oxide (ref.) / metal, safe designs

- Benefit and challenge of an increase of the hot temperature (+ 
50°C, +100°C)

4 to 6 SFR systems are currently under definition for rough 
overall performances characterization in the short term and 
comparison (economics, safety, …)

197 of 459



3939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006 15

SFR Current R&D : design & system assessment

First illustration : starting from the 
EFR design, try to introduce more 
compactness in a large power pool 
type  system 
- primary circuit compactness
- 3 loops 
- very compact bean shaped IHX
- fuel handling a single rotating 

plug and pantograph 
- no internal storage of spent fuels
- double plate core catcher 
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SFR Current R&D : design & system assessment
Second illustration : in rupture with the EFR, a loop 
type modular Reactor without secondary Na circuit
- 1200 MWth modules with 2 loops (objective : one)
- factory manufacturing of large components
- Na/Gas IHX
- fuel handling with a single rotating plug and 

pantograph
- specific defence against gas in the Na

• Additionally to  those two illustrations, 2 to 4  other 
innovative combination of options will be defined

199 of 459



3939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006 17

SFR Current R&D : design & system assessment, energy conversion

Why considering alternative conversion cycles ?

- to increase competitiveness : efficiency, compactness

- to facilitate the safety demonstration : avoiding Na/H2O 
reaction

3 options are considered

Na 

N2

IHX Primary flowIHX Primary flow

Gas turbine cycle cycle (N2, He/N2, CO2)

SC CO2 cycle 
(MIT type)

Steam cycle (SPX type)
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SFR Current R&D : fuel, fuel cycle and materials
Objectives :

- To develop fuels to transmute all the actinides, with high 
burn-up

- To define and validate the fuel cycle of future  FRs
Fuels for transmutation

- Irradiations in Phenix :
• Nitride (NIMPHE, FUTURIX-FTA)
• MOX or Metallic MA loaded (SUPERFACT, FUTURIX-FTA, 

METAPHIX)
- Irradiations in BOR 60 (BORA-BORA, AMBOINE program …)
- Modeling of fuel loaded with MA
- MONJU demonstration : 2010 first pin, 2020 prototype of S/A

Advanced Cladding
- Irradiated Austenitic steels (PAVIX, end in 2007)
- New materials (Ferritic steel,  ODS, …), with JAEA > 2008

Links with the GFR program for advanced fuel and materials, and 
hart of the treatment and refabrication processes
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Specific motivations for the Gas Fast Reactor

The use of He as primary 
coolant :
- neutronics transparency
- without phase change
- chemical inertness
- optical transparency
- high temperature reactor –

850°C – (high efficiency 
electricity production 
and co-generation 
capabilities)

With an innovative fuel
- robust and refractory
- high level of Fission 

Products confinement
- increased resistance to 

severe accidents

• The advantages of fast 
neutrons with a 
complementary approach to 
Na cooling for a sustainable 
version of the Very High 
Temperature Reactor
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An experimental reactor in the GFR development plan

• ETDR : Experimental Technology Demonstration Reactora
necessary step toward a GFR prototype

205020452040203520302025202020152010 205020452040203520302025202020152010

Viabilité Performances

Optimisation

Tête de série : réalisation, fonctionnement et REX

Série : Réalisation et déploiement

REDT : décision, réalisation, exploitation, REXDécision

Prototype :  réal., exp.  et REX Prototype : const., op., feedback

Viability  and Performance

GFR optimisation

ETDR :  construction, operation, feedback

Series head : construction, operating, feedback

Series : construction and deployment

Decision

Decision

2012 : feasibility report and decisions concerning the ETDR
2017 : first experimental assembly in the ETDR
2019 : final report on the feasibility and performances of the GFR 
and decisions concerning a GFR prototype

203 of 459



3939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006 21

Gas Fast Reactor : the R&D challenges

An innovative fuel (FPs confinement, fast neutrons, self-
sustainability, high temperature)

+ In-core structural materials resistant to both the high 
temperature and the fast neutrons
Suitable technologies for the fuel cycle

System design and safety / management of the depressurisation
accident

In common with the VHTR R&D :
– He circuits and components technology
– High temperature structural materials
– Power conversion system
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GFR Current R&D : fuel design candidates

0 25 50 75 100
%vol. of actinides compound in the volume dedicated to fuel

High density
compartmented

platelet 

Advanced
particles

HTRs

GFRs
Cladded
pellets

GFR
back-up fuel
(composite cladding)GFR

reference fuel

205 of 459



3939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006 23

GFR Current R&D : a promising core concept
2400 MWth

He pressure 70 bar
He outlet temperature 850 °C
Specific power 100 MW/m3
Core pressure drop 0.6 bar
Volumetric fractions 
Structures / He / Fuel 20 / 40 / 40
Fuel type UPuC/SiC
Max fuel temperature < 1200 °C
In-core Pu inventory 7.6t/GWe
Fuel management 3x831 EFPD
Burn-up ~10 at%
β / Doppler / He void 344 / -1175 / 

+253 pcm

GFR SFR

βeff 350 pcm 350 pcm

Doppler -1000 to -1500 pcm -700 to -900 pcm

He void < 1 $ 4 to 5 $

Favorable 
reactivity 

effects
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GFR Current R&D : Decay Heat Removal (DHR)

Conduction & Radiation used in High Temperature Reactors are 
no longer applicable because of the high core power density 
and the limited thermal inertia in the core region

Based on He gas cooling 
with appropriate 
design choices to 
enhance natural 
circulation : 

- core with low 
pressure drop

- dedicated 
arrangement of the 
primary circuit

- close-containment to 
provide a “back-up” 
pressure

207 of 459



3939thth TM TWGFR, TM TWGFR, Beijing, China, 15 Beijing, China, 15 –– 19 May 200619 May 2006 25

GFR Current R&D : the energy conversion 

Type h (%)
Core inlet 

T (°C)
Core outlet

T (°C)
Direct, Brayton He 48.2 480 850
Indirect, Brayton N2 -He 46.6 480 850
Indirect/Combined N2 -He/H2O 45.1 400 850
Indirect, low T, CO2 SC 46.2 460 680
Indirect, low T, Brayton N2 -He 41.7 480 680

H2Os

He-N2 
He

400°C

850°C 820°C

Core Steam cycle 

534°C

150 bar 

364°C

406 MWe 

731 MWe Gas cycle 

IHX 

Primary circuit The indirect/Combined N2-He/H2O is 
current priority in the 2400 MWth
GFR studies because :

The significant potential for improvement 
of the indirect/ combined cycle 
efficiency (simplified subcritical 
Rankine here)

The decrease of the optimum inlet core 
temperature, a key advantage of this 
configuration

And finally, the potential in term of 
primary system arrangement
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GFR Current R&D : system arrangement

• Indirect cycle : Primary system + DHR loops arrangement

• Minimum diameter of a spherical guard containment : 
about 30 m
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GFR Current R&D : system arrangement

Guard containment with 6 
injection tanks (220 m3 filled with 
He at 75 bar, 400°C) 

Secondary concrete containment 
(external hazards)
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The Experimental Technology Demonstration Reactor 
ETDR will be the first GFR ever built

ETDR : a demonstrator of GFR principles and technologies
Fuel qualification at a significant scale
Demonstration of key technologies (operation, instrumentation)
Support to the definition of GFR safety approach

ETDR 
30-50 MWth, 100 MW/m3

Conditions representative to GFR
(fast neutron flux, pressure, 
temperature, He flow rate,…)
Core technology evolving from a 
today proven technology to a 
demonstration core

START OF ETDR OPERATION ~ 2017 ETDR general layout
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Future Nuclear energy : Conclusions

- France has a clear national strategy concerning fast spectrum 
systems which are developed along two tracks of R&D : the SFR 
and the GFR

- SFR R&D program is still under finalization with the objective to 
explore through several new pre-conceptual designs some 
innovations which could improve the system on its weak points

- GFR system is promising (first results confirm the potential of
the concept) and requires significant breakthroughs in the field
of fuel, materials and system arrangement. Some common R&D 
interest with the SFR are emerging

- Next steps are not the same for SFR and GFR :

- For SFR, a prototype in the range 250 – 600 MWe to 
demonstrate economics and safety of new options. 

- For GFR, an experimental reactor, ETDR, in the range of 50 
MWth to demonstrate viability of key GFR technologies
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Future Nuclear energy : Conclusions

A possible scheme for the development of the two tracks which are 
presently at very different status

2010 2020 2030

ETDR

SFR Proto

GFR Proto

Operation, experimentation
Final design 
Construction

Feed back 
from ETDR

Decision making 
for construction

Operation, experimentation
Final design 
Construction

Decision on prototypes largely influenced by the involvement of 
industrial partners 

SFR proto could be the GEN IV prototype of the recent declaration 
of the president J. Chirac

International cooperation to share knowledge, competences and 
funding is of prime importance
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International Atomic Energy Agency TWG-FR, 39th Annual Meeting 
Technical Meeting on Review of National Programmes on Fast Reactors and Accelerator 

Driven Systems 
Beijing China, 15-19 May, 2006 

 
Country Report for Germany 

 
 
The primary energy consumption in Germany in 2005 was about 492.6 MtSKE in total. The 
distribution on the main energy sources is: mineral oil: 36.4 %, natural gas 22.4 %, black coal 
13.5 %, brown coal 11.4 %, nuclear energy 12.6 %, water and wind 1.2 %, others 2.5 %.  
The net electricity production in Germany in 2005 was about 495.9 billion kWh. The distribution 
is: nuclear energy 32%, lignite coal 28.9%, black coal 23.1%, oil 0.2%, natural gas 9.1%, water 
4.7%, others (being biomass, photovoltaics, wind) 2.0%.  
In 2005, 18 nuclear power plants were in operation in Germany. In May 2005 the KWO 
Obrigheim was closed due to the new Atomic law which fixes the phase out of nuclear power 
production. The net installed nuclear power was 20.7GWel, the net nuclear electricity production 
was 163TWh, the time availability was 88%. Nuclear makes up for about 50% of the base-load 
electricity production in Germany. In absolute numbers, Germany is number 5 in nuclear 
electricity production. Among the top ten nuclear power plants world-wide, in 2005 there were 7 
German plants including the plant with the highest amount of electricity produced, being NPP 
Brokdorf with 1440MWel and 11.98TWhel. The net electricity output of the nuclear power plants 
is constantly increasing due to power upgrading and higher time availabilities.  
As for the renewable energies, there is no significant absolute increase except for wind. About 
50% of the government support for renewable energies from the Environmental Ministry goes to 
photovoltaics.  
The Helmholtz-Gemeinschaft (HGF), summarising 15 national research centres, 24.000 
employees and a yearly budget of about 2,1 billion € is the largest research organisation in 
Germany. The HGF identifies and works on complexe and urgent questions of society, science 
and economy, especially concentrating on systems of high complexity. There are six research 
areas, being energy, earth and environment, health, key technologies, structure of matter, traffic 
and space. Within energy, there are four programmes: efficient energy conversion, fusion 
technology, nuclear safety research, renewable energies. - In 2005/2006, there was an 
evaluation of the research programme and long-term future of FZK by an internationally 
composed Perspective Commission set up by the German Ministry of Education and Research 
(BMBF). The Commission supports the concentration of FZK on 3 columns: energy (~50%), 
including the effects of energy use on the atmosphere and climate, nano- and microtechnology 
(33%) and astroparticle physics (17%). Becoming the preeminent energy laboratory for 
Germany, it should take the lead in developing an energy R&D strategy for Germany including 
the aspect of societal understanding and acceptance of new energy sources. It is recommended 
that FZK should be the German liaison to the international R&D effort on Generation IV fission 
reactors. However, this recommendation still needs the approval of the German government.  
As for nuclear energy research, the Alliance for Competence in Nuclear Technology set up a 
consistent and efficiency nuclear R&D programme including all nuclear stake holders in 
Germany. In this context, some seven heads of nuclear institutes (e.g. nuclear technology, 
reactor physics, actinide chemistry, repository research) are presently being replaced. This is in 
line with a survey of 2004 which set the need for about 6300 academic nuclear personnel in 
2010, out of which about 2000 have to be newly positioned. Having the decision for an EPR in 
Finnland this number of required academics is even increasing.  
German nuclear institutions are involved in all major international programmes and projects in 
the areas of reactor safety, partitioning and transmutation, and waste disposal. Due to the 
research-political conditions, a German contribution to the Generation IV Initiative using 
government budget is not yet possible.  
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Abstract 
Indian nuclear power scenario, operating experience of Fast Breeder Test 

Reactor (FBTR), design and construction status of 500 MWe Prototype Fast Breeder 
Reactor (PFBR) and research & development activities towards FBR are described in 
this report.  Total installed capacity at the end of  March 2006 was ~124 GWe.  The 
energy generated during April-2005 to March 2006 was 617 BU.  Fifteen thermal 
reactors are in operation and overall capacity facture achieved during financial year 
2005-06 is 74 %. Eight nuclear power plants are under construction including PFBR.  
FBTR was in operation for 2291 h.  The peak burnup of MK I driver fuel reached a vlue 
of 154.4 GWd/t without any fuel-clad failure.  PFBR test fuel subassembly (MOX) 
attained a peak burnup of 59 GWd/t as against the target of 100 GWd/t. The construction 
of PFBR is progressing well to respect the schedule date of commissioning in September  
2010.  R&D works are in the field of component development, thermal hydraulics, 
structural mechanics, materials & metallurgy, safety,  fuel chemistry and reprocessing 
are progressing well.  Preliminary activities are also in progress towards design of future 
FBRs with improved economy and enhanced safety.  
 
1.0 INTRODUCTION 
 
1.1 Economic Scenario 

The buoyant economic growth of  impressive  around 8 % increase in GDP in 
financial year 2005-06, low inflation, impetus to infrastructure and economic reforms 
including power sector,  provide strong footing for the accelerated development of India.    

  
1.2  Energy  Scenario 
 Total installed electric capacity in MWe at the end of March 2006 is as follows: 
 

Plant Installed capacity at end of Mar 06 
MWe 

% Generation 
2005-06 

Thermal 82297 80.6 

Hydro 32136 16.4 

Nuclear  3360  02.8 

Renowable  6158  

Total                        123951   617  (BU) 
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1.3 Nuclear Power 
 The operating performance of the nuclear power plants is tabulated below: 

 
Table-1: Operating Performance of Indian NPPs 

Unit Capacity factor -  % 

TAPS-1&2 95 

TAPS-4 70 

RAPS 79 

MAPS 80 

NAPS 70 

KAPS 61 

KAIGA 74 

TOTAL 74 

 
 
TAPS-1 and 2 are boiling water reactors (BWR), the rest are pressurized heavy water 
reactors (PHWR). 
 
 

Table-2:  NPPs under construction 
 

Plant Capacity - MWe 

PFBR 500 

TAPS-3 540 

RAPS 5&6 2x220 

KAIGA 3&4 2x220 

KUDANKULAM 2x1000 

Total (8 reactors) 3920 
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Fig 2.1 Core configuration as on 31.03.2006

 
2.0 FAST BREEDER TEST REACTOR (FBTR) 
 

FBTR is a 40 MWt / 13.2 MWe, mixed carbide fuelled, sodium cooled, loop type 
fast reactor with two primary and two secondary sodium loops.  Each secondary loop has 
two once-through serpentine type Steam Generators (SG). A Turbine -Generator (TG) 
and a 100% steam Dump Condenser (DC) to facilitate reactor operation without TG are 
also provided.  The first criticality was achieved in October 1985 with a small core of 22 
fuel subassemblies (SA) of MK-I composition (70% PuC + 30% UC), with a design 
power of 10.6 MWt and peak linear heat rating (LHR) of 250 W/cm. Progressively the 
core was expanded by adding SA at peripheral locations. Towards increasing the core 
size and hence the reactor power, carbide fuel of MK-II composition (55%PuC+45%UC) 
was inducted in the peripheral locations in 1996.  TG was synchronized to the grid for the 
first time in July 1997. The reactor has so far been operated up to a power level of 17.4 
MWt by raising the LHR of MK-I fuel to 400 W/cm in 2002.  So far 13 irradiation 
campaigns have been completed. The present core has 29 MK-I & 13 MK-II driver fuel 
SA and one test SA simulating the fuel composition of the MOX fuel for PFBR (Fig.2.1). 
FBTR has so far logged 1575 d of cumulative operation, of which 887 d were at high 
power with SG in service. The total thermal energy generated is 276 GWh. TG has  
operated for 5228 h, generating 5.425 MU of electricity.   
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2.1 Reactor Operation 

The histogram of reactor operation during the year 2005-06 is given in Fig.2.2. 
The reactor was in operation for 2291 h this year, of which 1992 h were at high power 
with SG in service. The 12th irradiation campaign with 42 fuel SA (including PFBR test 
SA) was continued up to the end of May 2005 and completed when the controls rods 
reached the maximum limit of 405 mm. The MK–I fuel SA and the PFBR test SA 
attained peak burn-up values of 147.8 and 52.0 GWd/t respectively without a single pin 
failure at the end of the campaign. The reactor remained in planned shutdown till Sep 
2005 for carrying out fuel handling operation to measure the extraction force of high 
burnup MK-I SA and for carrying out mandatory long term surveillance tests, viz. RCB 
leak test, visual inspection of reactor vessel internals, inspection of shell welds in SG and 
visual inspection of SG supports and ultrasonic inspection of welds in one secondary loop. 
This shutdown also was utilized for adding one more redundant SG leak detection system 
in series with the existing one in each secondary loop. Concurrently, safety clearance for 
enhancing the burn-up limit of MK-I fuel to 154.4 GWd/t was also obtained.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The 13th irradiation campaign was started in Oct ’05 by adding one Mark I fuel 
SA, with the mission to continue the irradiation of the test fuel simulating PFBR MOX 
fuel composition at its design LHR of 450 W/cm. The corresponding LHR of the MK-I 
fuel was 300 W/cm, resulting in a reactor power of 16.0 MWt. The campaign was 
completed in Nov 2005, when the peak burn-up of MK-I fuel SA reached 154.4 GWd/t 
without failure and that of PFBR test SA reached 59 GWd/t.   The reactor remained 
shutdown for chemical sealing of water leaks from the Biological Shield Cooling Coils of 
the reactor vault, jacking down the Core Cover Plate which remains stuck in the fuel 
handling position since 1996 and to triplicate the Steam Generator Leak Detection 
System in each secondary loop.  After a few days of operation in  March for testing the 
safety valves of SG on-line, the reactor was shutdown for commissioning of a modified 

Fig.2.2 Histogram of reactor operation (2005-06) 
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Fig2.3 Burn-up status of the core as on 31st March 2006 

Eddy Current Flow meter developed at the center for measuring the flow through the 
subassemblies.  
2.2 System performance 

The extraction force of the fuel SA was measured at the end of 12th irradiation 
campaign on 26 fuel subassemblies, as a mandatory requirement for enhancing the burn-
up limit of MK-I fuel to 154.4 GWd/t. The extra force to pull out the subassembly vis-à-
vis the self-weight and hold down spring collapse force was found to have increased from 
a maximum of 15.2 kg measured at 135.5 GWd/t earlier to a maximum of 29.2 kg at 
147.6 GWd/t. There is an average increase of 10 kg for most of the subassemblies. The 
maximum absolute value of the extraction force (includes weight of the gripper, friction 
at scrapper box, weight of SA, hold down spring collapse and any extra force arising out 
of interaction with adjacent SA due to swelling) was within limits. As on 31st March, the 
MK-I fuel has seen a peak burn-up of 154.4 GWd/t without clad failure. PFBR test fuel 
has seen a peak burn-up of 59.8 GWd/t as against the target burn-up of 100 GWd/t. The 
burn-up status of the core as on 31st march 2006 is given in Fig.2.3.  

During change over to FH state, the gripper fingers of one of the CRDM could not 
be opened. Extensive investigations revealed that the lower portion of the gripper 
assembly was stuck. The CRDM was removed from the pile along with the control rod by 
using special flask. Spare CRDM lower part was installed and control rod replaced.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
The performance of reactor system, sodium system, control rod drive mechanism 

(CRDM) and other safety related and auxiliary systems was satisfactory.  The primary 
and secondary sodium purity has been maintained below the plugging temperature of  
105°C.  Sodium samples taken form primary and secondary sodium loops were found to 
be conforming to that of nuclear grade.  The four sodium pumps and their drive systems 
have been operation very well and they have logged 5,57,000 h of cumulative operation 
till March.  
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Engraving on the thermal shield A support pin in the thermal  shield 

Free end of siphon break pipe and flow through the flooding the pipe 

Each secondary sodium loop is provided with one Steam Generator Leak 
Detection System (SGLDS). The signals from these systems are wired to trip the reactor 
based on rate of rise of signal or absolute value of the signal. It was decided to triplicate 
the SGLDS in each loop and wire the signals in the 2/3 voting mode, in line with the 
philosophy followed for other reactor trip parameters. As a part of this, one additional 
system was added to each loop, in series with the present detector. Also, the third system 
was separately added in each loop. While re-rolling the turbine after a reactor trip, 
vibration levels were found high. The hub of the cooling fan in the alternator was found 
to have rubbed against the casing. Pending thorough investigation and review of the 
procedure for hot re-rolling, the TG was taken out of service in April. Biennial 
surveillance on Reactor Containment leak test at 150 mbar was conducted at it was found 
to be 0.0292%/h as against 0.077%/h.  Also, reactor vessel internal inspection was carried 
out with a new periscope which is an improved version of the earlier one, has better 
resolution, zooming and back-swing provisions. The flows of sodium through the siphon 
break pipe and emergency sodium flooding pipe were visually seen. Finer details of 
reactor internals could also be seen and Photos are shown in Fig.2.4. 
 

 
                      

Fig 2.4  Details of internals seen through periscope 
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The Uni-power sub-system of Central Data Processing system is being replaced 
state of art embedded based RT-20 system. The Verification and validation of all the 
software have been certified by the safety authorities. The sub-system was successfully 
tested in off-line mode with all the plant parameters connected and all the software in 
operation but the digital output not connected to the plant for three months during 13th 
irradiation campaign.       
 
2.3  Future Programme 

It is planned to continue the irradiation of PFBR test fuel to its target burn-up of 
100 GWd/t in the next three campaigns. Progressive expansion of the core will be 
continued by adding high Pu MOX SA surrounding the MK-I SA. Provisional safety 
clearance has been obtained for a hybrid core of MK-I and MOX SA (44%PuO2). It was 
decided that the reactor will henceforth be operated in mission mode and a series of 
experiments which have relevance to PFBR programme have been lined up.   FBTR 
completed twenty years of operation in October 2005 and is due for relicensing. Work on 
plant life extension and seismic re-evaluation have been initiated.  
 
3.0 PROTOTYPE FAST BREEDER REACTOR (PFBR)  
 

PFBR is a 500 MWe capacity, pool type sodium cooled fast reactor with 2 
primary pumps, 4 intermediate heat exchangers and 2 secondary loops. There are 8 
integrated SG units; 4 per secondary loop where steam at 763 K  and 17.2 MPa  is 
produced.   4  separate safety grade decay heat  exchangers are provided to remove the 
decay heat  directly from the hot pool.  The hot and cold pool  sodium temperatures are 
820 K and 670 K respectively.  

Detailed design has been completed for almost all the major components. All the 
eighteen Preliminary Safety Analysis Report (PSAR) chapters were revised after 
incorporating the comments of  Internal Safety Committee (ISC), Project Design Safety 
Committee (PDSC) and Civil engineering safety Committee (CESC).  The PDSC formed 
Specialists Groups (SG) to check the compliance of the revised PSARs submitted.   

A document has been prepared consolidating  the R&D  activities for (1) safety 
related components replaceable, (2) safety related components non-replaceable  and (3) 
other components.  

So far manufacturing orders had been placed for main vessel, inner vessel, safety 
vessel, grid plate, core support structure, thermal baffles, core catcher, roof slab, CSRDM, 
DSRDM, IHX, primary sodium pumps, steam generators, sodium and argon tanks, LRP 
& SRP,  control plug, secondary sodium pumps, safety vessel thermal insulation, inclined 
fuel transfer machine and shielding subassemblies.  Tenders were released / bids are 
under processing for the fuel & blanket subassemblies, remaining core subassemblies, 
variable speed drive for sodium pumps, RCB cranes and other NICB cranes, sodium 
service valves, diesel generators, primary sodium piping, sodium to sodium and sodium 
to air heat exchangers, PI flask, TG package, switchyard, SGDHR tanks and electrical 
cable penetrations in RCB.  
 

Highlights of a few important detailed design and analysis activities are presented 
in  the following paragraphs.      
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3.1  Shield Design  
Neutron and gamma ray shield design optimization studies had been carried out 

for the inclined fuel transfer machine (IFTM) for the specified dose rate limits of 2 mSv/h 
on contact at the surface and 100 μSv/h at one meter away from the surface. For the 
Rotatable Shield Leg (RSL), 120 mm thick SS 304L plus 450 mm thick cast-iron is 
sufficient to meet the shield design criteria. For the top plug of the RSL, 460 mm thick 
cast-iron of density 7200 kg/m3 is required. A 240 mm thick and 450 mm diameter cast-
iron block is to be attached with the pulling chain to block the radiation through the 
double chain penetration in the top plug.  A 350 mm thick lead shield plug is provided 
below the primary ramp gate valve to attenuate the primary pool sodium gamma rays.  
For the shield door 580 mm thick cast-iron of density 7200 kg/m3 is required.  

Fresh fuel subassembly transport cask handles six fresh fuel subassemblies while 
transporting from fabrication plant to fuel building. The shield design optimization of the 
fresh fuel subassembly transport cask had been carried out with coupled neutron and 
gamma transport calculations. 12 cm thick cast-iron (of density 7.15 g/cm3) or carbon 
steel (of density 7.72 g/cm3) or mild steel (of density 7.80 g/cm3) is required in the radial 
direction around the most active regions namely fuel and blanket covering 160 cm height.  
In the lower and upper axial direction, 6 cm thick cast-iron or  steel is required.  

The shield design optimization of the irradiated fuel subassembly shipping cask 
had been carried out with discrete ordinates transport theory and point kernel codes. 52 
cm thick cast-iron (of density 7.2 g/cm3) / 50 cm thick carbon steel (of density 7.72 
g/cm3) / 47 cm thick SS 304 (of density 7.8 g/cm3) is required. Shield requirements at the 
bottom, on top and along the axial direction of the cask had also been estimated.  

Fuel subassembly shield design was modified with the removal of graphite in 
upper axial shield. The modified design has increased secondary sodium activity. The 
geometry of the local shield is such that it shields only the IHX half facing the core. Also 
borated steel with 1.6 % nat-B content was not found to be available. Thus thickness of 
the shield was increased. To limit the dose rate less than 25 μSv/h in steam generator 
building, IHX is to be provided with 26 mm of borated steel with 1.3 %  natural boron or 
28 mm of borated steel with 1.2 % boron. 

 
3.2  Failed Fuel Detection and Location Systems 

The failed fuel detection and location systems primarily comprise of monitoring 
the cover gas for fission gases and primary sodium for delayed neutrons. Detection of 
gaseous fission products in cover gas is used as an early warning system whereas 
detection of delayed neutrons in primary sodium is used to initiate SCRAM to prevent 
propagation of fuel failure. Fission gas analysis helps to determine the age of the failed 
fuel pin and thereby identifying the suspected fuel subassembly. Once the fuel failure is 
detected by delayed neutron monitoring, monitoring the sodium sampled from outlets of 
individual fuel subassemblies does identification of the failed fuel subassembly. During 
washing of the spent fuel subassemblies, fuel failure is detected by monitoring the gas 
mixture used for washing for presence of  85Kr and the water used for subsequent 
washing for presence of gamma activity. Fig.3.1 shows the detector assembly for bulk 
DND, sampling arrangement for the cover gas monitoring and location of the failed fuel 
location modules on the control plug. 
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3.3  Neutron Flux Monitoring Systems  

The core status is monitored in all states of the reactor - shutdown, fuel handling,  
start-up, intermediate and power ranges through neutron flux monitoring system. Neutron 
detectors are placed in control plug and below the safety vessel that give signals which 
represent reactor power. Six no. of  high temperature fission chambers (HTFC) with a 
sensitivity of 0.2 cps/nv are provided in the control plug.   Six no. of conventional fission 
chambers with a sensitivity of 0.2 cps/nv are installed in tubes provided below the Safety 
Vessel. The output signals from these detectors are processed by start-up, intermediate 
and power range channels in the Local Control Centres in Control Building.  Three no. of 
these detectors in control plug and three no. of detectors below Safety Vessel are used in 
tandem for safety actions during all states of reactor operation. To have an efficient 
reactor start-up, 3 no. of Sb-Be auxiliary neutron source (ANS) subassemblies are 
provided in the core.  For the Beginning Of Equilibrium Cycle (BOEC) core, the neutron 
flux at the core centre varies from 5x107 nv at shutdown to  8x1015 nv at nominal power - 
Pn (1250 MWt) and correspondingly the neutron flux at control plug detector location 
varies from 22 nv at shutdown (with ANS saturation activity) to 2.7x109 nv (U-235 
thermal eqvt. flux) at nominal power. The neutron flux at detector location below the 
Safety Vessel is 1.66x105 nv at nominal power. The processed signals (such as linear 
power, short period and reactivity) from these channels initiate automatic reactor 
SCRAM during operational occurrences. Two detectors in control plug and two detectors 
below Safety Vessel are used in tandem for indication of reactor power in control desk as 
operator aid for manual control of reactor power.     

Fig 3.1 Failed fuel detection and location system 
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For initial core loading and first approach to criticality, three HTFC with a 
sensitivity of 0.1 cps/nv are placed one over the other at the center of a special central 
subassembly called Instrumented Central Sub-Assembly (ICSA) and HTFC in control 
plug locations are replaced by Boron-10 coated proportional counters (BCC) with a 
sensitivity of 12 cps/nv . In case of an unforeseen long shutdown for more than 4 months, 
HTFC in control plug are replaced by BCC to facilitate monitoring during fuel handling 
and smooth reactor start-up.   

 
3.4  Under Sodium Scanner 

As a start up to fuel handling operations, it is 
necessary to ensure that the plenum above the core 
is free and there are no projections of structures 
above core and below the upper core structures. A 
special device Under Sodium Ultra Sonic Scanner 
(USUSS) is deployed to accomplish this function. 
During fuel handling, the device installed in the 
observation port of small rotatable plug and at its 
bottom most position it reaches 10 mm above the 
core top. The device is designed with central 
spinner tube mounted with ultrasonic probes at its 
bottom end (Fig.3.2). The spinner tube is housed 
inside a guide tube assembly and at the top, the 
USUSS is designed with rotational and translation 
drives. The guide and spinner tube assembly are 
subjected to cross flows in sodium pool and are 
checked for rigidity against flow-induced vibrations. 
Annular stay plates are provided to avoid FIV in the 
spinner tube. The spinner tube has both downward 
and side viewing ultra sonic probes. Mechanical 
design of the system to house the under sodium 
scanning device was completed.  
 
3.5  Effect of Seismic Excitation on CSR Drop Time  

Structural analysis was carried out to 
evaluate the performance of Control & Safety 
Rod (CSR) and its Drive Mechanism (CSRDM) 
during seismic events. This calls for multiple 
contact mechanics analysis for which CAST3M 
code was used. It is found that the increase of 
drop time of CSR under SSE is 0.1 s (Fig.3.3).  
The total drop time of CSR is 0.82 s including 
the effects of seismic, fluid drag and response 
time of scram release electromagnet. Since this is 
less than 1 s, there is no concern of reactor 
shutdown in case of any demand for reactor 
scram, even during seismic condition. 

Fig 3.2 Under sodium scanner 

Fig 3.3  CSR drop time 

0.42 s 
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3.6  Annular Plate to Mitigate Gas Entrainment in Hot Pool 
 The skirt of 10 % porosity that is introduced to avoid stratification increases the 
free surface velocity to nearly 1 m, which increase the gas entrainment risks. A horizontal 
annular baffle is attached to the upper  shell of inner vessel reduces the maximum free 
surface velocity to 0.58 m/s./s  which mitigates the risk of gas entrainment in the hot pool. 
Fig.3.4 shows the velocity distributions with and without annular plate.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IHX 

PSP 

Without baffle  

IHX

PSP 

Fig 3.4 Effect of annular plate on flow distribution  in hot pool  

With baffle  
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3. 7  Effect of  Flow Distributor Within PSP Spherical Header   
The outlet of each primary sodium pump is connected to a spherical header, 

which feeds sodium to the grid plate via two discharge pipes. Multiple changes in flow 
direction within the header lead to a large pressure drop. To minimize the pressure drop 
flow diverting baffles are introduced inside the header. Detailed CFD studies had been 
carried out & a profile that offers minimum pressure drop had been identified (Fig.3.5). 
The profile had been validated by 1/3 scaled air model experiments (Fig.3.6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
33..  88    EEffffeecctt  ooff    IInntteerrnnaall    SSttrruuccttuurreess  oonn  DDHHXX    PPrriimmaarryy  IInnlleett  FFllooww  DDiissttrriibbuuttiioonn  

The thermal hydraulic analysis of hot 
pool along with DHX including the various 
internals of reactor assembly such as IHX 
and PSP, has been completed based on 3-D 
CFD analysis (Fig.3.7). It is found that when 
the primary circuit is fully under natural 
convection during SGDHR operation, the 
primary flow rate through DHX remains 
unaffected by the presence of the other 
internal structures. This analysis raises the 
confidence on the decay heat removal 
capability even under total station blackout 
conditions.  
 

Blow

Swirle

Spherical 

Primary 

DAS 

Fig 3.6 Experimental test facility for  
             air testing of spherical header 

Impeller

Spherical 

Integrated model of cold 
l

Suction bell Diffuse

Baffles inside the 
h d

Fig 3.5 Integrated CFD model of entire 
      cold pool built in CFX – code 

Fig 3.7 Temperature profile in hot pool   
            with  SGDHR & PSP at 15% speed 
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33..99    AAiirr  CCoooolliinngg  FFllooww  RRaattee  ffoorr  IIFFTTMM  SShhiieelldd  PPlluugg  
 Primary ramp      penetrates 
the roof slab and its external 
surface in the roof slab is cooled by 
air. The temperature of the Shield 
Plug should be higher than 120º C, 
to avoid sodium aerosol 
condensation over it, which would 
hinder its free movement required 
during fuel handling condition. At 
the same time, the temperature of 
the shielding concrete in the roof 
slab around the primary ramp 
penetration has to meet the code 
limits. To respect these conflicting 
temperature requirements, the air 
cooling flow rate for ramp 
penetration in the roof slab had 
been optimized based on a detailed 
3-D CFD study using the 
PHOENICS code (Fig.3.8). 
 
  
33..1100    FFIIVV  AAnnaallyyssiiss  ooff  DDSSRR  aanndd  DDSSRRDDMM  

As the diverse safety rod is hanging inside the hexagonal sheath from the 
mechanism through a hinge swivel joint, the standard correlations for parallel flow are 
not applicable  as well  the free vibration analysis can not be found out in the 
conventional way. Hence the response has been found from fluid structure interaction 
analysis by using spectra of pressure fluctuations on the surface of rod. Both rod and 
hexagonal sheath are modeled along with sodium in the annular gap between them using 
CAST 3M. The responses of DSR and DSRDM are found to be negligible (Fig.3.9) and 
hence there is no risk of FIV. 

 
 
 
 
 
 

Fig 3.8 Temperature distribution in the  
             cross section of IFTM 

Air 
flow

Air 

  μ
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  400 

  -800 

  -400 

Fig 3.9  Dynamic response of DSRDM at normal operation 
227 of 459



3.11 Suuppppoorrtt  AArrrraannggeemmeenntt  ffoorr  PPrriimmiinngg  TTaannkk  
The priming tank of primary sodium purification circuit is provided with double 

envelope. It is challenging to support this double walled tank as the support junction shall 
be rigid from seismic considerations and flexible from thermal considerations. The 
maximum sodium temperature inside the tank goes as high as 813 K. The support bolts 
are required to be kept at as low temperature as possible. An innovative design of support 
arrangement with a conical support shell attached to the priming tank through a ring has 
been arrived at, which can meet the contradictory requirements. The critical stresses are 
hoop stresses which are shown in Fig.3.10.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
33..1122    AAsssseessssmmeenntt  ooff  TThheerrmmoowweellllss  IInntteeggrriittyy  aaggaaiinnsstt  FFIIVV 

In order to rule out thermowell failure, a 
comprehensive study of thermowell integrity in the 
sodium systems had been carried out.  Thermowells are 
investigated to access the Flow induced vibration risks 
due to cross flow.  With simple design modifications 
like avoiding stepped configuration and introducing 
smooth profile at the junction as shown in Fig.3.11, the 
integrity of thermowells are ensured against FIV risks. 
 

 
33..1133    DDeessiiggnn  ooff  BBeeaarriinngg  PPaaddss  ffoorr  IInnnneerr  WWaallll  ooff  RReeaaccttoorr  VVaauulltt    
 IIWW  iiss  jjuusstt  rreessttiinngg  oonn  1122  bbeeaarriinngg  ppaaddss  ooff  11220000  mmmm  ssqquuaarree  sseeccttiioonn,,  wwiitthh  mmeettaall  ttoo  
mmeettaall  ccoonnttaacctt  ((FFiigg..33..1122))..  Sodium filled in the inner vessel space under MV leaked 
condition generates design basis loads on the inner wall of reactor vault (Fig.3.13). The 
design having 12 numbers of 45 mm steel bars welded at the bottom of each bearing 
plates can provide adequate shear strength (382 t). Manganese phosphate coating is 
recommended on the mating surfaces of the carbon steel plates to ensure sliding contact 
and also to protect bearing pad surfaces from corrosion.   

Fig 3.11 Recommended configuration for thermowell 
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Fig 3.10  Hoop stress distribution at junction of tank support -MPa 
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33..  1144    DDeessiiggnn  ffoorr  CCoorree  CCaattcchheerr  ffoorr  FFuullll  CCoorree    
 Core catcher (CCCC))  aass  sshhoowwnn  iinn  FFiigg..33..1144    iiss  bbaassiiccaallllyy  ddeessiiggnneedd  ttoo  aaccccoommmmooddaattee  ffoorr  
SSAA  aacccciiddeenntt  ccaauussiinngg  mmaassss  ooff  77  SSAA  ffrroomm  aannyy  ccoorree  llooccaattiioonn..  Since CC is the only 
mechanism to protect the MV against the vessel coming in direct contact with core debris, 
the geometry of CC is modified (Fig.3.15) to withstand the high transient pressure under 
CDA to maintain the coolable geometry for facilitating post accident heat removal. 
Thermo-mechanical analysis of CC is completed. The   allowable time that the CC can be 
at a temperature of 1173 K is 308 days even for the whole core load, which is acceptable.  
Thermal analysis had been validated with the experiments.  
 

 
3.15  Construction Status 

Financial sanction for the construction was got in September 2003.  The capital 
cost of the project is Rs.3492 crores (656 million Euro), the specific cost is 1312 Euro / 
KWe. The criticality date is Sep 2010. Physical progress achieved is 17 % at end Mar ’06.  
The sub-stages of construction are excavation, first pour of concrete, erection of major 
equipment,  Part clearance is available for the reactor vault construction up to the SV 

Fig 3.12 Inner wall (IW) of  RV
Fig 3.13 Deformation of IW under 

horizontal seismic force 

CS

MV 

CC 

 Fig 3.14 Core catcher location Fig 3.15 FE mesh of modified geometry
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support location. The manufacture of  safety vessel and main vessel is progressing well. 
The form tolerances achieved so far (< ± 9 mm) are very much encouraging.  Fig .3.16  
shows the photos taken during manufacture of  vessels. Fig 3.17 shows the spigot 
machining of SG tubesheet.  

Fig 3.16  Manufacturing stages of safety vessel and main vessel 

MV SV 

Fig 3.17  Spigot machining of SG bottom tubesheet 
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4.0  RESEARCH AND DEVELOPMENT ACTIVITIES TOWARDS FBR 

4.1 Structural Mechanics 

4.1.1  Core mechanics experiment   
 Very systematic test programme to validate 
the deformation behaviour of core SA uner forces 
induced by swelling and irradiation creep is being 
carried out. As the first step, the static behaviour of 
core SA mockup has been studied, under this, the 
finite element simulation based on plate / shell 
element has been validated with the test data.. Fig 
4.2 shows the prediction of deformation of SA 
under force acting on the button location. The 
comparison is excellent.  Fig.4.1 shows the test 
setup.   

 

 
4.1.2  Simulation of thermal striping phenomenon in core cover plate 
 Thermal striping phenomenon occurring on the core 
cover plate has been simulated by water test. The cold and 
hot water temperatures are 5oC and 95oC respectively. The 
temperature fluctuations at various locations indicated that 
there exits a few critical elevation at which the temperature 
fluctuation has maximum amplitude. Fig 4.3 and Fig 4.4 
show the recorded temperatures on the metal wall  surface 
and Fig 4.4 shows the test setup.  
 
 
 
 
 
 
 
 
 

Fig 4.2 Core mechanics test setup 

Fig  4.3  Temperature fluctuations 

Fig 4.1 Deflection of SA due to force at button  

Fig  4.4  Thermal striping test setup
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4.1.3  Friction behaviour between the bearing pads of reactor vault   
In order to minimise the horizontal 

seismic force transmitted to the reactor vault 
base under horizontal seismic force, friction 
between the contact surfaces of bearing pads 
should be minimum. The friction factor under 
worst corroded condition is measured as 0.57. 
Plate surfaces are coated with manganese 
phosphate and friction factor is found to be  
~0.15. Fig  4.5 shows the test setup.  Table 4.1 
shows the applied vertical force and measured 
horizontal force from which friction factors are 
derived. The maximum value of friction factor is 
found to be 0.15 from  four  tests conducted .  
 
  

Table 4.1  Derivation of friction factor 

 
4.1.4  Leak Before Break investigation of pipe bends  
 Largest pipe bends of PFBR are tested to demonstrate leak befor break 
justification based on water tets at room temperature. As per the approach recommended 
in RCC-MR: Appendix A16, the intial crack in the form of notch is incorporated and the 
crack propagation is measured under constant internal pressure ( 1 MPa) and cyclic 
bending moment so as to develop a stress range of 3 Sm . The crack perogation is 
measured and compared with the theoretical prediction.  Further, the surface crack length 
when the crack just becomes through wall (asymptotic crack length) is also compared 

with the value derived from master curve given in 
A16. The thoretical predictions are found to be 
very good. The test setup and measured crack 
profiles are shown in Fig 4.6 and Fig 4.7 
respectively.     
 
 

Test No. Vertical force applied – 
V  (t) 

Horizontal force measured  
H (t) 

Frition factor  
 μ = H / V 

1 
2 
3 
4 

10 
16 
20 
25 

1.5 
2.2 
2.9 
3.2 

0.15 
0.14 
0.15 
0.13 

Fig  4.5  Test setup for friction factor 

Fig 4.6 LBB test setup for bend

-10

-6

-2

Fig 4.7 Crack propagation behaviour 
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4.1.5 Dynamic forces developed on the MV and SV during seismic forces  
The determination of dynamic forces developed due to seismic loadings 

particularly under the main vessel in leaked  condition calls for very challenging analysis 
involving strong fluid-structure interaction. The  analysis carried out for PFBR using 
CAST3M code has been validated through shake table tests. The code prediction of 
dynamic pressure distribution and vault stresses are found to be extremely satisfactoty. 
Fig 4.8 and Fig 4.9 show the finite element and experimental models respectively.   

 

 
4.2 Component Development 
 
4.2.1 Development of labyrinths for the foot of  sub assemblies 

Labyrinths are required   at the top 
and bottom of the foot of SA (total 720 nos) 
in PFBR in order to reduce the leakage flow. 
The function of top labyrinth is to restrict 
the total leak flow rate into the hot pool to a 
maximum of 195 kg/s and the minimum 
leak flow rate through bottom labyrinth is 
restricted to 436 kg/s from main vessel 
cooling considerations. Different labyrinths 
were designed and tested systematically by 
varying the parameters like, radial clearance, 
pitch, depth of the grooves etc. Labyrinths 
with a helical groove of circular profile with 
0.2mm gap between the sleeve and the 
labyrinth, pitch of 3.5 mm and the depth of 
the groove of 1.25mm is recommended for 
PFBR  The top and bottom labyrinths are 
presented in Fig.4.10.  
 
 

Top Labyrinth Bottom 
Fig. 4.10  Top and Bottom Labyrinth 

Fig 4.8  Finite element model Fig 4.9  1/10th  scaled down model
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4.2.2  Gas entrainment studies  
Studies in the pool of the 1/4th 

scaled down model (SAMRAT) revealed 
that turbulence at the free surface is the 
major cause for gas entrainment. To 
reduce the turbulence at the free surface, 
ring type devices were designed. These 
devices were fixed at the inner vessel just 
above the IHX window as presented in 
Fig.4.11. Experiment was conducted with 
this configuration and it is seen that the 
free surface turbulence is reduced very 
much.  The same has been incorporated in 
the PFBR design to mitigate gas 
entrainment in hot pool 

To study mechanisms of gas entrainment in surge tank and to evolve methods to 
mitigate the same, a small scale model of surge tank respecting  Froude similarity and by 
maintaining Re number in the turbulent zone  of size 1:12 was selected. Initially 
experiments were conducted without devices and  studies were also carried out with 
different porosities of perforated plates and in combination with devices like stiffening 
rings for mitigating gas entrainment.   Studies show that, 
perforated plates alone reduce the height of liquid column 
by 30% and  by 70% when combined with stiffening rings. 
This device is being tested in a larger size model before it is 
introduced into the PFBR surge tank.  Fig.4.12 shows the 
gas being entrained in model during an experimental run.    

 
4.2.3  Boron Enrichment Facility 

Enrichment of 10B isotope of boron to 65% 
(required for control rods of PFBR) was achieved. Two 
batches of the product were withdrawn. Augmentation plant 
for enriching 10B isotope of boron up to 90% is in the 
advanced stage of completion.  Fine resins to be used for 
Augmentation plant has been evaluated. 
 
4.2.4  Testing of  DSRDM 

Prototype DSRDM was tested in sodium at 550˚C with DSR misaligned by 
30mm.  Functional verification was satisfactory. During endurance testing malfunction of 
electro magnet was noticed.  After 105 fast drops of DSR the DSRDM mobile part could 
not lower fully as the electromagnet stopped 5 mm above the lowermost position and 
hence could not lift DSR. Relative positions of DSR and electromagnet was checked by 
gamma radiography and the reasons for this occurrence was identified. Modifications 
were carried out and further sodium testing in misaligned condition is under progress.  

 
 
 

Fig. 4.11  Ring type device 

Fig 4.12 Surge Tank model 
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4.2.5  Testing of Failed Fuel Localisation Module (FFLM)  
A full-scale prototype of FFLM has been fabricated and assembled in test vessel-3 

of LCTR to test its performance in sodium in order to validate the design parameters. 
Performance testing of FFLM at different sodium temperatures such as 250, 300, 400 and 
470 °C and different hole positions  are being carried out.   250 hours Endurance run of 
DC conduction pump was also  carried out.     

   
4.2.6  Testing of sodium level probes 

In PFBR, MI type continuous level probes are used in primary and secondary 
sodium system. The maximum active length of level probe is around 6 metres. To 
overcome the fabrication difficulties and to have better mechanical  strength  it is 
proposed to use a standard size pipe 42.16 mm x 36.62 mm (1¼” SCH 10 pipe)  as 
pocket. The effect of pocket dimensional change, on  sensitivity and temperature 
compensation  was studied  by conducting experiment  in sodium.  It was found that at 
2.5 K.Hz of frequency the sensitivity of 28mm dia. bobbin  is 20.78% and temperature 
compensation  is around 13.66 % at zero level and 11.91% at full level.  Digital 
calibration was tried out by providing piecewise linearisation and found that the 
indication error was with in +/- 1%.  From this,  it was found that 28mm dia. bobbin is 
having sufficient sensitivity to obtain the level as well as easy for insertion and 
withdrawal in the case of longer length probe. 

 
4.2.7   Testing of Ultrasonic transducer  

Ultrasonic sodium immersible transducer of 1 MHz was fabricated using  
indigenously available crystal (PZT plain-A) with Nickel casing .  It is tested in sodium 
with an SS plate as  target (simulating the PFBR  sub-assembly flat surface) mounted at  
a distance of 500mm from the transducer.  The pulse echo output is shown in Fig.4.13. It 
was observed that the clear echo from target was seen at 3.3 MHz of frequency for both 
spike as well as in square wave excitation. From this experiment it was concluded that 
square wave excitation gives better result compared with spike excitation.  However 
shifting of resonant frequency has to be analyzed by repeating the experiment with  
another 1 MHz  transducer by  varying the transducer diaphragm thickness. An 
Ultrasonic Under Sodium scanner was designed suitable for deployment in PFBR and is 
now under indigenous fabrication. 

Fig.4.13 Pulse echo output  at 1 MHz and 3 MHz 
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4.2.8  Development of flowmeters for primary pumps  
The PFBR primary pump is provided with two probes each of which will have 

two flow sensors. which can be replaced during operation (Fig.4.14). Flow sensor will 
have three coils wound on an iron former. The middle coil is fed with a constant A.C. 
current. The two other symmetric coils induce voltages, the difference of which forms the 
signal output and is proportional to sodium flow rate. Developmental activities including 
sodium calibration (upto 550˚C) was completed.  
 
4.2.9  Temperature sensitive magnetic switch (TSMS) 

The main function of TSMS is to trip the reactor, when sodium temperature rises 
above 625˚C. TSMS is an electro magnetic switch in which the sensor material with 
Curie temp 625±5˚C forms part of the magnetic circuit. TSMS will be tested in sodium 
for functional verification, response time and endurance. At Curie temperature the sensor 
drops the armature thereby opens up three contacts which in turn will scram the reactor. 
Switch demonstration in oven at 570,605  & 645˚C with different sensor materials  has 
been completed. A new sensor material with Curie temp 625˚C   was   developed. 
Fig.4.15 shows the schematic of the switch. 
 
4.2.10  Eddy Current Position Sensor for DSR 

In DSRDM the mobile part is fitted with an electromagnet at the lower end which 
holds the DSR. Upon de-energizing the electromagnet the DSR drops down into the core 
under gravity. Eddy Current Position Sensor is being developed to confirm the dropping 
of DSR and to evaluate DSR drop time, in the absence of limit switch at bottom DSRDM 
will be fitted with two coils, one is an exciter with a constant A.C. current and the other is 
signal pick up coil. DSR outer sheath will have three coils all shorted in series. One will 
induce voltage from the exciter, the other is signal transfer to pick up coil and the third is 
fitted at the lower end of DSR outer sheath which will vary impedance when DSR foot 
enters the  lower end. Eddy Current Position Sensor (ECPS) model (Fig.4.16) was 
fabricated and air testing was carried out. Ssodium test is being planned.   
 

Fig 4.15 TSMS    Fig 4.16 ECPS Fig 4.14 Flowmeter 
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4.3  Materials and Metallurgy 

4.3.1  Development and characterisation of  soft-magnetic alloy for DSRDM  
DSRDM  incorporates a TSMS (refer para 4.2.9) and it is required to cut off the 

energising current supplied to the electromagnet of DSRDM, once the sodium 
temperature crosses the Curie temperature, so that the DSR drops into the reactor core. It 
is necessary to ensure a Curie temperature of ~ 625°C for the TSMS, set by design 
considerations. Based upon preliminary laboratory trials with vacuum induction melted 
ingots of various compositions of ternary Ni-Co-Fe system, followed by R&D on the 
processing route to obtain defect-free equi-axed single phase microstructure, it has been 
possible to fabricate sensors with composition Ni50Fe37Co13 and Curie temperature in the 
range 620 – 630°C.  
  
4.3.2 Metals Joining and Hardfacing 

In-sodium self-welding susceptibility tests of the material combination used in the 
Diverse Safety Rod of PFBR (hard chromium-plated 2.25Cr-1Mo steel and ERNiCr-3 
weld metal) under simulated reactor operating conditions confirmed that no self welding 
would take place for this material combination in the reactor. Susceptibility of solution 
annealed and 20% cold-worked Alloy D9 to self-welding in flowing sodium has been 
evaluated under simulated operating conditions for subassembly wrapper pads. After 3 
months of accelerated testing, annealed Alloy D9 has been found to be susceptible to 
self-welding, while 20% cold-worked Alloy D9 showed no sign of adhesion. The results 
confirm that chromium plating of fuel sub-assembly wrapper pads is not essential. 

Procedure for aluminising of Inconel-718 strips for PFBR steam generator has 
been qualified by industry with technical support by IGCAR.   

For the mineral insulated cables of neutron detectors of PFBR, the 200 micron 
thick copper conductors are sheathed with 200 micron thick 316L stainless steel (SS). 
This 316L SS sheaths have to be brazed to Inconel 600 sleeves. The high temperature 
vacuum brazing conditions for this joint, with a radial gap of 125-150 micron, have been 
optimised using nickel-base filler. The as-brazed joints were found to have adequate load 
bearing capacity and requisite leak-tightness. 

 
4.3.3 Fracture Toughness of  an indigenous SS 316 (N) weld metal 

The elastic plastic fracture 
toughness parameter J for 0.2 mm crack 
extension, J0.2, for the welds produced 
using indigenously developed SS 316(N) 
welding consumables was determined at 
643 K after thermal ageing at 923 K for 
4200 h (this is equivalent to the advanced 
ageing condition specified in RCC-MR). 
The material showed pop-in crack 
extensions (often audible) of magnitudes 
that, according to ASTM E1820-01 
standard, could be ignored for multi-
specimen data analysis for determining 
J0.2. Both aJnom Δ−  relation using the 
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multiple specimen method (Fig 4.17) and J-resistance curves using single specimen 
normalisation method, appropriately modified to account for small pop-in yielded similar 
values for J up to 1.5 mm crack extension. Specifically, the value of J0.2 from both 
methods showed excellent reproducibility, with J0.2 in the range ~ 243 – 253 kJ.m−2. 
These values are very high compared to the minimum value of 40 kJ.m−2 given in the the 
RCC-MR code. The high toughness is a reflection of superior cleanliness of the weld 
metal. 
 
4.3.4  Dynamic Fracture Toughness of an Indigenously Developed G91 steel 

In describing the dynamic fracture toughness variation in the ductile-brittle 
transition temperature regime with Master Curve approach, the material indexing 
reference temperature, T0

dy, was evaluated for Mod.9Cr-1Mo steel in 0%, 5% and 10% 
cold worked (CW) conditions using instrumented pre-cracked Charpy (PCVN) tests. 
While degree of cold working has not significantly affected the T0

dy of the material, the 
T0

dy for the 0% CW steels (estimated as 14 °C at loading rate of 5.12 m/s) is alarmingly 
high compared to the T0

dy of 9Cr-1Mo steel (−52 °C) at same condition. This is 
tentatively attributed to the higher P concentration of the Mod. 9Cr-1Mo steel leading to 
grain boundary embrittlement. 
 
4.3.5  Creep, Fatigue and Creep-Fatigue Interaction studies of FBR materials  

The creep studies of indigenously developed nitrogen alloyed, low carbon grade 
of type 316 SS (316LN) plates and normal carbon grade type 316 SS determined at 873 
and 923K at various stress levels are found to be comparable to that of the similar grades 
of imported alloys, and meet or exceed the PFBR design requirements.  

Creep behaviour has been extensively studied at 823, 873 and 923 K for 316L(N) 
SS base metal, 316 SS weld metal, and 316L(N) SS plates/ 316(N) SS electrodes weld 
joints. The rupture strength exhibited is in the order: Base Metal > Weld Joint > Weld 
Metal. The creep data generated have been analyzed to generate the design curves based 
on the philosophy embodied in RCC-MR and ASME design codes. Strength reduction 
curve based on creep strength of weld joint is higher than that based on the weld metal. 
These studies have clearly established that the weld strength reduction factors given in 
RCC-MR code are conservative (e.g., the experimentally determined strength reduction 
factor at 873 K for 30000 h is 0.9 whereas the RCC-MR code value is 0.75), and leave 
scope for extension of life of PFBR components beyond their initial design life.  
Creep rupture strength of modified 9Cr-1Mo steel SG tubes and their welds was found to 
be comparable with the average values specified in RCC-MR code in the evaluated 
temperature regime.  

Low cycle fatigue as well as creep-fatigue interaction tests were conducted by 
introducing hold at peak tension and in peak compression for periods in the range 1 min 
to 10 min on modified 9Cr-1Mo ferritic steel. The overall cyclic stress response was 
lower in hold time tests compared to continuous cycling. The microscopy results showed 
that at room temperature the cyclic softening is attributed to annihilation of dislocations 
while at 873 K, it is ascribed to the formation of cells and coarsening of the carbide 
precipitates. The fatigue life decreased with the introduction of hold and application of 
compression hold period displayed a far more deleterious effect on the fatigue life than 
application of hold under tension.  
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The fatigue life data of Mod. 9Cr-1Mo steel in high purity sodium (less than 
2ppm of oxygen) was found significantly higher compared with that in air at 823 K. The 
lack of oxidation in sodium environment is considered to be responsible for delayed 
fatigue crack initiation and propagation with associated increase in fatigue life (Fig.4.18). 

The effects of temperature, strain 
amplitude, and strain rate on LCF 
behavior of indigenously developed 
316L(N) Stainless Steel and 
316L(N)/316(N) weld joints were 
examined in detail. In general at all test 
temperatures in the range 773-873 K,  the 
base metal showed an initial hardening 
followed by a saturated stress response, 
whilst the weld metal and weld joints 
showed an initial hardening followed by 
cyclic softening. The half-life stress 
increased with decreasing strain rate in the 
weld joints. Fatigue life decreased with 
increase in temperature between 773 - 873 
K in both base metal and weld joints while 
the weld joints showed lower fatigue lives compared to base metal. Dynamic strain 
ageing (DSA) played a significant role in reducing the fatigue life of base metal in the 
range 773 - 873 K. Lower fatigue resistance of weld joints was found to be associated 
with crack initiation in HAZ. It was found that the design curve for weld joint provided in 
RCC-MR is conservative.  

 
4.3.6 Biomineralization on Titanium Surfaces Exposed to Seawater 

Titanium is the condenser tube material for PFBR.  Selected strains of bacteria 
isolated from the biofilm formed on titanium surfaces exposed to seawater were tested for 
their manganese oxidizing ability by growing them in a nutrient broth amended with 50 
ppm Mn2+. The supernatant was analyzed using ICP-AES to estimate the amount of Mn2+ 
removed from the solution by bacterially mediated oxidation. The precipitate formed in 
the culture medium was filtered, dried and analyzed using XRD. The results showed the 
presence of Birnessite form of manganese oxide in the precipitate. The natural biofilm 
formed on the titanium surfaces exposed to seawater for various durations of time were 
collected, dried in an air oven, digested in acid and the amount of iron and manganese in 
the solution was estimated using Atomic Absorption Spectrometry (AAS). The results 
showed that the total manganese content on 250cm2 of titanium surface increased from < 
6 µg after 1-month exposure to 78 µg after 5-months exposure whereas the amount of 
iron increased from 30 µg   to 2690 µg   during the corresponding period. The amount of 
Mn in seawater was <6ng/ml and Fe was less than 5µg/ml. This shows that there is an 
enrichment of manganese and iron in the biofilm due to microbially mediated oxidation. 
  
4.3.7  Development of D9 Pressurised Capsules for Irradiation Creep  

Pressurised capsules made of D9 alloy are being developed to carry out irradiation 
experiments in FBTR to determine the in-reactor creep performance of indigenously 
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developed D9 alloy. D9 tube is closed by welding at one end and fitted with special end 
plug at the other end, which enable filling of argon gas at the desired pressure into the 
tube using a pressurising system (Fig 4.19). After pressurising, the gas entry path is 
sealed with a soft copper gasket and welding is carried out to close the special end plug 
with a cap. The diameter of the special end plug has been redesigned to accommodate all 
features within the diameter of 6.6 mm, which is same as that of the clad tube. The length 
of the pressurised capsule is about 70 mm. Trial capsule with an internal pressure of 65 
Kg/cm2 has been successfully developed.  It has been tested in an electrical furnace at 
temperatures up to 650 deg. C and weld integrity has been demonstrated.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3.8   In-Service Inspection of PFBR Main Vessel & Safety Vessel  
A prototype ISI device has been developed for the in-service inspection (ISI) of 

main vessel (MV) & safety vessel (SV) of PFBR and the following inspection modules 
have been developed for integration into this device as payloads. 
 

 Visual examination system for ISI of MV/SV 
 Ultrasonic Testing (UT) module for ISI of MV/SV of PFBR 
 Marking methods for MV/SV 

 
4.3.9  R & D Studies using Eddy current and Ultrasonic Based testing  

In order to meet the stringent quality assurance requirements of sodium bonded 
metallic fuel pins, eddy current methodology has been developed for detection of voids in 
sodium regions that influence the thermal conductivity. Simulation studies have been 
carried out on stainless steel cladding tubes inserted with aluminium slugs (electrical 
conductivity equivalent to sodium) having a variety of artificial defects of different sizes. 
This methodology has successfully detected all these simulated defects as against the 
requirement of 2.1mm X 1.4 mm. Finite element modelling has been carried out to 
optimise the probe parameters and the excitation frequency. 

Fig. 4.19  D9 pressurised capsule with 65 Kg/cm2 pressure 
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 Inspection of 23 m long modified 9Cr-1Mo steam generator tubes installed in 
Steam Generator Test Facility (SGTF) at IGCAR has been carried out using Remote 
Field Eddy Current (RFEC) technique developed in-house. RFEC data has been acquired 
and stored for all the 19 tubes installed in the SGTF. Analysis of inspection data revealed 
that there were no unacceptable indications.   

An innovative ultrasonic test methodology has been developed and successfully 
demonstrated for in-service inspection of the shell weld of the core support structure in 
the main vessel of PFBR. This involves testing of the support shell weld from the outside 
surface of the main vessel sector using normal beam ultrasonic transducer. Notches of 
dimensions 10% and 30% of wall thickness could be successfully detected. Further, 
multiple angle beam inspection would ensure the detectability of defects of any 
orientation.   

Impact echo and through-transmission low frequency ultrasonic (500 kHz) studies 
have been carried out on concrete blocks and extracted core specimens, before and after 
exposure to sodium fire, in order to establish non-destructive methodologies for 
assessment of damage consequent to exposure to sodium fire. The decrease in ultrasonic 
velocity and increase in ultrasonic attenuation are observed upon exposure to sodium fire. 
Further, the graded damage from the exposed surfaces due to sodium fire is characterized 
by carrying out studies on the core specimens extracted from different depths. Ultrasonic 
velocity and attenuation measurements were correlated with the compressive strength 
determined using the cylindrical core specimens extracted from the sodium fire exposed 
blocks. Further, the damage is found to be confined to within about 70 mm deep from the 
surface exposed to the sodium fire. The study also indicated that impact echo testing can 
be used in-situ to detect damage to the concrete structures having one side access only. 

An ultrasonic spectral analysis based methodology has been developed and 
successfully implemented to measure wall thickness in range of 0.3 mm - 0.7 mm in iron 
thimbles electrochemical hydrogen sensor using low frequency ultrasonic waves (~ 10 
MHz). Conventional ultrasonic method can not be used in such cases because of low 
thickness of the thimble and presence of curvature. Using low frequency immersion 
transducers (15 MHz) and low digitization (<200 MHz), an accuracy of ± 10 µm has 
been achieved. A software has been developed for automated thickness measurement 
across a line scan and for displaying the surface plot of thickness variations using the 
developed methodology. 
 
4.3.10  Synthesis of nanoparticles for Ferrofluid seals 

In the area of nanotechnology, methodologies to prepare magnetic nanoparticles 
with controlled size, polidispersity, morphology and magnetic properties have been 
developed. The ferromagnetic magnetic nanoparticles synthesized in IGCAR have been 
successfully used for the development of ferrofluid based leak-free seals.    

 
4.3.11  High sensitivity radiography of MOX Fuel (45%PuO2) pellet assembly 

Fuel-coolant interaction in MOX fuel pellet assemblies has been studied by high 
sensitivity radiography by measuring the dimensional changes. It has been found that the 
diameter and height of the pellet are increased by about 7-13% and 9-11% respectively 
due to fuel-coolant interaction, after exposure of fuel to sodium coolant for a period of 
140 hrs at 800oC.    
 

241 of 459



4.3.12 Ultrasonic inspection of weld joints in steam generators of FBTR 
As part of surveillance and as per technical specification of FBTR, ultrasonic 

angle beam examinations was carried out on SG shell weld joints. During this ISI, 48 
Nos. of SG shell weld joints were inspected in four SG loops of FBTR. Further, 
additional nine weld joints which was inspected during ISI campaign in 1998 and 2001 
were inspected and a very marginal enhancement in the amplitude of ultrasonic signals 
was observed and this was found to be within the acceptable limits.  

In-service inspection of severely stressed weld joints in the secondary sodium 
circuits of FBTR was carried out using ultrasonic angle beam technique. The ultrasonic 
equipment was calibrated using stainless steel pipes of same diameter and wall thickness, 
and having artificial defects (notches) of 10% wall thickness. After standardization of the 
test parameters, six severely stressed weld joints were inspected and no defect indication 
was observed in the weld joints. 
 

4.3.13  Advanced Materials in Nitric Acid for Aqueous Reprocessing Applications 
  Three phase corrosion tests on commercially pure Ti (CP Ti), Ti-5Ta, Ti-5Ta-
1.8Nb and Zircaloy-4 in boiling 11.5N HNO3   showed that the corrosion rate of CP-Ti 
was 11 mpy, while others showed less than 2.5 mpy in condensed phase. Among all the 
samples tested, Zr-4 showed least corrosion rate of 0.07 mpy and Zr-4 weld samples 
exhibited least corrosion rate of 0.04 mpy in condensate phase. The surface morphology 
indicated compact and adherent surface film in Zr-4 base and weld samples, while Ti and 
its alloys exhibited marginal attack.   

The corrosion performance of two high Si containing austenitic stainless steels 
designated as Uranus-16 and Uranus-65 of AISI type 310 stainless steels has been carried 
out in 6 N and 11.5 N HNO3 media. The anodic polarization indicated in both 6 N and 
11.5 N HNO3 concentration that Uranus-65 with higher Si and N content showed better 
corrosion resistance compared to Uranus-16 alloy. Similarly, the frequency response of 
the AC impedance for both the alloys showed a single semicircle of capacitance 
impedance, which corresponds well to the order of stability of passivity. Uranus-65 
showed higher passive film stability than Uranus-16 alloy. The higher corrosion 
resistance and better film stability of Uranus-65 alloy with higher Si content can be 
attributed to Si enhancing the rate of Cr diffusion during film formation process which 
promoted the formation of both Cr2O3 and SiO2. 
 
4.3.14  Development of Ball-Indentation (BI) Test Technique  

The Ball-Indentation test technique is a miniature specimen testing technique that 
is attractive for evaluation of mechanical properties of irradiated core structural materials, 
and for in-situ testing. It involves driving a spherical indenter at a constant speed, and 
performing multiple indentations/partial unloadings at the same penetration location. The 
applied indentation loads and associated penetration depths are used to calculate stress-
strain values based on well established mathematical relationships. Two test systems 
namely a servo-hydraulic test system and a miniature motorized electro-mechanical 
system have been designed and developed at IGCAR for standardizing the Ball 
indentation test technique and applying to estimate the mechanical property changes in 
irradiated wrapper of FBTR. Extensive trials have been carried out to validate and 
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benchmark the test technique for a variety of materials like the carbon steels, ferritic 
steels like 2.25Cr-1Mo, 9Cr-1Mo steels and AISI 316 alloys. 
 
4.3.15  Mechanical Testing of FBTR Clad Tube 
 Evaluation of mechanical properties to assess the integrity of the clad tube was 
required for extending the FBTR burnup beyond 100 GWd/t.  To qualify the irradiated 
cladding tube, uniaxial tensile testing was carried out to estimate strength and residual 
ductility. The remote tensile tests were performed as per the ASTM E-8 and ASTM E-21 
standards using a 2 ton capacity UTM in the hot cells. A resistance heating furnace was 
fitted to the machine to carry out tensile tests at reactor operating temperatures.  A 
technique for remotely gripping the tubes using collet type compression fittings was 
developed and utilized for slip free gripping during the tests.  The results of the tensile 
tests (Fig 4.20) showed that uniform elongation has reduced from 6.83 % at 470 C for 
unirradiated tube to 3.06 % at 430 C for irradiated tube of 56 dpa neutron damage. This 
indicates that the clad tube has sufficient residual ductility for further operation. 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
4.4  Instrumentation 

Advanced real Time computer System was developed in-house and installed at 
Fast Breeder Test Reactor replacing aged obsolete systems. 32 bit CPU board was 
developed with on-line testability, memory error detection and correction  facility, 
testable watch dog timer etc. Application specific Integrated circuits were developed for 
CPU and I/O cards to improve the reliability. The analog input card is provided with on-
board calibration signal to calculate the drift. The digital input and output board is 
provided with status display for each channel and on-line testability circuit. The plant 
ground and computer ground are isolated with the help of isolation amplifier for analog 
channels and optocouplers for digital channels. The computer is supervising the reactor 
core against flow blockage in fuel subassemblies. Separate computer system is used to 
detect discordance in triplicated channels, Fine impulse testing of safety Logic and Start-
up checking of Plant. The application software is developed in `C` using MISRA-C 

 Fig 4.20  Results of  tensile test carried out on irradiated fuel pin clad  tubes   
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guidelines. The entire hardware and software has undergone detailed verification by 
external expert committee. 
 
4.5  Chemistry   

4.5.1  Electrochemical Hydrogen Meter  
In addition to the electrochemical hydrogen meter (ECHM) that was incorporated 

in FBTR last year one more meter was fabricated, calibrated in mini sodium loop and 
then installed in the other sodium circuit of FBTR. This meter also makes use of CaBr2-
40mol%CaHBr electrolyte and equi-molar mixture of CaO, MgO, CaH2 and Mg as the 
reference electrode. The meter along with the data processing module was also installed 
in FBTR secondary sodium circuit. The data processing module has digital display of the 
concentration of hydrogen measured in ppb levels and the same output is sent to the 
analog recorder.  The recorded output was very stable with sub-ppb noise levels.  It 
responded well to three injections of hydrogen (each 40 ppb) into liquid sodium.  The 
response of this meter during the calibration was also in tandem with the sputter ion 
pump based diffusion type meter. On activation of the cold trap at the end of the 
calibration campaign, output of the meter restored to the values expected for the 
background hydrogen concentration. Consequent to satisfactory performance of the 
ECHMs in FBTR and other large sodium handling facilities such as Sodium Water 
Reaction Test Facility and Steam Generator Test Faacility of IGCAR, provisions were 
made for testing more ECHMs at locations that form a part of “triplication of HLD 
system” in FBTR. 
 
4.5.2  Thermal ionization mass spectrometry 
  The isotopic composition and concentration of U and Pu were determined by 
thermal ionization mass spectrometry on  dissolver solutions pertaining to burnups of  
25,50 and 100 GWd/t.  Spike solutions enriched in  233U and 242Pu were used in the  
isotopic dilution procedure for the five samples received in the entire campaign. The final 
product PuO2  was also analysed for its isotopic content. 
 
4.5.3  Production of elemental boron for FBR 

A facility to demonstrate the feasibility of production of elemental boron from 
boric acid by electrowinning process is being operated at IGCAR. Elemental boron was 
produced through electrowinning from potassium fluoroborate dissolved in a mixture of 
molten potassium fluoride and potassium chloride. The characteristics of the 
electrodeposited boron (raw boron) as well as the processed boron were studied. The 
chemical purity, specific surface area, distribution of sizes among the particles and X-ray 
crystallite size of these boron powders were investigated. The morphology of these 
deposits was examined using scanning electron microscopy (SEM), while the chemical 
state of the matrix as well as the impurity phases present in them were established using 
X-ray photoelectron spectroscopy (XPS). The ease of oxidation of these powders in air 
was investigated using differential thermal analysis coupled with thermogravimetry. 
From the results obtained in this study it was established that elemental boron powder 
with a purity of 98 % could be produced using the above process. The major impurities 
were found to be boric oxide, fluoride, chloride, iron and carbon. About 2.5 kg of 
elemental boron was produced during this year.  
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The first batch of enriched H3BO3 (∼ 5 kg) received from the enrichment plant at 
IGCAR was converted to KBF4.  About 800 g of enriched elemental boron was produced 
by electrowinning technique. In addition, 12 kg of enriched boric acid was converted to 
KBF4. The production batch size was increased to 2 kg from 1 kg of KBF4. The entire 
precipitation was carried out in a semi automated mode and all the process parameters 
were optimized. A rate of production of 4 kg of KBF4 per day was achieved.  Further 
modifications are being carried out for producing 6 to 10 kg of KBF4 per day. 
 
4.5.4  R&D related to production of elemental boron for FBR 
a) The vapour pressure of solid KBF4 was measured by TG based transpiration technique 

to assess the loss of potassium fluroborate due to vapourisation during electrowinning 
process. The enriched boric acid obtained after the enrichment process would be in 
the form of a 5 % solution. This would be converted to solid boric acid in a drying 
equipment. It would be instructive to know the vapour pressure of boric acid over a 
temperature range of relevance to prevent loss of the precious enriched boron through 
vapourisation of the volatile boric acid. However, reliable vapour pressure data for 
boric acid are not available in the literature. Hence, the vapour pressure of boric acid 
was measured by transpiration technique. Following the work on KBF4, the vapour 
pressures of other alkali metal fluoroborates, MBF4 (where M = Na, Rb or Cs) were 
also measured by transpiration method in order to understand the vapourization 
behaviour of this class of compounds. 

b) The major impurities in the electrodeposited boron are iron and nickel. Information 
on the themochemical stabilities of iron and nickel borides is required for the 
development of a process flow sheet for the removal of these impurities. Hence we 
measured the thermochemical stabilities of various borides of iron and nickel by CaF2 
– based EMF technique. 

 
4.5.5  Fuel cycle for FBR 
a)   Data on the thermochemical stability and chemical equilibria in fission product-fuel-

oxygen systems were augmented. The thermodynamic stabilities of two ternary 
oxides of cerium with strontium, SrCeO3 and Sr2CeO4, were measured by fluoride 
galvanic cell. The ΔfG° of BaCeO3, was also determined using the fluoride EMF 
technique.  

b)  Rare earth metals such as La, Pr, Nd and Te are major fission products formed as grey 
oxide inclusions in FBRs.  Information on the thermodynamic stability of ternary 
oxides of rare earths and tellurium is required for an understanding of the integrity of 
the fuel pins in FBRs. Reliable information on the phase diagram M-Te-O ( where M 
is a rare earth) was not available in the literature.  Hence the vapour pressures of 
M2TeO6 ( M = La, Pr or Nd) were measured by transpiration method and the standard 
Gibbs energies of formation of these ternary compounds were determined  

c)  Basic thermodynamic data on the Na – U – O system are required to understand and 
predict the chemical interaction between fuel and coolant materials. For this purpose 
the equilibrium sodium pressure over the phase field Na2UO4--Na2U2O7 -- NaUO3 
was measured by transpiration technique and the standard Gibbs energy of formation 
of   NaUO3 was determined. 

d) Thermochemistry of FBR fuels: Calorimetric measurements on U metal and U-5 at.% 
Zr alloys were carried out for validating the equipment and technique for 
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measurements on metallic fuels. Heat capacity measurements were carried out in the 
temperature range of 280-850 K using Differential Scanning Calorimetry and the 
enthalpy increments in the temperature range 900-1400 K by using inverse drop 
calorimetry.  

e) Fuel preparation by sol-gel process: The jet entrainment facility was used to prepare 
urania microspheres of 100-140 μm size which were used to carry out 
vibrocompaction studies along with urania microspheres of 750-800 μm size. The 
process vessels of the for the gelation facility which forms a part of the test fuel pin 
fabrication facility were installed and the piping work has been completed.  

f) Theoretical estimation of the physico-chemical behaviour of high-Pu MOX fuels: A 
theoretical estimation was made on the thermophysical properties, fuel-clad chemical 
interaction, fuel-coolant chemical interaction, and dissolution behaviour of high-Pu 
MOX fuels containing Pu to the extent of 65 mol% heavy metal. Published data from 
the literature were made use of wherever available; extrapolations were also carried 
out. The major conclusions are that the thermal conductivity of these fuels will be 
only slightly greater than that of the 45 mol% Pu fuel, and that the fuel-clad and fuel-
coolant interactions will be more pronounced than for the 45 mol% Pu fuel. 

g) Pyrochemical reprocessing studies:  Electrorefining studies were carried out on the 
solid solutions of urania with La2O3 and Nd2O3 with MgCl2-NaCl-KCl eutectic as 
electrolyte at 823 K. From these studies the separation efficiencies for La and Nd 
were computed. The reduction behaviour of the oxoions of La, Ce and Nd in the 
MgCl2-NaCl-KCl eutectic salt was studied using cyclic voltammetry and 
electroimpedance spectroscopy. The oxidation state of Ce in the salt was determined 
to be +3 by using X-ray photoelectron spectroscopy.  A code named PRAGAMAN 
was developed for simulating the electrotransport behaviour of elements during 
electrorefining process for metallic fuel reprocessing.  Differential scanning 
calorimetric measurements were carried out on the quasi-binary system containing 
(LiCl-KCl)eutectic – LaCl3 for elucidation of the partial phase diagram of the system. 
 

4.6  Fuel Reprocessing 

4.6.1 FBTR Fuel Reprocessing  
The fifth and the sixth campaigns of 50 and 100 GWd/t burn-up FBTR mixed 

carbide was successfully reprocessed. The performance of centrifugal extractors was 
improved by suitable internal modifications. The raffinate losses reduced significantly 
after that. A process based direct oxalate precipitation was developed for Pu partitioning. 
The results are very satisfactory. The problems related to lean solvent retaining Pu was 
also solved by ammonium carbonate process. The separated fissile material was 
characterized and found to meet the specifications.  It is planned to process the balance 
pins of 25, 50 and 100 Gwd/t before taking up the 150 GWd/t burn-up pins.  

 
4.6.2  Status of the Demonstration Fast Reactor Fuel Reprocessing Plant (DFRP)  

The detailed engineering for the Head end facility is was completed and 
construction clearance is being sought. Fabrication of dissolvers for FBTR and PFBR 
fuels is in progress. The design of choppers for FBTR and PFBR fuel pins is finalized. 
Fabrication of FBTR pin chopper is in progress.  Design Safety Criteria of DFRP is under 
review by Atomic Energy Regulatory Board.  
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All the MSMs for lead cells have been manufactured and received. Purchase orders have 
been placed for the extended reach model for concrete cells.  The first phase of incell 
piping work has been completed. The second phase is in progress. Work order packages 
have been identified for rest of the project and are in various stages of tendering. A 
process flow-sheet has been finalized based on the inputs from LMC.  
 
4.6.3 R&D activities 

Continuous dissolver and large sized centrifuge are in the fabrication process. 
Solvent washing experiments with sodium carbonate had been completed. Acid killing 
experiments are continuing and the development of indigenous diaphragm material has 
been initiated. 
 
4.6.4  Modelling 

Speciation models during Third Phase Formation in N-N-Dialkyl Aliphatic 
Amides for third phase formation in TBP systems were extended to amide based solvent 
extraction systems. For HNO3 third phase, the equation was identical to that for TBP 
based systems as shown below- 

 
[ ]

[ ][ ].TBPHNO .yTBP)M(NO
.y.TBP.HNO)M(NO

3x3

3x3=K  (1)

 
K is the pseudo equilibrium parameter for third phase formation. It includes the combined 
effect of activity coefficients. For U(VI) third phase, a variable stoichiometry has been 
assumed and equation for pseudo equilibrium parameter having embedded activity 
coefficients could be written as-  
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(2)

Analysis of literature data of BARC researchers shown the applicability of proposed 
equations 1 & 2 to the speciation in the DHOA based SX system as shown in Fig.4.21 
and Fig.4.22. 
 
4.6.5  PVT properties of TBP 

The important industrial solvent and chemical, have been predicted. The vapor 
pressure of TBP was correlated by Wagner equation and the coefficients were estimated 
through a robust regression technique. The standard deviation for the proposed 
correlation is about half the value for the earlier proposed correlation by RR&DD 
researchers (1999). Fig.4.23 and Fig.4.24 show the comparison and parity plot 
respectively. 
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Fig  4.22 Compositional dependency of pseudo-equilibrium parameter for  
              U(VI) third phase in DHOA/Dodecane system. 

Fig 4.21 Compositional dependency of pseudo-equilibrium parameter for  
               nitric acid   
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Fig 4.23 Comparison of reported experimental and predicted vapor      
                pressures of  TBP 

Fig 4.24 A parity plot for vapor pressures of TBP 
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4.7  Metallic Fuelled Reactor 

4.7.1  Design objectives 
The design objectives for 500 MWe innovative metallic fuelled reactor have been 

finalized. In order to enhance breeding ratio, reduction in Zirconium content in U-Pu-Zr 
fuel has been recognized. The coolant outlet temperature is proposed to be increased to 
520o C from traditional limit of 510o C, based on minimization of hot spot factors through 
detailed analysis and improvement in nuclear instrumentation. R&D for metallic fueled 
reactor has been well defined.  
 
4.7.2  Reactor Physics and Safety Aspects of Metal Fuel 
            Core physics and safety aspects of 500 MW(e) metal core with U-Pu and U-Pu-Zr 
were studied compared with that of PFBR, which has 500 MWe core with oxide fuel.  
The effect of number of rows of radial blankets and reactor size on breeding ratio, 
replacing the upper axial blanket with sodium plenum on sodium void reactivity, are also 
studied. The metal fuels taken for the study were alloys U-Pu-Zr(10 %) and U-Pu.  

The other main physics parameters investigated in the study were breeding ratio, 
fast and total fluxes, sodium void worth, Doppler coefficient, plutonium inventory and 
delayed neutron fraction.  More emphasis is given to sodium void worth that is having a 
high positive value for metal fuels.  Also, it was found that the sodium void worth of the 
metal fuel depends on its smear density.  

The pin diameter, heat rating and fuel sub-assembly size of 500 MWe metal core 
are taken same as that of PFBR for allowing the possibility of introduction of metal 
fuelled core in the same reactor at a later stage.  The 6.6 mm pin diameter for 500 MWe 
metal core is an optimum from breeding ratio verses fuel inventory point of view. 

The target excess reactivity at BOL for all fresh core is decided by the reactivity 
swing due to burn-up and temperature change. The burn-up reactivity swing reduces with 
increase in breeding ratio.  Therefore the target excess reactivity at BOL changes with the 
types of fuel chosen and the power of the reactor. As a consequence of lower   burn-up 
reactivity swing, the fuel cycle length can be higher for metal fuels.  The achievable fuel 
burn-ups and cycle lengths have not been worked out as that involves more detailed 
study.    

Reactivity swings have been approximately estimated for the cores assuming 
cycle lengths in the range of 180 fpd to 240 fpd for 500 MWe cores. The plutonium 
enrichments in different zones in the core are optimized to get the corresponding excess 
reactivity and nearly same peak linear pin powers in the different enrichment zones.  
Tables 1 summarises the results of the study.  
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Table  1:  Physics Parameters of 500 MWe Fast Reactor with Oxide and Metal Fuels 

Sl.
No Parameter Oxide Metal U-Pu-Zr Metal U-Pu  

1 Smear density 0.82 0.75 0.75 0.62 
2 Plutonium Inventory (t) 1.99 1.93 2.05 1.95 

3 Core Enrichments (%) 20.7/27.7 15.4/20.6 12.1/16.2 13.9/18.
7 

Internal 0.599 0.729 0.910 0.790 
External 0.452 0.524 0.578 0.573 4 Breeding 

Ratio Total 1.051 1.253 1.488 1.363 
5 Fast Flux  (1015  cm-2) 3.23 3.78 3.48 3.73 
6 Total Flux (1015  cm-2) 5.54 5.70 5.14 5.53 
7 Ratio Fast Flux to Total Flux 0.583 0.663 0.677 0.674 
8 Reactivity Swing (pcm) ≈ 3500 ≈ 2000 ≈ 1000 ≈ 1000 
9 Doppler Constant (pcm) 735 408 412 468 
10 Del. Neutron Fraction (pcm) 340 389 418 403 

11 Sodium Void Worth (pcm) +584  
(1.7 $) 

+1730 
 (4.4 $) 

+2094  
(5.0$) 

+1493 
(3.7$) 

 
4.7.3  Sodium Void Reactivity in Unprotected Loss of Flow (ULOF) Transients 

For ULOF transient with 8 s flow halving time, the fuel voiding initiation times 
for oxide fuel and metal fuel are given in Table 2. It is found that for oxide core, all the 
channels void in 53s and the voiding spreads to core center. In metal core, there is only 
small voiding upto 20 minutes. Analysis was performed with the in house PREDIS code.  
Fig.4.25 gives the net reactivity with time for metal fuel core.  It can be seen that the net 
reactivity is always negative. It is thus found that there is slow initiation of Na boiling in 
metal core due to a) higher temperature margin to sodium boiling and b) good axial 
expansion reactivity feedback. 
 

Table 2:  Time of Initiation of Sodium Voiding in various Channels in 500 MWe 
Oxide Core and Metal Core under ULOF 

Time (s) Channel  / No of SAs in 
channel Oxide Metal 
1 / 1 26.2 56.1 
3 / 24 29.7 1554.5 
2 / 30 30.3 1571.0 
4 / 30 31.2 1599.6 
5 / 30 42.9 1779.0 
6 / 42 51.2 1974.4 
7 / 24 53.3 2045.2 
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Fig.4.25  Net Reactivity vs. Time for 500 MWe Metal Fuel Core under ULOF    
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Outline

– General national situation in nuclear field
– Fast Spectrum Nuclear Systems (critical and 

subcritical) supported by R&D national programmes
– Highlights of on-going experimental activities in the 

field
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Nuclear Fission Status in Italy

– Main national programme and resources on Nuclear Fission still 
concentrated on decommissioning of shut-down NPPs and facilities, 
waste disposal and national repository (appointed subject the state-
owned company SOGIN) 

– According to governmental decision of Jan. 2005, all remaining national 
spent fuel (about 300 metric tonnes Uranium Oxide) will be shipped 
abroad (COGEMA/BNFL) for reprocessing, and wastes will be held at the 
reprocessing site for at least 20 years

– Recent change of attitude by public opinion and the Parliament toward 
nuclear energy source: 

• “support to cooperation/participation to European and 
international nuclear technology programmes and projects”

• “nuclear energy should be proposed as a  key element for energy 
source diversification, supply security and environmental 
protection in the single European market ”

3
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Nuclear Fission Status in Italy

– 2004-law “Restructuring of the national energy sector” “National 
electricity producers can – in case in joint venture with foreign 
companies – realize and operate energy plants, including nuclear power 
plants, located abroad, even with the aim to import electricity generated 
from those power plants”. In 2005 ENEL purchased 66 % stake of state-
owned utility Slovenske Elektrarne in Slovak Republic. Agreement was 
achieved with French EdF, including  participation in the 1600 MWe EPR, 
expected to be built at Flamanville site in France

– Ansaldo Nucleare is engaged in the completion of Cernavoda Units 2 and 
in the feasibility study of Cernavoda Unit 3. AN - in joint venture with 
Westinghouse - is also participating to the bid in China for the realization 
of AP1000; also involved in Chernobyl radwaste treatment.

– Ansaldo Camozzi is working on a main supply of Steam Generator 
replacement at the US Palo Verde NPP in Arizona

– Reorganization following the new ENEA Bill of Sep. 2003,  where the 
constitution of a renewed Nuclear Energy Area  (Presidio Nucleare) was 
specifically recommended, is going to be  completed and implemented
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National R&D Programmes in Nuclear Fission

– A three-years national programme - “strategic funding devoted to the National 
Electric System R&D” – focused on participation to international initiatives like 
INTD and Generation IV nuclear systems, is going to receive support by the 
Minister of Productive Activities in the months ahead 5.5 MEuro for the first 
year (comparable yearly funding expected for the rest of the programme)

– Objectives being:
- Keep open the future nuclear energy option in the country   

- Contribute to development of innovative nuclear energy generating 
systems able to compete in the perspective of the  national energy mix re-
arrangement  expected to take place in the years ahead

- Contribute to development of innovative systems able to match public 
acceptability and economical interest

- Sustain  growth of necessary competences through participation to real-
founded  projects  promising to be successful 

- Sustain the effort required to national industry for keeping the pace at 
world and domestic level

– In parallel Follow up of the former TRASCO (TRAsmutazione SCOrie, i.e. Waste 
Transmutation in ADS) national programmes: a two years, 6.8 MEuro budget R&D 
project supported by Minister of Research and University

5
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National R&D Programmes in Nuclear Fission: supported innovative nuclear systems

ADS
EFIT First « Remontage »
proposed by ANSALDO
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National R&D Programmes in Nuclear Fission: the national parties

– Government Research Institutions: ENEA (National Agency for New 
Technologies, Energy and the Environment) + INFN (National Institute for 
Nuclear Physics)

– National “Nuclear” Universities: CIRTEN (POLIMI (Milan), POLITO (Turin), 
U-Pisa, U-Rome, U-Bologna, U-Pavia, U-Palermo) 

– Industries: Ansaldo Nucleare; Ansaldo Camozzi

– Other actors could join in the future (ENEL, SOGIN, APAT)

7
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Development of the HLM-cooled systems - to produce energy at affordable costs
(LFR) and to burn MA (ADS) – in an international context

At European level 6th and 7th  European Framework Programmes

- subcritical systems
Integrated Project EUROTRANS - European Research Programme for the 

Transmutation of High Level Nuclear Waste in an Accelerator Driven System, 
FZK co-ordination, in progress since April 2005 

- critical systems
Specific Targeted Research Project ELSY - European Lead-cooled SYstem, 
Ansaldo co-ordination, in negotiation phase  

- The Integrated Infrastructure Initiative VELLA - Virtual European Lead 
LAboratory,  in negotiation phase, ENEA co-ordination, complements  
EUROTRANS and ELSY as for development of the HLM (Pb and Pb-Bi) technology.

Fast Spectrum Nuclear Systems: LFR & ADS
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EUROTRANS Consortium

Parti-
cipant 

No. 

Participant name Participant 
short name 

Country 

1 Forschungszentrum Karlsruhe GmbH FZK Germany 
2 Advanced Accelerator Application SA AAA France 
3 Ansaldo Energia SpA (Nuclear Division) ANSALDO Italy 
4 Nexia Solutions  NEXIA United Kingdom 
5 Commissariat à l'Energie Atomique CEA France 
6 Centro de Investigaciones Energeticas Medioambientales y 

Tecnologicas 
CIEMAT Spain 

8 Centre National de la Recherche Scientifique CNRS France 
9 Centro di Ricerca, Sviluppo e Studi Superiori in Sardegna CRS4 Italy 

10 Consejo Superior de Investigaciones Cientificas CSIC Spain 
11 Empresarios Agrupados Internacional S.A. EA Spain 
12 Ente Per Le Nuove Tecnologie, L'energia E L'ambiente ENEA Italy 
13 Reseau Europeen pour l'Enseignement du Nucleaire ENEN*** France 
14 Framatome ANP SAS FANP SAS  France 
15 Forschungszentrum Jülich GmbH FZJ Germany 
16 Forschungszentrum Rossendorf e.V. FZR Germany 
17 Gesellschaft fuer Schwerionenforschung m.b.H. GSI Germany 
18 Ion Beam Applications S.A. IBA  Belgium 
19 Istituto Nazionale di Fisica Nucleare INFN Italy 
20 Institute for Nuclear Research and Nuclear Energy INRNE Bulgaria 
21 Instituto Tecnológico e Nuclear ITN Portugal 
22 European Commission, Joint Research Centre - Institute for 

Transuranium Elements 
JRC EC 

23 Nuclear Research and Consultancy Group NRG Netherlands 
24 Ustav jaderneho vyzkumu Rez, a.s. (Nuclear Research Institute 

Rez, plc.) 
NRI Czech Republic 

25 Oxford Technologies Ltd OTL United Kingdom 
26 Paul Scherrer Institut PSI Switzerland 
28 Studiecentrum voor Kernenergie•Centre d'Etude de l'énergie 

Nucléaire 
SCK CEN Belgium 

30 Tractebel Engineering, a division of Suez Tractebel, S.A. Suez-
Tractebel 

Belgium 

31 Framatome ANP GmbH FANP 
GmbH 

Germany 

32 National Nuclear Corporation Limited NNC UK 
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a reference design for a European Facility for Industrial Transmutation,
(EFIT) with a power of up to several hundreds  MW(th) to carry out an   
economic assessment of the whole system;

EFIT will be loaded with UEFIT will be loaded with U--free fuel containing MAfree fuel containing MA.

EFIT will produce electricityEFIT will produce electricity

EFIT will be cooled by pure lead EFIT will be cooled by pure lead (a gas(a gas--cooled option will be also studied)cooled option will be also studied)

a more detailed design of a smaller representative plant (XT-ADS), cooled 
by LBE,  for short-term deployment to prove its overall technical feasibility.

Overall Overall ObjectiveObjective of EUROTRANSof EUROTRANS is the demonstration of the technical 
feasibility of transmutation using an ADS and the development of:
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EFIT First « Remontage »

11
39th IAEA Annual Meeting TWG-FR – Beijing, 15-19 May, 2006 Stefano Monti

Main Italian contributions to IP EUROTRANS

– DM1-DESIGN: design, neutronics, safety and transient 
analyses for EFIT (transmutation core, loaded with 
large fraction of MA)

– DM2-ECATS: make profit of expertise gathered in
TRADE; transfer of knowledge to XT-ADS and EFIT

– DM4-DEMETRA: responsible of WP on Large HLM 
Facilities
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ELSY
is a three-years 

design programme
under negotiation

with EU

Total eligible costs: 
7,16 M€

Max EC contribution:
2,95 M€

SIXTH FRAMEWORK PROGRAMME
EURATOM
Management of Radioactive Waste

Project acronym: ELSY
Project full title: European Lead-cooled SYstem

Date of preparation of Annex I: 27-3-2006
Operative commencement date of contract: 

SIXTH FRAMEWORK PROGRAMME
EURATOM
Management of Radioactive Waste

13
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The Technology Roadmap for Generation IV 
Nuclear Energy Systems, published in 
December of 2002, identifies the Lead-Cooled 
Fast Reactor System (LFR) as a system with 
fast neutron spectrum and a closed fuel cycle 
for efficient use of uranium and waste 
minimization.

It is envisioned for electricity generation and 
hydrogen production.

LFR
Lead Fast Reactor

strong in sustainability because of the closed fuel cycle;
good in economics;
good in safety enhanced by the relatively inert coolant;
strong in proliferation resistance and physical protection because of 
the  long-life core;

LFR promises to be: 

LFR & HLMT March 2006LFR & HLMT March 2006
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European LeadEuropean Lead--cooled  cooled  SYstemSYstem (ELSY) STREP(ELSY) STREP

USAMITMassachusetts Institute of Technology20
ItalyDELDel Fungo Giera Energia SpA19

KoreaSNUSeoul National University, Nuclear Engineering Department, Nuclear 
Transmutation Energy Research Center of Korea 18

USALLNLLawrence Livermore National Laboratory17
Belgium SCK•CENStudiecentrum voor Kernenergie•16

Switzerland PSIPaul Scherrer Institut 15
Czech Republic UJVUstav jaderneho vyzkumu Rez, a.s. (NRI Rez, plc.)14

NetherlandsNRGNuclear Research and Consultancy Group13
SwedenKTHRoyal Institute of Technology-Stockholm12
EuropeJRCEuropean Commission, Joint Research Centre 11

RomaniaINRInstitute for Nuclear Research10
GermanyFZKForschungszentrum Karlsruhe GmbH9

Italy ENEAEnte Per Le Nuove Tecnologie, L'energia E L'ambiente8
FranceEDFElectricité de France7
SpainEAEmpresarios Agrupados Internacional S.A.6
France CNRSCentre National de la Recherche Scientifique5

ItalyCIRTENInter Universities Consortium for Nuclear Technological Research4
ItalyCESICentro Elettrotecnico Sperimentale Italiano3

PolandAGHAGH, Akademia Górniczo-Hutnicza2
ItalyANSALDOAnsaldo Nucleare S.p.A, 1

CountryParticipant List
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ENEAG. BenamatiWP6 LEAD TECHNOLOGY

FZKD. StruweWP5 SAFETY AND TRANSIENT ANALYSIS

DELL. CinottiWP4 SYSTEM INTEGRATION

EAA. OrdenWP3 MAIN COMPONENTS AND SYSTEMS

SCK•CEN H. Aït AbderrahimWP2 CORE DESIGN & PERFORMANCE ASSESS.

JRC/IEH. Wider

WP1 DESIGN OBJECTIVES, COST ESTIMATES,
FUTURE R&D NEEDS AND COMPLIANCE 
WITH THE WASTE TRANSMUTATION IN A 

CRITICAL REACTOR AND WITH THE MORE
GENERAL GOALS OF GEN IV.

PartnerCo-ordinatorWork Package

ELSYELSY

Ansaldo Nucleare is the ELSY Coordinator and several Italian
organizations (Ansaldo, Del Fungo, ENEA, CIRTEN and CESI) will
contribute significantly to all the WPs
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The objectives of  ELSY

demonstration of the technical feasibility
of a LFR;

demonstration of the capability to fully comply
with the Generation IV goals.

LFR & HLMT March 2006LFR & HLMT March 2006
17
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Engineering Inherent features

Potential of removable 
in-vessel components

Simplicity

Transmutation of MA
homogeneously diluted in 
the fuel.

Breeding ratio  close to 1

Risk to capital 
(Investment 
protection)

• Lead does not react with air   or 
water;
• lead has a very low vapour 

pressure.

Life cycle cost

Economics

• Fast-neutron spectrum for 
operation as a burner.

Waste minimization 
and management

• Lead is a low-moderating 
medium of low-absorption cross 

section.
Resource utilization

Sustainability

Goals achievable via
GoalsGoal Areas

ELSY Compliance with the  Generation IV Goals
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• Independent and 
redundant DHR loops in 
natural circulation

• Lead compatible with air and 
water. 

Increased phys. 
protection against 
acts of terrorism

•Use of  fuel containing 
MA •neutronics enables long-life core.

Unattractive route 
for diversion of 
weapon-usable 
plutonium

Proliferation 
Resistance and
Physical 
Protection

• Lead density close to that of fuel  
(considerably reduced  risk of re-
criticality in case of core melt);
• lead retains fission products.

No need of off-site 
emergency 
response

• Large fuel pin pitch;
• decay heat removal by 
natural circulation;
• primary pumps in the 
hot collector. 

Lead has:
• high heat transfer, specific heat 
and thermal expansion 
coefficients;
• core with inherently negative 
reactivity feedback

Low likelihood and 
degree of core 
damage

Primary system:
. at atmospheric 
pressure;
• at low temperature

Lead has:
• very high boiling point;
• low vapour pressure;
• high shielding capability. 

Operation will excel 
in safety and 
reliability

Safety and 
Reliability

ELSY Compliance with the  Generation IV Goals
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ELSY design will start from the innovative solutions of EFITELSY design will start from the innovative solutions of EFIT

Economics based on
simple and compact primary system

Feasibility based on 
low-temperature thermal cycle

Temperature
°C

327
350

450

400

550

600

650

500

O2 control +
alluminization

Vessel Internals Cladding
400

480

~550

Technological
Limits

O2 control 

Low O2 activity

outlet    
Core                   
inlet

400 400
Material embrittlement

Lead Freezing
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Tentative ELSY Parameters

2D isolators supporting the main vesselSeismic design
N° 4, immersed in the cold collectorDHR coolers
Small-volume, above the coreHot collector
Cylindrical inside the annular cold collectorInner vessel
Removable to the greatest possible extentInternals
N° 4, mechanical, in the hot collectorPrimary pumps
Water-supercritical steam at 240 bar, 450°CSecondary cycle 
N° 8, integrated in the main vesselSteam generators
Anchored to the reactor pitSafety vessel
Austenitic stainless steel, hanging, short-height ~ 10 mMain vessel 
~ 550°CFuel cladding temperature (max)
T91 (aluminized)Fuel cladding material 
MOX and  nitrides (with and without MA)Fuel
~ 480°CCore outlet temperature
~ 400°CCore inlet temperature
Natural circulation + Pony motorsPrimary coolant circulation for DHR
~ 1,5 barPrimary system pressure loss (at power)
ForcedPrimary coolant circulation (at power)
Pool type, compactPrimary system
Pure leadPrimary coolant
40 %Thermal efficiency
600 MWePower
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LFR R&D Conceptual Framework and Schedule

SSTAR 
(20MWe;

Preliminary design
2006-2009)

ELSY
(600MWe;

Preliminary design
2006-2009)

Demo 100-200MWe 
R&D engine
(2008-2018)

Industrial deployment of a 
small scale LFR

From 2025

Prototype of a 
small scale LFR

(2013-2023)

Prototype of a 
large scale LFR

(2013-2023)

Viability
R&D

Advanced
R&D

Industrial deployment of a
large scale LFR

From 2025

Industrial deployment of an 
advanced small scale LFR

2035 (H2, CO2 cycle)

Industrial deployment of an 
advanced large scale LFR
from 2035 (H2, CO2 cycle)
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Virtual European Lead LAboratory
(VELLA )

An Integrated Infrastructure Initiative (I3) under  negotiation
with the European Commission services in the FP6.

Proposed contribution by EC:  2.3 M € (max)

VELLA complements Eurotrans and ELSY in the development of 
the lead technology.

VELLA aims to create a virtual European laboratory for lead 
technologies with a view to creating a network of European 
laboratories that operate heavy liquid metal technology 
infrastructures concerning mainly lead or lead alloys.

23
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VELLAVELLA

LatviaIPULInstitute of Physics, University of Latvia13

Belgium SCK•CENStudiecentrum voor Kernenergie•12

Switzerland PSIPaul Scherrer Institut 11

Czech Republic UJVUstav jaderneho vyzkumu Rez, a.s. (NRI Rez, plc.)10

SwedenKTHRoyal Institute of Technology-Stockholm9

SPAINIQSInstitut Quimic de Sarria8

GermanyFZRForschungszentrum Rossendorf7

GermanyFZKForschungszentrum Karlsruhe GmbH6

France CNRSCentre National de la Recherche Scientifique5

ItalyCNR-IENIConsiglio Nazionale delle Ricerche4

SpainCIEMATCIEMAT 3
FranceCEALe Commissariat à l’Energie Atomique2

ItalyENEAEnte per le Nuove Tecnologie, l’Energia e l’Ambiente1

CountryShort nameOrganisation nameParticipant
number
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The LFR R&D Plan identifies
short-term and long-term R&D

Advanced materialsTests of coated steels, and of 
carbides

Pump impeller material

Development of CO2 cycle
Effective damping of the pressure 
wave in case of SG tube rupture. 
Supercritical steam cycle

Steam Generator

Advanced instrumentationIn-lead instrumentation, dissolved 
oxygen control, lead purification.

Lead technology

Extended use of coated steels 
or new materials

Confirmation of use of AISI 316L 
and T91

Structural
Materials

ODS, 
carbides

Fast-neutron flux irradiation of 
coated and uncoated T91  in lead.

Fuel cladding material

Nitride fuel
Fuel containing MA

MOXFuel

Long-termShort-term
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The European expertise

Large European expertise in the field of LMR (e.g. SPX1);

Results from the past European FP5 and ongoing FP6 activities on 
ADS;

Design, realization and operation of several Lead-Bismuth Test 
Facilities

The Integrated Infrastructure Initiative, Virtual European Lead
LAboratory “VELLA”.

Results from Russian ISTC projects;
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European Expertise in design of LBE and pure lead-cooled 
systems rely on the ADS design activity of:

the past FP5 and the ongoing FP6

80 MW LBE80 MW LBE--cooled XADScooled XADS 50 MW LBE50 MW LBE--cooled XADS cooled XADS 
((MYRRHA) MYRRHA) 

XT- ADS
Short-term demonstration

of transmutation
and of the ADS behaviour

< 100 MWth 

EFIT
Long-term

Industrial-scale
transmutation

Several 100 MWth
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European Expertise in Lead Technology resulting from 
operation of several LBE test facilities

STELLA Loop
CEA

CIRCE Loop
ENEA

TALL Loop
KTH

CIRCO Loop
CIEMAT

CorrWett Loop
PSI

VICE Loop
SCK-CEN

CHEOPE Loop
ENEA
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Lead Bismuth has been chosen as candidate spallation target and coolant for the ADS 
demonstrator. 

Pure lead is considered one of the most promising coolant for GEN IV reactors

Pure lead is proposed as spallation target and coolant for industrial ADS prototype.

In this frame the interaction between structural materials and lead alloys represents a critical 
issue for the feasibility of ADS and Lead Cooled GEN IV reactors. . 

A large R&D programme has been lunched since 1997 in order to:

determine the corrosion behaviour of several structural materials in lead  alloys;

develop and validate (also under irradiation) suitable techniques in order to suppress, or 
at least, limit corrosion phenomena; 

validate a strategy and the associated process to control lead alloys purity and guarantee 
safe operation.

Corrosion: ENEA activities and facilities
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Several reference materials (nuclear grade steels, refractory metals) were tested 
in the past at ENEA Brasimone facilities, in order to assess their corrosion 
properties and to investigate the possibility of protecting them by in “situ 
oxidation”:

LECOR loop Test conditions: T 400°C, V about 1 m/s and CO2 10-8-10-10 wt%, 
material tested: AISI 316L, T91, W, Mo, Ta 

CHEOPE III loop Test conditions: T 400°C, V about 0.8 m/s and CO2 10-5-10-6 wt 
%

Further experiments with Pb-Bi at higher temperatures (450°C) and with longer 
exposure time in LECOR, and tests on pure  Pb in CHEOPE III at 500 °, are now 
going on. The use of aluminised coatings  and/or the use of modified steels 
(i.e. martensitic steels with high Si content) are under investigation. 

Corrosion: ENEA activities and facilities
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LECOR
Lead bismuth facility

Corrosion tests on spallation target 
materials

CHEOPE
Multipurpose lead and lead bismuth facility

CHEOPE I – Thermal-hydraulic tests
CHEOPE II – Physical Chemistry tests
CHEOPE III – Lead Corrosion tests

ENEA facilities operating in HLM
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Summary of ENEA results 
on Corrosion and Protection of Materials in Liquid Lead Alloys

The so called “in-situ oxidation” technique seems  to be effective in the range 
300 - 550 °C  for EU nuclear  grade conventional steels;

Steels with higher chromium content present thinner oxide layer in oxidising 
environment;

An apparent “threshold limit “ (550-600 °C), above which the oxide layer onto 
the steels could become non-protective, seems to exist for the European 
steels tested;

Aluminised coatings seem to be able to protect both austenitic and martensitic 
steels up to 550 °C. 

Pure metals (Ta, W, Mo) show a good behaviour in reducing environment;

Virgin T91 seems not affected by liquid metal embrittlement (LME) but material 
hardened (irradiation, welding, ageing) could be more sensible to LME.
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– One of the challenging design feature of Lead Fast Reactor is the 
insertion of the Steam Generator inside the main vessel. Also for 
ADS reference designs (XT-ADS experimental demonstrator & EFIT 
industrial prototype) the steam generator placed into the primary 
pool is considered.

– For both applications, the possibility of a SG pipe break has to be 
considered and studied

– In the frame of the IP-EUROTRANS project, and in collaboration 
with ANSALDO within the ELSY project, ENEA is going to perform 
experimental and modelling studies on the lead bismuth-water and 
lead-water interaction

– The facility which will be used to simulate this kind of interaction is 
the LIFUS 5 loop at ENEA Brasimone Centre

Pb-Bi and Pb/water interaction: ENEA activities and facilities
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LIFUS 5 consists of: 

• The reaction vessel S1, 
containing the water injection 
device at the bottom 

• The expansion vessel S5, 
connected to the reaction vessel 

• The pressurised water vessel S2

• The safety vessel S3

• The LM storage vessel S4

LIFUS 5 has been designed and constructed to simulate LOCA accidents and to operate in a wide 
range of operative conditions (pressure up to 200 bar, initial LM temperature up to 500 °C)

LIFUS 5 Facility
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The next experiments will be devoted to assess the physical effects and the 
possible consequences related with the interaction between pressurised 
water and Lead Bismuth.

321Test

Vessel containing a 
mock up of U 
shaped cooling
tubes.

12 s

5 l

100 l

50 °C

70 bar

350 °C

Geometry of S1

Time of fast data 
acquisition

Free volume in S5

Pb-Bi volume 

Water Sub-cooling

Water injection 
pressure

Pb-Bi temperature

Vessel containing a 
mock up of the SG 
structure.

Vessel containing a 
mock up of U shaped
cooling tubes.

12 s12 s

Not yet establishedNot yet established

Not yet establishedNot yet established

50 °C50 °C

10 - 40 bar10 - 40 bar

350 °C350 °C

Next Experimental Campaign in LIFUS5
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“ICE” - Integral Circulation Experiment

Theoretical and Experimental studies on core cooling system by heavy liquid metals

Scopes of the experimentScopes of the experiment

To simulate the thermal-hydraulic behaviour of an ADS core

To analyze the coupling between the heat source and heat exchanger installed in a 
pool configuration (CIRCE facility)

Objective of the experimentObjective of the experiment
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HX

Heat Source

Heat 
Removal 
System

General layout of the experiments
Nominal Power: 750 kW

Core ΔT: 100 °C

Primary coolant mean T:       350 °C

Core velocity:                       2.0 m/s

LBE flow rate: 50.4 kg/s

Average channel parameters

ΔTch :                   145.4 °C

Deq,ch:                  5.40 mm

hch :                 ~ 50000 W/m2 K

Max Tcladd : 460 °C

“ICE” - Integral Circulation Experiment
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p

h

Φ: 8.2 mm

p/Φ: 1.4

Latt: 1000 mm 

Nh:  29

Nr:   37

Assembly : Hexagonal

Fuel pins simulated by electrical heaters

q’’:                     100 W/cm2

Ph:                         26 kW

Cladding Materials: AISI 316L, T91

“ICE” - Integral Circulation Experiment
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Heat Exchanger: LBE-H2O heat exchanger 

-Pressure : 30 bar

-Flow Rate: 9 kg/s

-Velocity: 2 m/s

-ΔT wall, max : 192 °C

-ΔTeff : 125.6 °C

-A : 2.8 m2

-U : ~2000 W/m2 K

-Square Assembly, “U” Tubes

-Number of Assembly:2

-Dext : 48.3 mm (1.5’’)

-s : 3.7 mm

-p/Dext : 1.5

-Material: AISI 316 or T91

“ICE” - Integral Circulation Experiment
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Test Cases

Steady State 
Circulation

Transient
Conditions

Loss of cold
sink

Loss of
Pumping System

To verify the coupling 
of the heat source 

and Heat Exchanger

To compare the transient 
behaviour of the system with

the pre-test simulation performed 
by thermal hydraulic system code

To characterize the 
natural circulation in a 

pool configuration

“ICE” - Integral Circulation Experiment
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Towards the Lead Fast Reactor: Next ENEA activities in the frame of LFR

• Corrosion studies: the present status of knowledge seems to indicate that, 
with an appropriate design, standard nuclear steels are suitable for the main 
vessel and for the IHX adopting the “in-situ” oxidation of the metallic 
surfaces. Materials choice is still pending as for the internals at high 
temperature and the core. ENEA on going activities in this field are aimed to 
demonstrate the behaviour of AISI 316 L and T91 in Pb environment. Coated 
materials and special steels will be developed and tested. 

• Lead/Lead-Bismuth interaction with water: ENEA activities for the next three 
years with LIFUS V facility and SIMMER code simulation are aimed at 
studying the effects of large leakages of high pressure water into hot liquid 
metal. These results are of basic importance in order to demonstrate the 
feasibility of the SG insertion into the main vessel.

• Integral Experiment: it will be the first experiment in which all the main 
components of a LFR (core, heat exchanger, oxygen control system, 
purification system) will be coupled in order to investigate the coolant 
thermal hydraulics in relevant operative conditions. This experiment could 
robustly concur to demonstrate the real feasibility of an  LFR.
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Reactor dynamic study and Safety analysis for ADS & LFR

• RELAP5/3D-PARCS for dynamic and safety Analysis - originally developed for 
coupled Thermalhydralics-Neutronic study  of water cooled critical reactors -
has been modified to deal with Pb-Bi cooled critical and subcritical systems

• Dynamic and Transient analysis of ADS cooled with heavy liquid 
metals (Lead-LBE) and helium

• Thermal fluid dynamic studies to support experimental program on
Lead-Water interaction

• Safety and transient analysis of Lead Fast Reactor
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Conclusions

- A  renewed interest on nuclear energy looks coming up 
again in Italy 

- Italian Government looks ready to support relevant, 
internationally shared, R&D actions on innovative nuclear 
systems for energy generation and waste minimization

- Support to fast spectrum nuclear systems (LFR & ADS) 
based on HLM technologies to be developed in the frame of 
international initiatives (GENIV, European FPs, etc.) is part of 
this strategy
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ABSTRACT 
 

The Japan Atomic Energy Agency (JAEA) has been proceeding with the research and development on 
accelerator-driven system (ADS) for the transmutation of long-lived radioactive nuclides.  The ADS 
proposed by JAEA is a lead-bismuth eutectic (LBE) cooled fast subcritical core with 800 MWth.  
Various R&D activities were conducted during the fiscal year of 2005 to investigate the feasibility of 
the ADS from viewpoints of the accelerator, LBE as a spallation target and core coolant, and 
subcritical core design.  Moreover, the conceptual design study on the Transmutation Experimental 
Facility (TEF) to study the basic science and engineering of the transmutation technology was 
continued under a framework of J-PARC (Japan Proton Accelerator Research Complex) project.  The 
Preliminary Letters Of Intent (Pre-LOI) for TEF are being called for.   
 
 
1. R&D ON LINEAR PROTON ACCELERATOR (LINAC) 
 
The proton accelerator for the ADS should have high intensity, more than 20 MW, with good 
economical efficiency and reliability.  JAEA regards the superconducting linear accelerator 
(SC-LINAC) as the most promising choice to meet these conditions. 
 
As for the R&D on the SC-LINAC, a prototype cryomodule was fabricated, and its performance in 
electric field and helium cooling was examined.  Two 9-cell superconducting cavities were installed 
in the prototype cryomodule.  They were cooled down to 4.2 and 2.1K, and maximum surface electric 
field (MSEF) was measured.  Very good performance was demonstrated by this prototype 
cryomodule.   
 
JAEA is constructing and fabricating high-intensity proton accelerators in the framework of J-PARC 
(Japan Proton Accelerator Research Complex).  Figure 1 shows the recent status of the LINAC part 
of J-PARC.  The construction of the LINAC building was completed and installation of the 
accelerator below 200 MeV is under way.   
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2. R&D ON LEAD-BISMUTH TECHNOLOGY FOR SPALLATION TARGET AND CORE 
COOLANT 
 
Lead-Bismuth eutectic (LBE) is regarded as the prime candidate for the spallation target and for the 
core coolant of the ADS in JAEA.   
 
In high temperature region above 500°C, LBE is known as corrosive liquid against structural material.  
JAEA is implementing a static corrosion test and a loop corrosion test in parallel.  The static test 1)-3) 
was performed for 3000 hr under two conditions of low oxygen concentrations: 5x10-8wt% at 450°C 
and 5x10-8wt% at 550°C.  The corrosion rate of about 1mm/y was observed for 316SS at the higher 
temperature, though it was less than 0.1mm/y for 430SS (16Cr) and SX (18Cr-19Ni-5Si).  In the loop 
test, two candidate materials for the beam window were tested: the Japan Primary Candidate Alloy 
(JPCA) which is austenitic stainless steel developed for a nuclear fusion reactor to reduce the swelling 
effect, and the F82H which is martensitic stainless steel developed for a fusion reactor to reduce 
activation.  For both specimens, about 0.01mm/1000hr corrosion was observed in oxygen-saturated 
LBE at 450°C.   
 
For the test of the cooling performance of LBE for the beam window of ADS, a thermal-hydraulic 
loop test was performed.  The tests were carried out under conditions in which the flow rate of LBE 
was changed as 100, 200, 300, 400, and 500 litter/min, and inlet temperature of LBE was changed as 
330, 380 and 430°C.  The temperature distributions on the surface of the beam window simulator, 
which was heated up by an electric heater, were measured and compared with the calculation.   
 
As for the evaporation behavior of LBE, the vapor pressure in the isothermal pot was measured using 
the transpiration method for the temperature range from 450°C to 750°C 4).   
 
 
3. R&D ON SUBCRITICAL DESIGN AND TECHNOLOGY 
 
The ADS proposed by JAEA is an 800MWth, LBE cooled, tank-type subcritical core operated at 
keff<0.97.  The plant image is shown in Figure 2.  The engineering feasibility of such a subcritical 
core was discussed 5). 
 
To keep thermal power of 800MW at keff=0.97, 20–30MW proton beam with 1.5GeV is necessary. The 
most critical issue of ADS design is in the engineering viability of such a high power spallation target 
and the beam window.  Thermal-hydraulic analysis and structural analysis were carried out, not only 

 

    
  (a) LINAC Building  (b) Installation of LINAC  

Fig.1 Status of J-PARC LINAC 
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in normal operation but also in accidental situations.  Preliminary safety analyses showed that Loss of 
Flow (LOF) accident with the beam-on situation was the most severe initiator for the ADS. 
 
 
4. TRANSMUTATION EXPERIMENTAL FACILITY 
 
To study the basic characteristics of the ADS and the transmutation technology from viewpoints of the 
reactor physics and the spallation target engineering, JAEA plans to build the Transmutation 
Experimental Facility (TEF) in the Tokai site under a framework of the J-PARC Project.  TEF 
consists of two buildings: the Transmutation Physics Experimental Facility (TEF-P) and the ADS 
Target Test Facility (TEF-T) as shown in Figure 3 6).  TEF-P is a zero-power critical facility where a 

 
 

Fig.2 Conceptual view of ADS plant 

 

 
Fig.3 Transmutation Experimental Facility (TEF) 

 

277 of 459



To be presented at IAEA-TWGR-FR, 
15-19 May 2006 

 

low power proton beam is available to research the reactor physics of the transmutation systems and 
the controllability of the ADS. TEF-T is a material irradiation facility which can accept a maximum 
200kW-600MeV proton beam into the spallation target of LBE.   
 
As for TEF-P, the feasibility to use MA-bearing fuel was investigated from viewpoints of the cooling 
and the remote-handling of high-activity fuel in the critical assembly.  Moreover, the laser charge 
exchange technique to extract 10W proton beam was investigated.   
 
As for TEF-T, the LBE flow characteristics of the target section were experimentally investigated by 
using a sealed double-annular type target model and the ultrasonic velocity profiling technique.   
 
Although the TEF program has not been approved yet officially, the J-PARC Project Team is now 
calling for the Preliminary Letters Of Intent (Pre-LOI) for experiments at the TEF to know which 
groups have interests in this activity and what contributions can be expected, to reflect the proposals 
on the specifications and the layout of the TEF, and to establish an appropriate collaboration scheme 
between J-PARC and the anticipated outside users in the field of the nuclear science and engineering 
7).   
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A Review of Fast Reactor Program in Japan 
April 2005 – March 2006 

 
 

Abstract    
 

This report describes the research and development activities on fast reactors 
in Japan covering the period from April 2005 to March 2006. 

On October 1, 2005, the Japan Atomic Energy Agency (JAEA) made its first 
steps as an independent administrative institution. JAEA is the result of the 
integration of the Japan Atomic Energy Research Institute (JAERI) and the Japan 
Nuclear Cycle Development Institute (JNC). 

“Framework for Nuclear Energy Policy” was decided by the Atomic Energy 
Commission on October 11th, 2005 as a basic principle for the nuclear energy 
policy and promotes research, development and utilization of nuclear science and 
engineering. 

JOYO completed the 2nd duty cycle for Mk-III program, and the fuel failure 
simulation test was carried out to verify the plant operation in fuel failure events. 
From the 3rd duty cycle, oxide dispersion strengthened ferritic steel (ODS), and 
MOX fuel with 5% americium added and with both neptunium and americium 
added are planned to be irradiated. 

JAEA have started preparatory work for modification, after given prior 
approval by the local governor of Fukui in February 2005, and the main 
modification work is in progress since September 2005, which has achieved 63% 
completion by the end of April 2006. 

As for the Feasibility Study on Commercialized Fast Reactor Cycle Systems, 
the final report of phase-II was compiled based on the results of study for a 
five-year period from JFY2001 to 2005, aiming “to identify the most promising 
candidate concept for the commercialization of the FR cycle, as well as to draw up 
the future R&D program.”  The outcomes of phase-II include “a principle for 
prioritizing R&D as well as R&D programs until approximately 2015, and the 
potential future issues.” Currently the final report is under check and review by the 
government. The flexible and strategic R&D plan for those concepts will be 
developed toward the commercialization of FR cycle system. 
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1. General View 
(1) JAEA 

On October 1, 2005, the Japan Atomic Energy Agency (JAEA) made its first 
steps as an independent administrative institution. JAEA is the result of the 
integration of the Japan Atomic Energy Research Institute (JAERI) and the Japan 
Nuclear Cycle Development Institute (JNC). 

JAEA is the only institute in Japan dedicated to comprehensive research and 
development in the field of nuclear energy. The founding goal of JAEA is to 
implement basic and applied research on nuclear energy, in tandem with R&D that 
will lead to the establishment of nuclear fuel cycle in an integrated, systematic and 
efficient manner. Another important goal is to disseminate the achievements of our 
R&D activities, thereby contributing to enhancing the level of social welfare and 
people’s living standards. 

All of JAEA’s activities are premised on taking every possible measure to 
ensure our own safety, and on promoting symbiosis with the regions in which our 
facilities are located. By putting fast breeder reactor cycle technology into 
commercial use, and engaging in R&D activities towards the establishment of 
nuclear fuel cycles, focusing on the realization of treatment and disposal of 
radioactive waste, we are dedicated to making a contribution to a stable supply of 
energy in Japan and resolving global environmental issues. We will carry out 
research at a fundamental and structural level, with a view to enhancing the safety 
of nuclear energy, as well as upgrading technological basis and diversifying the 
uses for nuclear energy. We will also concentrate efforts in the field of R&D in 
nuclear fusion reactor engineering. Moving forward, we undertake to tackle 
actively a variety of R&D projects including applications for quantum beam 
technology that will promote the emergence of new industries and the advancement 
of science and technology. 

 
(2) Framework for Nuclear Energy Policy in Japan(1) 

“Framework for Nuclear Energy Policy” was decided by the Atomic Energy 
Commission on October 11th, 2005 as a basic principle for the nuclear energy 
policy and promotes research, development and utilization of nuclear science and 
engineering. 

Brief outlines of the Framework regarding the nuclear fuel cycle are as 
follows: 
1) Nuclear power, basic power source in Japan, contributes to stable supply of 

energy and mitigating global warming.  Nuclear fuel cycle projects for the 
efficient use of recovered uranium and plutonium are making steady progress.  
These activities are kept with sufficient security under the IAEA agreements 
on comprehensive safeguards and additional protocols. 

2) Nuclear power should be competitive and stable energy source for a long 
period, therefore, efforts should be continued to develop innovative 
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technological systems for future needs. 
3) Replacement of current LWRs will start at around 2030, and an advanced type 

of LWR will be adopted for that purpose. 
4) Development of fast reactor aims at its commercial introduction in around 

2050. 
5) Operation of MONJU should be resumed at the earliest possible time.  The 

priority should be placed on achieving the initial goals of demonstrating 
reliability as an operational power plant and establishing sodium handling 
technology within ten years or so.  After that, it is expected MONJU to be 
utilized as the center of international research and development cooperation. 

6) JAEA and electric utilities have been implementing the feasibility study on 
commercialized FR cycle systems (F/S), aiming to present an appropriate 
picture of the future FR cycle and the R&D plans leading up to 
commercialization in around 2015.  The outcome of the F/S phase-II is 
compiled by the end of March 2006. 

7) Government will evaluate the results of the F/S phase-II and present the 
guidelines on subsequent step-by-step R&D activities aiming at the 
deployment of fast reactor fuel cycle in around 2050. 

8) Spent fuels should be reprocessed, for the time being, within the reprocessing 
capacity, and the surplus volume should be stored intermediately.  
Discussions on the treatment of both intermediately stored fuels and spent 
MOX fuels from LWR will be started at around 2010. 
 

2. Experimental Fast Reactor JOYO(2)-(10) 
The experimental fast reactor JOYO has been supporting the development of 

sodium-cooled fast reactors by providing valuable irradiation testing of advanced 
fuels and materials, and improvements in fast reactor safety and operation since 
criticality was first achieved in 1977 as the MK-I breeder core.  The first major 
upgrade of JOYO to the 100 MWt MK-II irradiation-test-bed was successfully 
operated from 1982 to 2000.  Work began in 2000 on the 140 MWt MK-III 
program, which was the second major upgrade to improve the irradiation 
capability of JOYO.  Start-up test of the MK-III core was conducted from June to 
October 2003. The rated power operation of MK-III core has started in May 2004. 
An irradiation test of innovative safety system (SASS) and other irradiation tests 
were conducted as scheduled. After completed the 2nd duty cycle, the fuel failure 
simulation test was carried out to verify the plant operation in fuel failure events. 
From the 3rd duty cycle, oxide dispersion strengthened ferritic steel (ODS), and 
MOX fuel with 5% americium added and with both neptunium and americium 
added are planned to be irradiated. 

Figure 2.1 shows the operating history of JOYO from the initial startup of the 
MK-I core through the MK-III core.  

 
(1) Irradiation Tests in JOYO MK-III Core 
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In 2003 the upgrading program to the 140 MWt MK-III core was completed 
to increase the irradiation testing capability of JOYO.  Figure 2.2 shows an 
outline of the JOYO MK-III upgrade program.  Compared to the previous MK-II 
core, the MK-III core provides approximately a four-fold increase in irradiation 
capability combined with improved irradiation test vehicles and improved 
irradiation characterization.  

From the first operational cycle, the irradiation test of self actuated shutdown 
system (SASS), neutron flux and power distribution measurement and other 
irradiation tests were conducted through the MK-Ⅲ first and second operational 
cycles.  In the 2’ special cycle, the failed fuel detection and location test (FFDL) 
was conducted. 

In order to establish the passive shutdown capability against anticipated 
transient without scram (ATWS) events, SASS with a Curie point electromagnet 
(CPEM) is being developed for use in a large scale FBR.  The SASS experimental 
equipment is composed of the CPEM, the driving system, and the simulated 
control rod, as shown in Figure 2.3.  In this system, the control rod is held by the 
electromagnetic force of the CPEM.  CPEM includes 30%Ni-32%Co-Fe alloy as 
the temperature sensitive alloy.  As illustrated in Figure 2.4, it is designed so that 
the holding force sharply drops at 640 deg-c.  Therefore, if the core and coolant 
temperature ascent above the Curie temperature, CPEM releases the control rod 
and drops it into the core without any external driving force and signal.  

To confirm the characteristics of SASS under the actual operation 
environment, the component function test using the reduced-scale experimental 
equipment of SASS was conducted in the 1st and 2nd operational cycles.  As a 
result of this test, the rod-holding stability and the recovering functions of the 
driving system were fully confirmed. A neutron fluence of over 6×1018 n/cm2 
(E>0.1 MeV) was obtained for CPEM.  This corresponded to 60 years of use in a 
large-scale FBR and satisfied the required fluence for stability assurance.  The 
results also will likely dispel the apprehensiveness about the operational trouble 
involving the unexpected drop of SASS. 

The vertical and horizontal distribution of neutron flux in MK-III core were 
measured using approximately 100 dosimeter sets containing multiple foils and 
HAFMs (Helium Accumulation Fluence Monitor) which were established through 
the MK-II core operations.  Eighteen subassemblies were loaded from the core 
center to in-vessel storage racks during the 1st and 2nd cycles.  Figure 2.5 shows 
the positions of these subassemblies.  In the driver fuel subassemblies, 3 of 127 
fuel pins were replaced with test pins which contained three dosimeter capsules at 
the core center height, the upper and bottom edge of the fuel region.  The other 
irradiation test subassemblies contain only dosimeter sets. 

The calculation accuracy of core management code system, transport code 
DORT and Monte Carlo calculation code MCNP will be confirmed by these 
measurement results.  For the irradiation test in the MK-III core, high accuracy 
neutron fluence and spectrum data will be provided using these measurement 
results and calculation techniques. 

Oxide dispersion strengthened ferritic steel (ODS) is the most promising 
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candidate cladding of future long life fuel.  From the 3rd duty cycle, material 
irradiation test is started.  Then, leading very high burn-up fuel pin irradiation 
tests will be conducted sequentially, and some rigs will open the door of planned 
fuel breach to investigate fuel life limit design. 

MOX fuel containing 5 % americium, and 2% americium and 2% neptunium 
were fabricated in the Alpha-Gamma Facility at O-arai and the 
Plutonium-Fuel-Development Center at Tokai. These MA added MOX fuel is 
irradiated from the 3rd duty cycle in 2006. 

The sodium bonded-type control rods with shroud tubes have been irradiated 
to demonstrate their long life. 

 
(2) JOYO MK-III Utilization Plan 

A utilization plan for the JOYO MK-III core has been developed and is shown 
in Figure 2.6.  Applications planned to take advantage of the MK-III enhanced 
irradiation test capabilities include testing fuels and safety features for future FBRs, 
exploring use of fast reactors for transmutation of radioactive waste, and 
developing advanced materials for fusion power.  A variety of both instrumented 
and un-instrumented irradiation test rigs will be utilized in the MK-III core.  
Future fast reactor developments will focus on extending the fuel lifetime and 
developing new types of fuels and materials.  Fuels and materials tests in JOYO 
are planned to develop high burn-up fuel, advanced fuel types, fuel fabrication 
processes, long-life control rods, minor actinide fuel, and long lived fission 
products transmutation.  Targeted to realize economical fuel, simplified-process 
MOX fuel pellets, vipac MOX fuel or metal fuel will be tested in addition to 
conventional MOX fuel.  The irradiation test of hydride moderator for 
incineration of 99Tc, 129I, and simulated iodine will start after 2008.  Planned 
safety tests include fuel transient tests and ATWS tests.  After the year 2010, fuel 
slow transient safety testing, anticipated-transient without scram testing, and 
in-service inspection and repair demonstrations are being considered.  The JOYO 
MK-III core is ready to serve as a powerful irradiation test facility for the fast 
reactor development needs of Japan and the world.   

 

3．Prototype Fast Breeder Reactor Monju 
(1) Present Status of Monju 

Monju is a prototype power-generating FR plant designed to have an output of 
280 MWe (714 MWt), fueled with mixed oxides of plutonium and uranium and 
cooled by 3 sodium loops. The core of Monju and its sodium equipment were 
designed based on experience with Joyo as well as R&D results which had been 
obtained mainly at the Oarai Research and Development Center. 

The objectives of the development of Monju are: to demonstrate the 
performance, reliability and safety of a power-generating FR plant and to establish 
the sodium-handling technology through experiences in design, fabrication, 
construction, operation and maintenance of the plant; and to contribute to 
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technology development for commercialized FR cycle systems in Japan and 
world-wide. 

Monju successfully achieved its first criticality in April 1994, and supplied 
electricity to the grid initially in August 1995. However, the pre-operational test of 
the plant was abruptly interrupted by a sodium leak accident in the secondary heat 
transport system in December 1995 during a 40% power operation test.  

After carrying out the cause investigation and the comprehensive safety 
review for two years and the necessary licensing procedure, the permit for plant 
modification (countermeasure against potential sodium leak etc.) was issued in 
December 2002 by the Ministry of Economy, Trade and Industry (METI). Figure 
3.1 shows the progress and major activities of JAEA after the secondary sodium 
leak accident. 

JAEA have started preparatory work for modification, after given prior 
approval by the local governor of Fukui in February 2005, and the main 
modification work is in progress since September 2005, which has achieved 63% 
completion by the end of April 2006, The plant schedule is illustrated in Figure 3.2 
and the elements of modification work are summarized in Figure 3.3. After 
modification work, we will carry out the function test for modified system and the 
comprehensive systems function test, especially considering the long period of 
plant shutdown, and the required refueling. The criticality is expected to be 
achieved early in 2008. 

The operation of Monju should be resumed at an earliest possible time, and 
the priority should be placed on achieving the initial goals of demonstrating its 
reliability as a FR power plant and establishing sodium handling technology within 
the first ten years or so. 

 
(2) Lawsuit against Monju 

In January 2003, the Kanazawa Branch of Nagoya High Court approved the 
local resident’s appeal which requires the nullification of government’s license on 
Monju installation. The lawsuit was then brought up to the Supreme Court, which 
finally accepted the government’s appeal on May 30, 2005. This means the lawsuit 
against Monju fought for more than 20 years is now over and there is no legal 
obstacle for Monju operation any longer. 

 
(3) Monju operation plan after restart 

Currently the R&D operation plan for Monju after restart is planned in the 
two stages. In the first stage of Monju operation, it is expected to demonstrate its 
reliability as a FR power plant and establish sodium handling technologies. The 
operational data from Monju will be used to assess and validate the design of the 
core, plant systems and components. 

In the second stage, Monju should be used to verify the elemental 
technologies towards commercialized FR cycle systems, including the 
demonstration of burning minor actinides in FRs to reduce the environmental 
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burden caused by high-level radioactive wastes. At the same time, Monju can be 
used as a valuable tool for the international cooperation. Figsure 3.4 and 3.5 show 
the roles of Monju and the long-term R&D program, respectively. They include 
demonstration tests of a long-life and high burn-up advanced fuel, MA bearing fuel, 
and so on. 

 
4. Feasibility Study on Commercialized Fast Reactor Cycle Systems(11)-(18) 

The “Feasibility Study on Commercialized Fast Reactor (FR) Cycle Systems” 
(hereinafter, “Feasibility Study”) was initiated in July, 1999 with an initial 
two-year period of study (Phase I), and followed by a five-year period of study 
(Phase II) that was initiated in 2001. The Phase II final report was recently 
compiled, and the outline of the Phase II study is as follows: 

 
4.1  Progress of the Feasibility Study 

A wide range of technical options have been evaluated to select several 
promising concepts as candidates for the commercialization in the Phase I study 
from July 1999 to the Japanese fiscal year (JFY) 2000. The Phase II study was 
initiated in JFY2001, aiming “to identify the most promising candidate concept for 
the commercialization of the FR cycle, as well as to draw up the future R&D 
program”. Based on recent progress, it was required by the “Framework for 
Nuclear Energy Policy” issued in 2005 to present “a principle for prioritizing R&D 
as well as R&D programs until approximately 2015, and the potential future 
issues” as the outcomes of the Phase II study.  

In this study, evaluation of conceptual design features was performed in order 
to select promising FR systems and fuel cycle systems that can meet the design 
requirements (listed in Table 4.1), established by specifying the five development 
goals [ i) safety; ii) economic competitiveness; iii) reduction of environmental 
burden; iv) efficient utilization of nuclear fuel resources; and v) enhancement of 
nuclear non-proliferation]. 

 
4.2 Principle for investigation and prioritization of promising candidate 

concepts 
In creating the concepts of the FR system and the fuel cycle system, efforts 

were made to set up design concepts that can demonstrate the best possible 
performance of each of the system concepts, by positively employing new 
materials and innovative technologies to improve economic and other performance. 
These design concepts were evaluated technically from two perspectives, [ i) 
potential conformity to the five development goals, ii) the technical feasibility of 
new materials and innovative technologies by considering possible international 
cooperation], to discuss principles for the selection and prioritization of promising 
candidate concepts.  

 
(1)  Technical summary of FR systems 
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① Sodium-cooled reactor (Figure 4.1) 
To improve economy, new materials, including ODS (Oxide Dispersion 

Strengthened) steel cladding and high-chromium steel, as well as innovative 
technologies such as the compact reactor vessel, the integrated intermediate heat 
exchanger with primary pump and a reduction in the number of heat transport 
loops (two loops for a 1.5GWe plant) were adopted. In addition, an increase in the 
capacity of each component was employed to establish drastically-compacted plant 
system concepts compared with the conventional concepts, and, thereby, greatly 
reduce the amount of plant materials and its building volume.  

Reduction in the fuel costs by increasing the core fuel burnup (150GWd/t; 
core-averaged value) and in the operating costs by extending the operation period 
(18-26 months) resulted in the possibility of achieving the goals of power 
generating costs. A high level of potential conformity to design requirements 
including the reduction of environmental burden and the efficient utilization of 
nuclear fuel resources was confirmed in the case of mixed oxide (MOX) fuel.  

Furthermore, additional improvements were made from the perspective of 
enhancing safety and reliability by the addition of a passive shutdown function, the 
assurance of core cooling function by natural circulation, the application of 
double-walled heat transfer tube for the steam generator, and the complete 
adoption of a double-walled piping geometry. 

Issues seriously affecting technical feasibility are mainly limited to the 
technical development required to achieve the economic goal. However, innovative 
technologies having a high level of technical difficulty could be replaced by 
alternative technologies, which are extensions of existing technologies and 
achieved with less significant development risk, though with a degradation in 
economy. Accordingly, when considering the development performance including 
that of MONJU and DFBR, it is possible to anticipate technical feasibility with a 
higher degree of reliability than other concepts.  

In addition, the sodium-cooled reactor was selected as one of the candidate 
reactor types in the Generation IV International Forum (GIF) project that is 
actively promoted in multilateral cooperation, and the sodium-cooled reactor 
design concept in this Phase II study has become a representative candidate 
concept of such a reactor type within the GIF project. Therefore, it is possible that 
the sodium-cooled reactor design concept in this study may be developed as an 
international standard, and, furthermore, it is expected that technical feasibility can 
be enhanced by an international sharing of the research tasks to be addressed for 
the realization.  

Moreover, applying metallic fuel for sodium-cooled reactors makes possible 
the design of a core with a higher breeding ratio with less Pu inventory, in addition 
to an improvement of the economy through increased average fuel burnup 
including blanket fuel. For example, maintaining the equivalent fuel burnup of the 
future LWR(55GWd/t), a metallic fuelled core can assure a breeding ratio of ~1.26 
compared with ~1.20 of a MOX fuelled core, as well as less fuel inventory than the 
MOX core by 11%. From these results, it is expected that the sodium-cooled 
reactor can cope flexibly with the possible tight supply-demand situation for 
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uranium resources in the future which might be caused by a more accelerated 
introduction of FR or an increased nuclear power generation capacity than is 
presently anticipated.  

 
② Helium gas-cooled reactor 

The helium gas-cooled reactor has the potential of meeting all the design 
requirements through the application of nitride fuel; however, its fuel cycle cost is 
increased due to the lower fuel burnup than that of the sodium-cooled reactor. On 
the other hand, since it allows a high reactor outlet temperature of approximately 
850℃, it is attractive as a high temperature heat source that can not be realized 
with the sodium-cooled reactor.  

Concerning the technical feasibility, the development of coated particle nitride 
fuel should be an essential technical consideration that will determine the 
conceptual applicability. Specific issues include the development of coating 
material for particle fuel as well as a block-typed fuel subassembly that has high 
temperature resistance, which would require fundamental R&D and are not likely 
to be replaced by alternative technology at this stage. On the other hand, since the 
helium gas-cooled reactor was selected as one of the candidate reactor types at the 
GIF project, it may be possible to break through these fundamental issues in 
international cooperation. 

 

③ Lead-bismuth-cooled reactor 
By applying nitride fuel, the lead-bismuth-cooled reactor has the potential to 

achieve core performance equivalent to the sodium-cooled reactor and meet all the 
design requirements. Concerning technical feasibility, essential issues include the 
corrosion of steel such as the fuel cladding in addition to the development of the 
nitride fuel. Accordingly, fundamental R&D is needed to develop corrosion 
prevention technology and corrosion resistant material, which will determine the 
conceptual applicability. It is quite difficult to prepare alternative technologies for 
these issues at this stage. 

Although the lead-bismuth-cooled reactor was also selected as one of the 
candidate reactor types at the GIF project, no country has taken leadership in its 
development thus far, and, hence, a breakthrough in the fundamental issues by 
international cooperation is unlikely. 

 

④ Water-cooled reactor 
As for the efficient utilization of nuclear fuel resources in the design 

requirements, the lower breeding ratio and larger fuel inventory of the 
water-cooled reactor require more time for the transition into the FR era and 
consequently reduce the introduction effect as FR from the viewpoint of saving 
natural uranium resources. In addition, the water-cooled reactor has lower 
performance in accepting and burning minor actinides (MAs) that are recovered by 
the reprocessing of spent LWR fuel, compared with other reactor concepts. It has 
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the potential of meeting the other design requirements such as safety, economy, and 
nuclear proliferation resistance.  

In order to anticipate the technical feasibility, the water-cooled reactor has 
difficulties, which are, however, limited to the core fuel related issues. It is 
necessary to develop cladding material and to discuss countermeasures for the 
mitigation of the consequences of core damage. In addition, since boiling water 
reactor (BWR)-typed FR, which was discussed in this study, was not selected as a 
candidate reactor type at the GIF project, international cooperation is limited to 
basic research topics at this time.  

 

⑤ Promising concepts for the FR system 
Promising concepts for the FR system have been identified based on the 

technical summary results of candidate concepts for the FR system as shown in 
Table 4.2. The sodium-cooled reactor is superior to other reactor types from the 
perspective of both potential conformity to the design requirements and technical 
feasibility. Furthermore, since it has the potential to be adopted as an international 
standard concept, which may help to enhance technical feasibility, it is evaluated as 
the most promising FR system concept.  

The helium gas-cooled reactor has the potential to meet all the design 
requirements, and also has the potential to accommodate the various needs as a 
high temperature heat source, which makes the helium gas-cooled reactor different 
from all other reactor types. Although it has fundamental problems that will 
determine conceptual applicability, several countries, including the USA and 
France, have shown eagerness for its development, and there is a good possibility 
of solving difficulties through international cooperation.  

The other FR concepts cannot become superior to the above-mentioned 
promising ones from the perspective of either the potential conformity to design 
requirements or technical feasibility. 

 
(2) Technical summary of fuel cycle systems 
① Combination of the advanced aqueous reprocessing system and the 

simplified pelletizing fuel fabrication system (Figure 4.2) 
The advanced aqueous system can eliminate “the purification process of U 

product and Pu product,” which is one of the main processes in the conventional 
technology (PUREX process), because a certain amount of fission products (FPs) 
in recycled fuel (low decontamination) can be accepted into the FR cycle. In 
addition, the introduction of crystallization technology, which will recover 
approximately 70% of the uranium dominating (approximately 80%) the heavy 
metal (HM) mass in the solution of spent fuel beforehand, allows a drastic 
reduction in the throughput in the following processes, leading to a streamlining of 
installations. 

The powder mixing process dominating a large part of the conventional 
pelletizing process can be eliminated by making it possible to control Pu content 
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through the mixture of U and Pu in the nitric acid solution stage. An integrated 
layout of a reprocessing system and a fuel fabrication system also results in a 
rational facility design. On the other hand, when compared with the conventional 
concepts, this concept has cost increase factors, including the addition of the MA 
recovery process in the reprocessing system as well as the necessity of a hot cell in 
the fuel fabrication system where the low decontaminated fuel can be handled.  

As described above, this concept has both advantageous and disadvantageous 
impacts on economy; however, the advanced aqueous reprocessing system can 
greatly affect streamlining, such as almost halving the construction costs compared 
with the conventional technology through process elimination and the streamlining 
of installations that are realized by the lowered decontamination. Accordingly, 
there is a possibility of meeting the design requirement on economy. The 
possibility of meeting the design requirements, including efficient utilization of 
nuclear fuel resources, reduction of environmental burden and enhancement of 
nuclear non-proliferation is evident as well.  

The advanced aqueous reprocessing system requires the development of 
processes and components for new technologies such as the crystallization and the 
MA recovery; however, since abundant technical knowledge obtained through 
experiences at the Tokai Reprocessing Plant in JAEA and at the Rokkasho 
reprocessing plant in the Japan Nuclear Fuel Limited can be utilized, it is possible 
to anticipate the technical feasibility with a high degree of reliability. Furthermore, 
as the advanced aqueous reprocessing system is the focus of development in 
France, enhancement of the technical feasibility is expected through international 
cooperation.  

It becomes necessary to develop components with consideration given to 
remote maintainability and repairability to address the fuel fabrication in a hot cell; 
however, as basic processes of the simplified pelletizing fuel fabrication system are 
common to those of the conventional processes, it is possible to anticipate the 
feasibility with a high degree of reliability.  

 

② Combination of the metal electrorefining reprocessing system and the 
injection casting fuel fabrication system 
Fuel reprocessing by the metal electrorefining recovers U and TRU from 

spent metallic fuel using the principle of the electrolytic refining, and fuel 
fabrication by the injection casting process casts fuel by melting the recovered U 
and TRU, and both systems allow more simplified processes compared with the 
other fuel cycle systems. It has been confirmed through the results of previous 
investigations that the combination system creates the potential of meeting all the 
design requirements. Especially in the case of a small-scale cycle facility, it is 
anticipated to have better potential conformity to the economy requirement than 
the other systems. However, it is anticipated that the economy of a large-scale 
facility will be inferior to that of the “combination of the advanced aqueous 
reprocessing system and the simplified pelletizing fuel fabrication system” because 
the batch process mode of both the reprocessing and fuel fabrication systems can 
not obtain a good scale factor.  
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Moreover, the volume of high-level radioactive solidified waste (HLW) per 
unit electricity output becomes larger than the other fuel cycle system concepts 
because of the limited amount of FPs that can be mixed in HLW, which is 
generated through the metal electrorefining reprocessing and processed into 
glass-bonded sodalite (the raw material is zeolite). 

Since it is considered that the applicability of the main processes has almost 
been confirmed when considering the development performance in the USA, it is 
possible to anticipate technical feasibility.  

 

③ Combination of the advanced aqueous reprocessing system and the 
vibration packing fuel fabrication system 
When the vibration packing fuel fabrication system is coupled with the 

advanced aqueous reprocessing system, spherical fuel particles are manufactured 
by the “gelation process”, which produces good results in the manufacture of fuel 
of the high-temperature gas-cooled reactor (HTTR, etc.), and packed in cladding. 
Accordingly, it can eliminate the powder mixing process which dominates a large 
part of the conventional pelletizing fuel fabrication system. Furthermore, it has 
additional advantages such as fine powder not being generated and better 
suitability for remote maintainability and repairability compared with the 
simplified pelletizing fuel fabrication system.  

Achieving superior economy was once expected through the utilization of 
these advantages; however, inferior economy to the simplified pelletizing fuel 
fabrication system has been anticipated because it becomes essential to be 
equipped with large and small particle manufacturing lines in order to realize the 
packing density of fuel. Although the vibration packing fuel fabrication system has 
the potential of meeting all the design requirements, a system superior to the 
simplified pelletizing fuel fabrication system is unlikely. 

 

④ Combination of the oxide electrowinning reprocessing system and the 
vibration packing fuel fabrication system 

Fuel reprocessing by the oxide electrowinnig recovers UO2 and MOX from 
spent MOX fuel using the principle of electrolysis, and fuel fabrication by the 
vibration packing process packs fuel granules, that are obtained by crashing the 
fuel recovered on the cathodes, in the cladding, and the combination of the two 
allows a simple system, as well as cases applying the metal electrorefining system.  

Investigations show the potential of its meeting all the design requirements 
including economy. However, the MOX and MA recovery technologies are still 
undergoing a verification of principles, and there remain a number of technical 
issues, such as countermeasures against material corrosion arising from the 
application of chlorine gas and oxygen gas, development of remote maintainability 
and repairability, and quality control of the fuel granules. Therefore, technical 
feasibility is inferior to the other concepts. Moreover, since it would require a 
domestic development infrastructure, development is anticipated to take a 
considerable amount of time. 
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⑤ Promising concepts for the fuel cycle system 
Promising concepts for the fuel cycle system have been identified based on 

the technical summary results of candidate concepts for the fuel cycle system 
(Table 4.3). “Combination of the advanced aqueous reprocessing system and the 
simplified pelletizing fuel fabrication system,” which can cope with either MOX or 
nitride fuel, has potential conformity to the design requirements, as well as a high 
level of technical feasibility because it can be developed with an extension of the 
existing technologies. In addition, since it is expected to be developed through 
international cooperation, it is evaluated as the most promising fuel cycle system 
concept. 

“Combination of the metal electrorefining reprocessing system and the 
injection casting fuel fabrication system” applied to metallic fuel that can improve 
core performance has the potential of meeting design requirements and is likely to 
have better small-scale cycle facility economy than the other concepts, in particular. 
Concerning technical feasibility, long-term development may be required; however, 
since international cooperation with the USA and other countries can be expected, 
it is suggested to be a promising fuel cycle concept. 

The other fuel cycle concepts cannot achieve superiority over the 
above-mentioned promising concepts from the perspective of either potential 
conformity to the design requirements or technical feasibility. 

 
(3) Discussion on the principle for prioritization 
① Evaluation of the entire FR cycle system 

In selecting promising FR cycle concepts, it is appropriate to evaluate 
potential conformity to the development goals, technical feasibility and other 
factors of not only the FR system and the fuel cycle system, respectively, but also 
the entire FR cycle system that is the combination of the two systems. 

In the evaluation of the FR cycle, promising FR cycle concepts have been 
established based on the technical summary results on respective FR and fuel cycle 
systems. The established concepts are described in the following: 

 
(a) “Combination system of the sodium-cooled reactor, advanced aqueous 
reprocessing and simplified pelletizing fuel fabrication” (MOX fuel) 

As this concept has the greatest potential conformity to the development goals, 
including economy (power generating costs), and as it is possible to anticipate its 
technical feasibility, it can be judged the most superior concept. 

 
(b) “Combination system of the sodium-cooled reactor, metal electrorefining 
reprocessing and injection casting fuel fabrication” (metallic fuel) 

This concept is not considered to be superior to the concept (a) in the 
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comprehensive evaluation concerning the potential conformity to the development 
goals and technical feasibility; however, since it can improve the core performance 
by employing metallic fuel, it can be judged as being more attractive in terms of 
flexibly coping with possible future situations, such as tighter supply-demand for 
uranium resources than presently expected. 

 
(c) “Combination system of the helium gas-cooled reactor, advanced aqueous 
reprocessing and coated particle fuel fabrication” (nitride fuel) 

This concept is not considered to be superior to the concept (a) in the 
comprehensive evaluation concerning the potential conformity to the development 
goals and technical feasibility; however, since it can realize high reactor outlet 
temperature, it can be judged as being more attractive than (a) in terms of 
accommodating the various needs as a high temperature heat source. 

 

② Principle for prioritization 
In order to prioritize R&D, the above-mentioned concept (a) is selected as 

“the concept to be developed with a focus on (principal concept)” because it is 
judged to be the most comprehensively superior concept by the technical summary. 
In addition, it is decided to designate those concepts having more attractiveness 
than the principal concept as “concepts to be developed in a complementary 
manner (complementary concept)” from the perspective of assuring diverse 
alternatives to uncertainties, including future needs, and the above-mentioned 
concepts (b) and (c) are selected as the complementary concepts. 

In the future, the main R&D investment should be focused on the principal 
concept in consideration of efficient utilization of the limited research resources. In 
parallel, concerning the complementary concepts, R&D should be conducted with 
a focus on concerns that are judged as essential for technical feasibility and other 
aspects. 

 
4.3 R&D Prospects until approximately 2015 (Figure 4.3) 

In the Phase III study and beyond, by approximately 2015, technical schemes 
will be developed, including preparation of data that will determine the 
applicability of commercial plants based on elemental test results and the 
presentation of technical specifications of commercial plants, with the aim of the 
“presentation of the commercialization picture and the R&D program required for 
realization”.  

Throughout the duration of the timeframe, R&D will be conducted efficiently 
with repeated check & review at each interim summary (every 2-3 years) as well as 
at the end of each Phase. Further, the strategy for developing the principle and 
complementary concepts will be reviewed in each Phase by taking into account 
various situations, including trends in international development as well as the 
energy supply and demand conditions. 

In the Phase III study, elemental experiments and research will be conducted 
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in order to evaluate the applicability of innovative technologies, and a conceptual 
design study of a total system of innovative plants will be conducted. Based on 
results of these, it will be decided which innovative technologies should be 
adopted; and it may become necessary to substitute more applicable technologies 
(e.g., alternative technologies) for any innovative technologies presenting 
applicability concerns.  

In the Phase IV study, elemental experiments and research on the applicability 
of the adopted innovative technologies as well as an optimization study of the 
innovative plant to be conceptually-designed in the Phase III study will be 
conducted to present the commercialization picture and R&D program for 
realization. 

 
(1) R&D program for FR systems 
① Sodium-cooled reactor 

At the end of the Phase III study (~2010), innovative technologies to be 
adopted in the FR system will be decided by judging the applicability of new 
materials, including the ODS steel cladding and high-chromium steel, as well as of 
innovative components, such as an integrated intermediate heat exchanger with 
primary pump, a compact reactor vessel and a steam generator with double-walled 
heat transfer tube, and also from inspection technology prospects for components 
under sodium and double-walled heat transfer tubes as well as maintenance 
technologies, including in-service inspection (ISI) and maintenance standards, to 
establish a concept of a commercial reactor that excels in economy, maintainability 
and repairability, and other features.  

Concerning oxide fuel, the irradiation of fuel pins and TRU fuel pins using the 
ODS cladding will be continued to reach 40-60% of the targeted fluence 
(250GWd/t: pin peak value) so as to confirm integrity in the initial irradiation 
period. While, considering metallic fuel, irradiation of TRU fuel pins under high 
temperature condition (650℃) will be conducted to confirm integrity in the initial 
irradiation period. 

In the Phase IV study, based on the commercial reactor concept to be 
established in the Phase III study, elemental experiments on the adopted innovative 
technologies (including maintenance and repair technologies) will be conducted to 
confirm applicability, and the conceptual design will be optimized by reflecting 
those confirmation results.  

Concerning oxide fuel, irradiation of fuel pins and TRU fuel pins using the 
ODS cladding will be continued to confirm integrity at the targeted fluence, and, in 
parallel, irradiation data will be developed for experimental data required for the 
commercialization. While, considering metallic fuel, irradiation integrity will be 
confirmed up to a high burnup, and the validity of measures to avoid recriticality 
will be verified by experimental research.  

 

② Gas-cooled reactor 
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As the gas-cooled reactor is a complementary concept, investigation will be 
focused on the nitride coated particle fuel, key to the conceptual applicability. For 
this purpose, in the Phase III study, investigation of innovative concepts of core 
and fuel consisting of ceramic material will be performed by utilizing information 
exchange through international cooperation such as the GIF project followed by a 
discussion of R&D strategy based on the results. In addition, the strategy of the 
Phase IV study and beyond will be decided at the end of Phase III. 

 
(2) R&D program for fuel cycle systems 
① Combination of the advanced aqueous reprocessing system and the 
simplified pelletizing fuel fabrication system 

In the Phase III study, innovative technologies to be adopted will be decided 
by judging the applicability of the crystallization process, the MA recovery, and 
other technologies based on small-scale hot test results. In addition, commercial 
component concepts will be presented in consideration of remote maintainability 
and repairability in the main processes. Based on these elemental experiment and 
research results, the commercial fuel cycle concept will be established. 

In the Phase IV study, elemental experiments and research, including process 
tests and component development relating to innovative technologies, will be 
performed to develop data that will determine the technical feasibility (including 
remote maintainability and repairability). Using these results, an optimization 
study will be carried out on the conceptual design of the commercial fuel cycle 
facility so as to present the technical specification by the development of technical 
schemes (by approximately 2015). Furthermore, the concept and test program of a 
test facility for technology demonstration will be concretely specified, and an R&D 
program to achieve commercialization will be presented. 

 

② Combination of the metal electrorefining reprocessing system and the 
injection casting fuel fabrication system 

As the “combination of the metal electrorefining reprocessing system and the 
injection casting fuel fabrication system” is a complementary concept, R&D will 
be conducted on an appropriate scale, with efforts to build a cooperative 
relationship with the USA and others. In the Phase III study, establishment of 
component concepts of the main processes, planning of small-scale hot tests and 
establishment of the commercial fuel cycle facility concept will be carried out. In 
addition, R&D will be conducted with a higher priority given to those problems 
which have less potential conformity to design requirements, including the 
reduction in the amount of HLW. 

In the Phase IV study, it is planned that development of the main process 
components and preparation for small-scale hot tests will be addressed to confirm 
conformity to the development goals and a subsequent comparative evaluation will 
be performed with the principle concept at the end of the Phase IV. However, 
concerning the R&D strategy in the Phase IV study and beyond, review should be 
made by the end of the Phase III, by taking into account situations both 
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domestically and internationally, including the establishment of cooperative 
relationships with the USA and other countries. 

 
4.4 Staged R&D of the FR cycle beyond approximately 2015 (Figure 4.4) 

As it is extremely risky and difficult to immediately aim at the construction 
and operation of middle or large-scale commercial plants employing numbers of 
innovative technologies toward the introduction of a FR cycle fleet on a 
commercial basis, it is necessary to step by step increase the scale of facilities and 
components, and to verify conformity to the development goals as well as the 
feasibility and reliability of the innovative technologies. For this purpose, it is 
considered desirable that the entire development process be divided into three 
stages, i.e.: the 1st stage, to develop the technical schemes of the FR cycle until 
approximately 2015; the 2nd stage, to have a clear view of the commercialization 
by demonstrating the FR cycle technologies using a test facility for technology 
demonstration; and the 3rd stage, to confirm economy and the reliability as well as 
to accumulate operating experience by using a commercialization promotion 
facility aiming at the introduction of a FR fleet on a commercial basis. 
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Figure 2.1  Operating History of “Joyo” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2  Outline of MK-III Program 
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Figure 2.3  Experimental Equipment of SASS 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.4  Temperature Characteristics of CPEM 
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Figure 2.5  MK-III Core Characterization Test 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.6  JOYO MK-III Irradiation Test Program 
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Figure 3.1 Progress after the Sodium Leak Accident 

 
 

 
Figure 3.2 Monju Plant Schedule 
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Figure 3.3  Outline of Plant Modification Work 

 

 

Figure 3.4 Roles of Monju 
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Figure 3.5 R & D Program in Monju 

 
Table 4.1 Development goals and design requirements 

 
Development 

goal 
Design requirements for FR system Design requirements for fuel cycle system 

 
 
 

Safety 

- Occurrence frequency of core damage is less than 
10-6 per reactor year. 
- Enhancement of passive safety measures against 
representative events possibly leading to core damage, 
or concretization of accident management measures 
- Can avoid the occurrence of recriticality during 
hypothetical core damage and ensure the cessation of 
effects inside reactor vessel or containment facility 

- Equivalent or superior to the LWR fuel cycle system of 
the same age (eliminating occurrence factors of 
abnormalities to the utmost, preventing propagation of 
abnormalities, etc.) 
- Realize a design that can suppress the occurrence 
frequency of large release events of radioactive material 
in a facility to less than 10-6 per plant year, and assure 
confinement function of the facility even when assuming 
such an event, to produce an insignificant influence on the 
surrounding environment 

 
Economic 

competitiveness 
¥4/kWh for 

power generating 
cost as a FR cycle 

system 

- Construction cost:  ¥200,000/kWe 
- Fuel cost:  Core-averaged fuel burnup: 150GWd/t 
- Operating cost:  

Continuous operation period equal to or longer than 
18 months, 
Availability equal to or longer than 90% 

- Reprocessing and fuel fabrication cost:   ¥0.8/kWh 
- Fuel cycle cost including transportation and waste 
disposal fee:   ¥1.1/kWh 
 

 
Reduction of 

environmental 
burden  

- Can accept low decontaminated TRU fuel (with ~5% 
of MA content) in order to allow economical burning 
of MA to be recovered from LWR spent fuel 
- Nuclear transmutation performance of long-lived FPs

- Radioactive waste volume generated per unit electricity 
output is required to be equivalent to or less than that of 
the LWR fuel cycle facility, and targeted to reduce to 
1/10. 
- Leakage ratio of U and TRU into waste equal to or less 
than 0.1% (Desired) 
- Pursue the possibility of reducing the disposition burden 
by adopting partition and transmutation technology of 
long-lived radioactive nuclides, etc. 

 
 

Efficient 
utilization of 
nuclear fuel 

resources  

- Breeding ratio 
Can achieve a breeding ratio of 1.0 or more using low 
decontaminated TRU fuel.  
In the case of a breeding ratio of 1.1 or greater, aim to 
increase burnup of the whole core and prolong 
continuous operation period, for improving economy 
during the transition period from LWRs to FRs. 
- In addition to utilization as a basic power source, 
multi-purpose use and high thermal efficiency is 
possible. (Desired) 

- Recovery ratios of both U and TRU equal to or larger 
than 99% 

 
Enhancement of 

nuclear 
non-proliferation  

- Can transport and handle the low decontaminated 
TRU fuel, so as to limit accessibility by an increased 
dose 

- Design that considers how to address physical protection 
and safeguards. 
Prevention of pure Pu handling 
- Limit accessibility by an increased dose accompanied by 
the use of low decontaminated TRU fuel  
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Table 4.2 Technical summary results for candidate concepts for FR system 

 
Reactor type 

Evaluation item Sodium-cooled reactor Helium gas-cooled reactor Lead-bismuth-cooled reactor Water-cooled reactor 
 
 
 

Potential 
conformity to 

design 
requirements 

 
Having the high level potential of 

meeting all the design requirements. 
When adopting metallic fuel, further 

improvement of the core performance 
can be expected. 

 
Having the potential of meeting 

all the design requirements, as 
well as attractiveness as a high 

temperature heat source. 

 
 

Having the potential of 
meeting all the design 

requirements. 

Both the efficient 
utilization of nuclear 
fuel resources and the 

reduction of 
environmental burden 

are limited. 
Having the potential of 

meeting the other 
design requirements. 

Possible to anticipate the feasibility 
with a high degree of reliability 

because development subjects are 
clear and alternative technologies 

can be prepared. 

 
To anticipate the feasibility, it is necessary to solve problems that 

will determine the conceptual applicability. 

Having concerns with 
anticipating the 

feasibility, but they are 
limited to the ones on 
core and fuel related 

issues. 

 
 
 

Technical 
feasibility 

 
 
 
 
 
 

(International 
viewpoint) 

Possible to anticipate international 
cooperation. 

Actively studied at GIF, and having a 
possibility of becoming an 

international standard concept. 
Breakthrough on innovative 

technologies and efficient 
development by sharing roles can be 

expected. 

Possible to anticipate 
international cooperation. 

Having a possibility of becoming 
an international standard 

concept.  
When decisive problems for 
applicability are solved, it is 

possible to enhance the 
technical feasibility. 

Difficult to anticipate 
international cooperation. 

No country takes leadership in 
the development at GIF, and 
hence, it is unlikely to break 
through decisive problems 

for the conceptual   
applicability. 

Difficult to anticipate 
international 
cooperation. 

As it is not selected as a 
candidate concept at 

GIF, international 
cooperation is limited to 
basic research topics at 

this time. 

  
 
 
 
 
Table 4.3 Technical summary results for candidate concepts for fuel cycle system 
 

 Combination 
 
Evaluation 
item 

Advanced aqueous 
reprocessing & Simplified 
pelletizing fuel fabrication 

Metal electrorefining 
reprocessing & Injection 
casting fuel fabrication 

Advanced aqueous 
reprocessing & Vibration 
packing fuel fabrication 

(*) 

Oxide electrowinning 
reprocessing & Vibration 
packing fuel fabrication 

 
Potential 
conformity to 
design 
requirements 

Having the high level potential 
of meeting all the design 

requirements, and in particular, 
showing better economy of 

large-scale facility due to scale 
effects. 

Having the potential of 
meeting all the design 

requirements, as well as 
showing better economy 
of small-scale facility. 

 
Having the potential of 
meeting all the design 

requirements. 

 
Having the potential of 
meeting all the design 

requirements. 

 
 

Possible to anticipate the 
feasibility. 

Possible to anticipate the 
feasibility;  

However, it is estimated 
to take a relatively long 

time because 
infrastructures are 

required to be developed.

 
 

Possible to anticipate the 
feasibility. 

 
Having numbers of 

technical problems and 
requires a long time for 

the development. 

 
 
 

Technical 
feasibility 

 
 
(Inter- 
national 
viewpoint) 

Possible to anticipate 
international cooperation. 
Related investigations in hot 
laboratories are conducted in 

France, etc. 

Possible to anticipate 
international 
cooperation. 

Related investigations in 
hot laboratories are 

conducted in the USA. 

Difficult to anticipate 
international 
cooperation. 

No country actively 
promotes the development.

Possible to anticipate 
international 
cooperation. 

Related investigations in 
hot laboratories are 

conducted in Russia.  
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Figure 4.1 Concept of the sodium-cooled reactor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 Concepts of the combination of the advanced aqueous reprocessing 
system and the simplified pelletizing fuel fabrication system 

 

ODS steel cladding tube for 
high burnup

Prevention of sodium 
chemical reaction

• Complete adoption of a 
double-walled piping system

• Steam generator with straight 
double-walled heat transfer 
tube

Inspection and repair 
technology under sodium

Enhancement of reactor 
core safety

• Passive reactor shutdown 
system and decay heat 
removal by natural circulation

• Recriticality free core concept 
during severe core damage

Secondary pump

Steam generator

Integral intermediate 
heat exchanger 

with primary pump

Reactor vessel 

Reduction in material amount 
and building volume through 

the adoption of innovative 
technologies 

• 2-loop arrangement for a 
simplified plant system

• High-chromium steel 
structural material for a 
shortened piping length 

• Integrated intermediate 
heat exchanger with primary 
pump for a simplified primary 
cooling system 

• Compact reactor vessel 

U crystallization process 
that can dramatically reduce 
the extraction process flow

Single cycle co-extraction 
of U, Pu and Np with low 
decontamination

No Purification processes of U 
and Pu because the recovery 
in low-decontamination 
process is permitted.

MA recovery by using extraction 
chromatography that allows the 
use of compact components 
and a lower amount of 
secondary waste

Die lubricating-type molding 
without lubricant-mixing

Adjustment of Pu content at 
solution state is enabled by 
integrating reprocessing 
and fuel fabrication plant

Disassembling and Shearing

Dissolution

Crystallization

Co-extraction

Pin fabrication and 
assembly of bundle

MA recovery by extraction chromatography

Adjustment of 
Pu content

High-level 
liquid waste

Denitration, Calcination & Reduction, 
Granulation 

Molding and Sintering 

In-cell fuel fabrication 
enabling low decontamination 
and MA recycle

Powder mixing process is 
removed by adjusting Pu
content at solution state
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Figure 4.3 R&D prospects until approximately 2015 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4 Image of the staged R&D until approximately 2050 

(*) Investigation will also be performed on the R&D strategy for the complementary concepts 
and the necessity of introducing basic technologies.
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economy, maintainability and 
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・Elemental experiments and research 
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applicability of innovative technologies
・Conceptual design study on an 

innovative plant system (*)
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・Presentation of a commercialization image 

(including maintainability and repairability)
・Development of decisive data for the 
applicability of commercial plants based 
on elemental experiment results, etc.
・Presentation of the technical 
specification of commercial plants.

・Presentation of an R&D program leading to 
commercialization
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Interim summaryInterim summary
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Development of technical 
schemes

Development of decisive data for 
applicability of commercial 
facilities

R&D of elemental 
technologies on innovative 
technologies

Presentation of the 
commercialization image

Conceptual design study by 
reflecting the experimental 
data on elemental 
technologies

Presentation of an R&D program 
leading to commercialization

Conduction of design study of 
the demonstration test facility 
and specification of the test 
contents

Elemental experiment scale Scale on which a perspective 
of commercialization can be 
gained Commercial scale
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IAEA-CRP on “Natural Convection Tests in Monju”: Proposal of 
a benchmark analysis of sodium natural convection in Monju 
reactor vessel upper plenum 
 
Submitted to the 39th IAEA/TWGFR Meeting, May 15-19, 2006 
Katsuhisa YAMAGUCHI 
Director, FBR Plant Technology Unit, Advance Nuclear System Research and 
Development Directorate, Japan Atomic Energy Agency 
 
Intent of proposal 
The IAEA-CRP on “Natural Convection Tests in Monju” aims at technology enhancement of 

TWGFR member states on thermal hydraulic analysis of in-vessel sodium behavior, through 

a benchmark numerical simulation of Monju RV upper plenum thermal stratification 

measured in a plant trip test from 40% power condition conducted in Dec. 1995, as the first 

step of the CRP activity. 

Although Monju is now the most up-to-date fast breeder reactor plant in the world ready for 

power operation, its reactor vessel was designed about three decades ago, through a huge 

number of mock-up experiments and numerical analysis with pessimistically simplified 

assumptions, to ensure its structural integrity under anticipated thermal transient conditions.   

In contrast, at this point of time, the state-of-the-art computers have incommensurable 

calculation speed, memory size, and in some case sophisticated parallel configurations, 

bringing a variety of elaborated physical behavior modeling techniques into practice.   

We also have to recognize the changing economical situations for FBR development.  

Monju was designed and built to confirm technical feasibility of the sodium cooled power 

plant concept.  Now we are faced to a need to demonstrate economical competitiveness of 

FBRs as an electricity generating technology.  This implies a need for more rationalized 

component designs, to be enabled by accurate and practical technical measures of behavior 

prediction. 

These newly emerging available technical resource and social demand for detailed and 

accurate numerical analysis of anticipated behaviors of FBR components has triggered us to 

propose the CRP focusing on thermal hydraulic sodium behavior in RV upper plenum of 

FBR plants, taking advantage of existing measured data at Monju.  The IEAE-supervised 

international corporation is expected to bring profound and integrated findings of analytical 

technologies on sodium thermal hydraulic behaviors through diversified approaches 

employed by the participating states. 
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Readiness of JAEA 
JAEA is ready to propose an IAEA-CRP on benchmark analysis of sodium thermal 

stratification in Monju RV upper plenum after a plant trip test conducted in Dec 1995. 

Boundary condition data have been arranged and have been confirmed to be enough for 

detailed numerical simulations and to be free from intellectual property rights.  The 

responsible ministries have approved the technical content and implementation measures of 

the proposal. 

 

Proposed steps to proceed the CRP 
First step: After the participating states are decided, JAEA discloses the detailed analytical 

data (boundary conditions and measured sodium behavior data) to those states.  IAEA, 

JAEA and the participants exchange information mainly by net-communications and 

annually held brief meetings. (Note: This is the major change from previous announcements.  

Long term delegation of participant state to Japan would not be necessary, at least for the 

first step of the CRP.) 

Based on the outcome of the first step activity, the second step targeting on the coming 

commissioning tests will be discussed between the secretariat and TWG-FR members.  

 

Analytical target to be proposed 
Target phenomenon to be analyzed 

Outline of the test item: Turbine trip test 

Date: Dec. 1st, 1995 

- Power :45% thermal, 40% electricity 

- Trigger: simulated abnormality of condenser 

- Plant response sequence: 

 [Turbine trip (steam stop valve closed)]->[Reactor trip (all CRDs inserted)]->[Sodium pump 

trip (main motor to pony)] 

 

boundary conditions 

【geometry data】: detailed data will be disclosed as described in a separate document.  

Modeling or simplification techniques are subject to each participant.  

 

【Thermal and hydraulic boundary conditions】 

Input data: Time tables of flow rate and temperature distribution on the core top surface 

Data to be compared with the output: perpendicular and peripheral temperature distribution 

of in-plenum sodium after the plant trip. 
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【Background information】 

Outline of the plant response sequence 

<1> Simulated signal of “Condenser Abnormal” was issued. 

<2> Turbine trip (steam stop valve closed). 

<3> Reactor trip (insertion of all the control rods).   

<4> All sodium circulation pumps trip (core heat removal kept by the pony motors) 

Note: Due to pony motor operation, the relative values of flow rates in the core regions are 

kept equal to the steady-state values.   

 

Currently standing reference analysis  
The sodium stratification in Monju RV upper plenum observed at the plant trip test was 

analyzed by a JAEA(JNC) original multi-dimensional computer code AQUA and the results 

were reported in 1997.  There are three paths for sodium flow from core top surface to RV 

outlet nozzles through 1) beyond the top edge of the inner barrel, 2) through the lower flow 

holes of the inner barrel and 3) through the upper flow holes of the inner barrel.  Coolant 

flow distribution among these three paths must dominate the temperature distribution in the 

RV upper plenum but no direct measurement is available.   
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IAEA-CRP on “Natural Convection Tests in Monju”: Proposal of 
a benchmark analysis of sodium natural convection in Monju 
reactor vessel upper plenum 

(revised proposal) 
Submitted to the 39th IAEA/TWGFR Meeting, May 15-19, 2006 
Katsuhisa YAMAGUCHI 
Director, FBR Plant Technology Unit, Advance Nuclear System Research and 
Development Directorate, Japan Atomic Energy Agency 
 
Intent of proposal 
The IAEA-CRP on “Natural Convection Tests in Monju” aims at technology enhancement of 

TWGFR member states on thermal hydraulic analysis of in-vessel sodium behavior, through 

a benchmark numerical simulation of Monju RV upper plenum thermal stratification 

measured in a plant trip test from 40% power condition conducted in Dec. 1995, as the first 

step of the CRP activity. 

Although Monju is now the most up-to-date fast breeder reactor plant in the world ready for 

power operation, its reactor vessel was designed about three decades ago, through a huge 

number of mock-up experiments and numerical analysis with pessimistically simplified 

assumptions, to ensure its structural integrity under anticipated thermal transient conditions.   

In contrast, at this point of time, the state-of-the-art computers have incommensurable 

calculation speed, memory size, and in some case sophisticated parallel configurations, 

bringing a variety of elaborated physical behavior modeling techniques into practice.   

We also have to recognize the changing economical situations for FBR development.  

Monju was designed and built to confirm technical feasibility of the sodium cooled power 

plant concept.  Now we are faced to a need to demonstrate economical competitiveness of 

FBRs as an electricity generating technology.  This implies a need for more rationalized 

component designs, to be enabled by accurate and practical technical measures of behavior 

prediction. 

These newly emerging available technical resource and social demand for detailed and 

accurate numerical analysis of anticipated behaviors of FBR components has triggered us to 

propose the CRP focusing on thermal hydraulic sodium behavior in RV upper plenum of 

FBR plants, taking advantage of existing measured data at Monju.  The IEAE-supervised 

international corporation is expected to bring profound and integrated findings of analytical 

technologies on sodium thermal hydraulic behaviors through diversified approaches 

employed by the participating states. 
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Readiness of JAEA 
JAEA is ready to propose an IAEA-CRP on benchmark analysis of sodium thermal 

stratification in Monju RV upper plenum after a plant trip test conducted in Dec 1995. 

Boundary condition data have been arranged and have been confirmed to be enough for 

detailed numerical simulations and to be free from intellectual property rights.  This 

proposal is under negotiation with responsible ministries.  

 

Proposed steps to proceed the CRP 
First step: After the participating states are decided, JAEA discloses the detailed analytical 

data (boundary conditions and measured sodium behavior data) to those states.  IAEA, 

JAEA and the participants exchange information mainly by net-communications and 

annually held brief meetings. (Note: This is the major change from previous announcements.  

Long term delegation of participant state to Japan would not be necessary, at least for the 

first step of the CRP.) 

Based on the outcome of the first step activity, the second step targeting on the coming 

commissioning tests will be discussed between the secretariat and TWG-FR members.  

 

Analytical target to be proposed 
Target phenomenon to be analyzed 

Outline of the test item: Turbine trip test 

Date: Dec. 1st, 1995 

- Power :45% thermal, 40% electricity 

- Trigger: simulated abnormality of condenser 

- Plant response sequence: 

 [Turbine trip (steam stop valve closed)]->[Reactor trip (all CRDs inserted)]->[Sodium pump 

trip (main motor to pony)] 

 

boundary conditions 

【geometry data】: detailed data will be disclosed as described in a separate document.  

Modeling or simplification techniques are subject to each participant.  

 

【Thermal and hydraulic boundary conditions】 

Input data: Time tables of flow rate and temperature distribution on the core top surface 

Data to be compared with the output: perpendicular and peripheral temperature distribution 

of in-plenum sodium after the plant trip. 
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【Background information】 

Outline of the plant response sequence 

<1> Simulated signal of “Condenser Abnormal” was issued. 

<2> Turbine trip (steam stop valve closed). 

<3> Reactor trip (insertion of all the control rods).   

<4> All sodium circulation pumps trip (core heat removal kept by the pony motors) 

Note: Due to pony motor operation, the relative values of flow rates in the core regions are 

kept equal to the steady-state values.   

 

Currently standing reference analysis  
The sodium stratification in Monju RV upper plenum observed at the plant trip test was 

analyzed by a JAEA(JNC) original multi-dimensional computer code AQUA and the results 

were reported in 1997.  There are three paths for sodium flow from core top surface to RV 

outlet nozzles through 1) beyond the top edge of the inner barrel, 2) through the lower flow 

holes of the inner barrel and 3) through the upper flow holes of the inner barrel.  Coolant 

flow distribution among these three paths must dominate the temperature distribution in the 

RV upper plenum but no direct measurement is available.   
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CURRENT STATUS ON FAST REACTOR PROGRAM 

IN KAZAKHSTAN 
 

Presented at the 39th Annual Meeting  
of the Technical Working Group on Fast Reactors 

Beijing, China, 15-19 May, 2006 
by S. Andropenkov, 

National Atomic Company “Kazatomprom” 
 

 
Atomic scientific-industrial complex of Republic of Kazakhstan consist of: 

  
Uranium mining, production and power industry: 
- Enterprises of uranium ores geological searching and number of natural mines (using 

the mining and underground leaching techniques); 
- Two plants of U3O8 production at Aktau and Stepnogorsk towns; 
- Metallurgical plant producing uranium fuel pellets for fuel assemblies of RBMK and 

VVER reactors types; 
- Energy plant at Aktau (MAEK) is used for production of heat, electricity and 

desalination of water and based on three energy blocks using natural gas and one 
nuclear unit with fast breeder reactor BN-350. The fast breeder reactor BN-350 at 
Aktau was commissioned in November 1972 and finally shut down in April 1999.  

 
Three different type of the research reactors and non reactor test facility on the territory of 

the former Semipalatinsk Nuclear Test Site and one research reactor and sub critical assembly 
nearly Almaty are exploiting for the investigation in field of reactors nuclear safety and other type 
of investigations 
 

These are: 
 

- WWR-K - light water reactor, power - 10 MW. Reactor was run in 1969, temporarily 
stopped in 1988 to perform some steps to improve seismic resistance level (located near 
Almaty); 

- IWG-1M - thermal light water heterogeneous vessel reactor with light water moderator 
and coolant, beryllium reflector, maximum thermal power - 35 MW, period of 
continuous operation at the power 35 MW is 4 hours; 

- IGR - impulse homogeneous uranium-graphite thermal neutron reactor with graphite 
reflector. Maximum heat release is 5,2 GJ (1 GJ in a pulse), maximum thermal neutron 
flux 0,7*1017 cm-2s-1; 

- RA - thermal neutron high temperature gas heterogeneous reactor with air coolant, 
zirconium hydride moderator, and beryllium reflector. Thermal power is about 0.5 
MW. 

- EAGLE – non reactor test facility for reactor fuel element melt process due to severe 
accident studding.  
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Current status of BN-350 reactor decommissioning program: 
 Reactor shutdown according to Kazakhstan Government Decree № 456 of April 22, 1999 
 Currently, according to the “Plan of Priority Measures ” (Revision 5) – 2005 – 2006 years, 

BN-350 is being put in “safestore” condition 
 Full fuel unloading of the reactor core (completed) 
 Packaging of spent fuel (SF) into sealed cans which provide additional safety barrier 

(completed) 
 Primary Sodium cleaning of Cs, Sodium drainage into storage tanks (completed) 
 Partial drainage of secondary sodium into storage tanks (completed) 
 Processing of radwastes (in process) 
 Buildings and structures preparation for “Safestore” conditions (in process) 
 “Main Provisions of the BN-350 NPP D&D Project” has been developed and approved. 

 
Spent nuclear fuel handling (current status): 

 
 “Classified initial data for Transport Package (TP) designing and licensing” has been 

developed, agreed and approved. 
 The conceptual 8-canister TP design has been developed and design reliability validation 

has been accomplished. 
 Special technical specification for SF dry cask storage facility has been developed 

(approved). 
 Designing Task (requirements for Design of the temporary storage facility at the BN-350 

site) has been developed (approved). 
 Technical Tasks for Transport Package (approved) 
 Technical Tasks for reloading site, long term storage at “Baikal-1” site, and Technological 

Scheme of transportation (TTS) (in process). 
 Technical design of TP has been developed 
 Technical Design of temporary storage facility at the BN-350 site has been developed 
 Licensing Plan has been developed. 

 
Sodium coolant handling (current status): 

 
 Sodium cleaning from cesium (completed) 

 
 Reactor drilling and sodium draining (completed) 

 
 Sodium residuals removal: 

■ Technical Design is completed reviewed and approved. The method selected is 
bicarbonization with the following flushing with distilled water. 
■ Experiments were fulfilled in Kazakhstan National Nuclear Center to test regimes of 
sodium residuals removal. 
■ Amount of financing was estimated 
■ Project work schedule was developed 
■ Inspection and technical examination of operated standard equipment were carried out. 
 

 Sodium processing into caustic 
■ SPF Design has been developed agreed and approved 
■ SPF building construction was started up in October 2004 and completed in May 2005. 
■ 100% of necessary equipment has been fabricated and supplied. 
■ Mounting of the equipment and pipelines are being performed. 
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 Caustic processing into “geocement stone” 
■ Geocementation technology has been developed. The pilot samples have been produced 
and tested. 
■ Geocement formulation, Technological chart and Technical requirements have been 
developed 
■ Technical Task for experimental geocementation facility design has been developed 
■ Experimental geocementation facility design has been developed 
■ Consideration of alternative options relating to geocement stone technology is being 
performed in frame of ISTC project. 
 
 

LRW processing facility (LRWPF) construction (current status): 
 

• By the results of feasibility study a method of selective sorption has been selected. 

• This approach has been confirmed by operation of pilot facility  

• LRWPF Technical Design has been developed 

• Expert review of LRWPF Technical Design has been conducted 

• Addendum to Technical Task has been developed and approved 

• Engineering and geological survey for the construction site has been completed 
including for the storage facility site of RW solidified in containers  

• LRWPF Design has been accomplished pursuant to Addendum to Technical Task for 
LRWP Design. 

 
Construction of SRW processing facility (SRWPF) (current status): 

 
 Preliminary Feasibility Study grounding the selection of SRWPF technologies and 

equipment has been conducted. 
 Engineering and geological survey at the SRWPF construction site has been completed. 
 Technical Task for SRWPF design has been developed. 
 Technical design for SRWPF s being developed. 

 
Preparation of reactor plant buildings and structures for long term storage (current status): 

 
 By the results of Comprehensive Engineering and Radiation Survey (CERS), the scope of 

work has been determined, contracts signed and repairing of building has been started. 
 For equipment – Surveillance and Maintenance according to technological requirements 

and instructions. 
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The 39th TWG-FR Meeting, Beijing, May 15-19, 2006. 

 
Status of the Fast Reactor Technology Development Program in Korea 

 
Dohee Hahn 

Korea Atomic Energy Research Institute 
150 Deokjin-dong, Yuseong-gu, Daejeon 305-353 

Republic of Korea 
hahn@kaeri.re.kr 

 
 

ABSTRACT 
 

The fast reactor system is one of the most promising options for an electricity generation with an 
efficient utilization of uranium resources and a reduction of the radioactive wastes. The 
commencement of SFR technology development efforts in Korea dates back to 1992 when the Korea 
Atomic Energy Commission approved a long-term R&D plan on a SFR. Efforts are currently directed 
towards the development of the basic key technologies and the advanced fast reactor concept called 
KALIMER-600. With a strong emphasis on a proliferation resistance, two core design concepts, which 
have a single enrichment fuels without blanket assemblies, are now being developed for a sustainable 
energy supply and a radioactive waste transmutation. In addition, a passive residual heat removal, a 
shortened IHTS piping and a seismic isolation are to be realized in the design. R&D has been 
performed for the development of design methodologies and the advanced concepts including a 
supercritical CO2 Brayton cycle energy conversion system. It is envisioned that the SFR technology 
development in Korea will enter a new phase from 2007 with the participation in the Generation IV 
SFR collaboration. According to the current draft of the national mid- and long-term nuclear R&D 
program, the objective of the SFR R&D program is to develop a conceptual design of a SFR consistent 
with the Generation IV SFR System Research Plan.  

 
 

1.  Korean Nuclear Power Program 
 

1.1  Installed Capacity and Electricity Generation 
 
There is an ever increasing demand for electricity in Korea. Economic growth and the desire for a 
better quality of life are the main reasons for the increase. It has increased by about ten times in the 
last 25 years since 1980 with an average annual growth rate of 9.6%. The estimated average annual 
growth rate is estimated to be 2.5% during the period from 2006 to 2017.  

 
Therefore the electricity generation capacity needs to be increased continuously in order to meet the 
demand. However, the availability of conventional energy resources is extremely limited in Korea: no 
oil, little natural gas, and limited sites for hydro power. There are coal deposits, but their utilization is 
minimal due to the harmful environmental impacts. Consequently, domestic natural resources had a 
2.8% share of the gross electricity generation in 2005. 

 
Since nuclear energy is less dependent on natural resources and more technology-intensive, nuclear 
power plants are playing very important roles in achieving an energy self-reliance and in stabilizing 
the electricity price. In the year 2005, nuclear power plants occupied 29% of the total installed 
capacity, but generated as much as 40% of the total electricity. 
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1.2  Nuclear Power Plants 
 

The role of nuclear power in electricity generation is expected to become more important in Korea in 
the years to come due to the increasing electricity demand and poor natural resources. Since the first 
commercial nuclear power plant Kori Unit 1 started its operation in 1978, there are now 16 PWRs and 
4 PHWRs in operation as of May 2006. According to the "Basic Plan for Long-term Electricity Supply 
and Demand,”1 a total of eight new nuclear power units will be constructed by 2017. The construction 
of four OPRs begins before the end of 2006: two at Kori and two at Wolsong sites. The first concrete 
of four more APR1400s are scheduled for between 2011 and 2012. With these eight more plants in the 
nuclear fleet, nuclear power will occupy about 33% of the total installed capacity and 47% of the total 
electricity generation in 2017. 
 

With the reliable operation of nuclear power plants, all of the PWR spent fuel storage spaces at reactor 
sites are being filled up fast and thus, they are expected to be full by 2016. In 1998 the Korea Atomic 
Energy Commission decided to construct an away-from-reactor spent fuel storage facility by 2016, 
and spent fuels will be stored there until a policy is established for the spent fuels. R&Ds on fast 
reactors and related fuel cycles are now being performed in order to provide a technical basis and 
support to the decision making processes. 

 
1.3  Korean Fast Reactor Program 

 
Future nuclear power plants should meet several criteria: effective resource utilization, waste 
minimization and reduced environmental impacts, economic competitiveness, enhancement of their 
safety and reliability, proliferation resistance and physical protection. 

 
In order to meet these criteria, the Ministry of Science and Technology established the Comprehensive 
Nuclear Energy Promotion Plan in 2001 which set out the basic framework of the nuclear R&D. The 
Plan suggested the development of liquid metal reactor technologies for an efficient utilization of the 
uranium resources with an emphasis put on the basic key technologies. Workscopes of the project 
under this Plan include reactor design studies, development of computational tools, and the 
development of sodium technologies. According to the Nuclear Technology Roadmap established in 
2005, the sodium-cooled fast reactor is chosen as one of the most promising future types of reactors 
which are deployable by 2030. 

 
During the fiscal year 2005, progress has been made for the conceptual design of KALIMER-600,  
the development of advanced design concepts and the development of analysis tools. The year 2006 is 
the last year of the Liquid Metal Reactor Design Technology Development Project for the conceptual 
design of KALIMER-600. 
 
2.  KALIMER-600 Design 
 
2.1  Introduction 

 
The design objectives and top-tier design requirements of KALIMER-600 are listed in Table 1. With a 
strong emphasis on proliferation resistance, the core design of KALIMER-600 is evolving to have a 
single enrichment zone without any blanket. In addition, passive residual heat removal, shortened 
IHTS piping and seismic isolation are to be realized in the system design. Table 2 summarizes the key 
design parameters of KALIMER-600. 
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Table 1. KALIMER-600 Design Objectives and Top-Tier Design Requirements 

General 
design 

requirements

Reactor type – Pool-type sodium-cooled fast reactor
Plant size – 600MWe 
Plant design life – 60 years
Safety design philosophy – Emphasis on inherent safety mechanism
Seismic design – Design basis earthquakes: 0.3g – Seismic isolation
Fuel type – Metal fuel

Safety and 
investment 
protection

Accident resistance – Design simplification – Large thermal capacity of the primary system 
– Diversified core shutdown mechanism – Negative power reactivity coefficient

Core damage prevention
– CDF < 10-6/reactor·year
– No fuel-cladding liquid phase propagation during design basis events
– Highly reliable and diversified decay heat removal

Accident mitigation 

– Large radioactivity release frequency <10-7/reactor·year
– Sufficient containment design margin
– Core protection limits should not be exceeded for at least 3 days without operator 

action for design basis events

Plant 
performance

Plant thermal efficiency – Net efficiency > 38 %
Refueling interval – 18 months
Spent fuel storage capacity in the reactor 
vessel – ≥1 cycle discharge 

Load rejection capability – Should be able to accommodate 100 % off-site load rejection without plant trip

Operation, maintenance, and serviceability – Minimize the required number of operators  – Automatic inspection and diagnosis
– Major equipment should be replaceable        – Human centered design

Reliance on a safety grade diesel generator – The plant should not require any safety grade diesel generators

Design 
Objectives 

– Sustainability - Enhanced Safety
– Competitive Economics - Proliferation resistance

Construction cost – Design standardization

Spent fuel – Spent fuel recycle by pyroprocessing
Breeding Ratio – 1.0, no blanket assembly

 
 

 
Table 2. KALIMER-600 Key Design Parameters 

OVERALL 
Net Plant Power, MWe                     600.0 
Core Power, MWt                       1523.4 
Gross Plant Efficiency, %               41.9 
Net Plant Efficiency, %                     39.4 
Reactor                    Pool Type 
Number of IHTS Loops                       2 
Safety Decay Heat Removal               PDRC 
Seismic Design          Seismic Isolation Bearing 
 
CORE 
Core Configuration         Radially Homogeneous 
Core Height, mm                         1,000 
Axial Blanket Thickness, mm                 No 
Maximum Core Diameter, mm               4867 
Fuel Form           U-TRU-10% Zr Alloy 
Feed Driver Fuel TRU Enrichment for  
Equilibrium Core, %                       15.2 
Assembly Pitch, mm                       17.48 
Fuel Pins per Assembly (IC/MC/OC)    237/256/271 
ZrH2 Pins per Assembly (IC/MC/OC)         4/0/0 
Duct Pins per Assembly (IC/MC/OC)       18/15/0 
Cladding Material                         HT9 
Refueling Interval, months                    18 

PHTS 
Reactor Core I/O Temp., oC          390.0/545.0 
Total PHTS Flow Rate, kg/s              7731.3 
Primary Pump Type          Centrifugal  
Number of Primary Pumps                   2 
  
  
IHTS  
IHX I/O Temp., oC                 320.7/526.0 
IHTS Total Flow Rate, kg/s              5800.7 
IHTS Pump Type             Electromagnetic 
Total Number of IHXs                       4 
 
 
SGS 
Steam Flow Rate, kg/s            663.25 
Steam Temperature, oC                   503.1 
Steam Pressure, MPa                     16.5 
Number of SGs                         2 
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2.2  Reactor Core Design 
 
2.2.1  Breakeven Core Design 
 
The design targets established in order to meet the design requirements are as follows:  
 

A.  Peak fast fluence ≤ 4.0 x 1023 n/cm2 

B.  Breeding ratio without blanket ≈ 1.0 
C.  Cycle length ≥ 18 months 
D.  Average discharged burnup ≥ 80MWD/kg 
E.  Burnup reactivity swing < 1$ 

 
The KALIMER-600 breakeven core2 with the capacity of 600MWe was designed to have breakeven 
characteristics so as to enhance the proliferation resistance where the fissile material is produced just 
as consumed. No blanket assembly was placed to dramatically enhance the proliferation resistance 
(Target B). However, the elimination of blanket caused the degradation of sodium void reactivity 
worth and Doppler coefficient. Therefore, to solve these problems, the KALIMER-600 breakeven core 
had been optimized, particularly, to reduce the sodium void reactivity worth3. The results of 
optimization study on sodium void reactivity showed that the KALIMER-600 breakeven core where 
six ZrH2 rods are used per fuel assembly has its sodium void reactivity less than 6$ and a very small 
burnup reactivity swing (Target E). In addition, the softened spectrum resulting from the use of ZrH2 
moderator rods contributed toward improving the Doppler coefficient. 
 
The zone-wise enrichment split for power flattening makes the related fuel fabrication complicated. 
Moreover, the different enrichment in each fuel zone has a tendency to lead to a spatial power shifting 
with fuel depletion. This makes it difficult to simplify the orifice design for the stable and uniform 
temperature distribution. Therefore it was decided that the current design of the KALIMER-600 
breakeven core is designed to use a single enrichment fuel concept. On the other hand, a special fuel 
assembly design for the control of high power peaking factors due to single fuel enrichment is required. 
The use of a single enrichment fuel leads to a spatially uniform distribution of conversion ratio and it 
makes the change of the power distribution from BOEC to EOEC small. As the result, the orifice 
design with use of single enrichment fuel will be very easy. 
 
In order to satisfy Target C and D with a single enrichment fuel, the present KALIMER-600 core4 is 
designed to control the power distribution by using non-fuel rods such as B4C absorber rods, ZrH2 
moderator rods and dummy rods. 
As a matter of fact, the power 
flattening is achieved by B4C 
rods and dummy rods. On the 
other hand, the ZrH2 moderator 
rods are introduced to make the 
core spectrum softer and hence 
to enhance the Doppler effect, to 
reduce the sodium void 
reactivity worth and to reduce 
the peak fast neutron fluence. 
After extensive trials by varying 
the number of combinations of  
non-fuel rods and core loading 
patterns, the core where the 
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Figure 1. Breakeven Core Configuration 
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inner core fuel assembly consists of 12 B4C absorber rods, 4 moderator rods, 18 dummy rods, and 237 
fuel rods, the middle core fuel assembly consists of 15 dummy rods and 256 fuel rods, and the outer 
core fuel assembly consists of 271 fuel rods is chosen. 
 
Figure 1 shows the core configuration. The core is a radially homogeneous one that incorporates 
annular rings with a single enrichment. The active core consists of three fuel regions (i.e., inner, 
middle, and outer core regions) and three core fuel regions have 114, 114, and 108 fuel assemblies, 
respectively. The fuel assemblies are not shuffled during refueling. The fuel is in the form of U-TRU-
10Zr where U is a depleted uranium. The control rod assemblies are classified into two groups (i.e., 
primary and secondary banks). These two groups of control rod assemblies are designed to have 
independent operating mechanisms.  
 
The cycle length is 18 EFPMs with the one-fourth of fuels being replaced upon each refueling. That 
satisfies Target C. The burnup reactivity swing per refueling cycle is 59 pcm that satisfies Target E. 
The burnup reactivity swing is determined by the several core design parameters such as the number 
of batches, refueling interval and so on; it directly affects the performance and manipulation of the 
control system. The batch-averaged burnup is 81.7 MWD/kg that satisfies Target D and peak discharge 
burnup is 123.9 MWD/kg. The cycle average breeding ratio is estimated to be 1.005. The breeding 
ratio of nearly unity means that the difference in TRU inventories between BOEC and EOEC is very 
small. The peak discharge fast neutron fluence is estimated to be 3.9 x 1023 n/cm2 which is less than 
the design limit (Target A). 
 
2.2.2.  Transmutation Core Design 
 
One of the Gen IV reactor technlogy goals is the management of the high-level radioactive waste 
arising from LWR spent fuels because the radiotoxicity of the long-lived nuclides (e.g., Pu, Np, Am, 
Cm, 129I, 99Tc) contained in LWR spent fuel lasts for a very long time period. KAERI is performing the 
feasibility study of the 600MWe sodium cooled fast spectrum reactor core as shown in Figure 2 that 
can transmute the TRUs produced by two LWRs of the same power and cycle length. 
 
This is an annular type core where void duct assemblies and a central island region of non-fuel 
assemblies are introduced to reduce sodium void reactivities and to achieve power flattening with a 
single enrichment fuels. The active core height is 90cm at a cold state. The reduction of breeding ratio 
to increase transmutation rate is done by reducing the fuel rod outer diameter and the core height, and 
by using non-fuel assemblies such as void ducts. In a comparison with the KALIMER-600 breakeven 
core, this transmutation reactor core does not have non-fuel rods such as B4C rods and dummy rods, 
while six ZrH1.78 rods making the core spectrum softer are used to minimize the degradation of the fuel 
Doppler coefficient resulting from the reduction of the U-238 contents. 

 
Compared with the KALIMER-600 
breakeven core, the fuel rod outer 
diameter is reduced from 0.85cm to 
0.75cm. The lattice P/D ratio is 
slightly increased to 1.227 by 
increasing the wire wrap diameter in 
order to increase the coolant volume 
fraction. To further increase the 
neutron loss, a 30cm B4C region is 
added to the bottom of the fuel rod. 
A 50 wt% B-10 enriched boron is 

 
Figure 2 Transmutation Core Configuration 
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used in this 30cm-long B4C region below the fuel. As shown in Figure 2, the first two central rings are 
occupied by the void duct assemblies and then the shield assemblies with absorbers to absorb the 
leaking neutrons through the core inner surface are located in the third ring. The duct assemblies are 
also located in the fourth ring in order to enhance neutron leakage.  
 
The fuel cycle length is 332 EFPD (11EFPM). At the end of the equilibrium cycle, one sixth of the 
fuel assembly is discharged. Table 3 shows a summary of the core performance analysis results. The 
burnup reactivity swing and the conversion ratio over one cycle are estimated to be 3014pcm and 
0.656, respectively. This large value of the burnup reactivity swing is due to the small breeding ratio.  
 
To compensate for this large value of the burnup reactivity swing, the number of control assemblies 
and the B-10 enrichment of the control rods are increased. The total number of control assemblies is 
42 and 50%B-10 is used in the control rod. But the designs of the control rods have yet to be 
optimized. The average fuel discharge burnup is estimated to be 122MWD/kg and this core can 
transmute 278kg/cycle of TRU which corresponds to the TRU amount produced from two LWRs of 
the same power and cycle length. The fuel Doppler coefficient of this core is estimated to be ~-0.003T-

1.0 while that of the KALIMER-600 breakeven core is ~-0.00736T-1.05. The absolute value of the fuel 
Doppler coefficient is smaller than that of the KALIMER-600 breakeven core. 
 

Table 3. Summary of the Transmutation Core Performance 
Performance parameter KALIMER-600 Transmuter 

Average breeding ratio 
Cycle length (EFPM) 
Burnup reactivity swing (pcm) 
Number of batches 
Average/peak fuel discharge burnup (MWD/kg) 
Fuel enrichment (TRU wt%) at BOEC 
Pu inventory (BOEC/EOEC, kg) 
MA inventory (kg, BOEC/EOEC, kg) 
HM inventory (kg, BOEC/EOEC, kg) 
TRU consumption rate (kg/cycle) 
TRU support ratio  
Average power density (W/cc) 
Average linear power for fuel (W/cm) 
Peak linear power (W/cm, BOEC/EOEC) 
Power peaking factors (BOEC/EOEC) 
Peak discharge fast neutron fluence (1023n/cm2) 
Fuel temperature coefficient (d�/dT, BOEC) 
Sodium void reactivity ($, BOEC/EOEC) 
Control rod worth ($, BOEC/EOEC) 
   Primary 
   Secondary 
USS worth ($, BOEC/EOEC) 
Delayed neutron fraction (BOEC) 

1.0 
18 
59 
4 

81.7/123.9 
15.2 

5594/5601 
227/225 

38333/37476 
0 

N/A 
152.3 
175.8 

251.7/259.7 
1.454/1.463 

3.93 
-0.00736T-1.05 

7.4/7.6 
 

8.7/8.7 
3.1/3.2 
1.4/1.6 
0.00355 

0.656 
11 

3014 
6 

121.7/181.7 
34.2 

6857/6624 
1030/986 

23031/22505 
278.4 
~2.0 
223.8 
203.5 

307.1/300.9 
1.509/1.479 

3.83 
-0.0030T-1.0 
2.63/2.85 

 
32.9/33.9 
14.5/15.0 

N/A 
0.00312 

 
The effective delayed neutron fraction which is one of the safety-related key parameters is also 
degraded relative to the KALIMER-600 core. These degradations of the fuel Doppler coefficient and 
the effective delayed neutron fraction are due to the lower U-238 content. On the other hand, this 
transmutation core has a much smaller value of the sodium void reactivity (<3$) than the KALIMER-
600 core. 
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2.3  Heat Transport and Control Systems Design 
 
The heat transport system of KALIMER-600 consists of Primary Heat Transport System (PHTS), 
Intermediate Heat Transport System (IHTS), Residual Heat Removal System (RHRS) and Steam 
Generating System (SGS). The PHTS removes the heat from the reactor core and transports the heat to 
the IHTS through the Intermediate Heat Exchangers (IHXs), and the IHTS transports the heat to the 
once through type Steam Generator (SG). The transported heat is used to convert water to superheated 
steam in the SG and the steam is provided to turbine generator to produce electricity. KALIMER-600 
has 3-layered RHRS such as PDRC (Passive Decay-heat Removal Circuit), Intermediate Reactor 
Auxiliary Cooling System (IRACS) and steam/feedwater system to enhance the safety of the system. 
 
KALIMER-600 is a pool type reactor which has a large heat capacity and can reduce rapid transients 
against reactor trips from accidents. The PHTS consists of major components such as the PHTS pump, 
IHXs and all the internal structures within the reactor and the containment vessel. The PHTS pump is 
a centrifugal type mechanical pump and the pump is designed to operate at a low rotating speed to 
ensure the Net Positive Suction Head (NPSH) since the cover gas is in an atmospheric pressure. 
 
The IHTS consists of pipings and the IHTS pump. The cold leg of IHTS piping is arranged as bottom 
up U shaped to protect sodium water reaction (SWR) front face from being emerged into the reactor. 
The IHTS pump is a Electro-Magnetic (EM) pump for the wide range of operating flow rate of the 
IHTS and for the enhancement of arrangement. 
 
The SG is a helical coil, vertically-oriented shell-and-tube. The steam from the SG is at a super heated 
condition to enhance the efficiency of KALIMER-600. A count-current flow is formed by the sodium 
flow through the shell side and the water/steam through the tube side. The feedwater system consists 
of the main pump, auxiliary pump, flow control valves and heaters. Each SG has its own main and 
auxiliary flow control valves but the two SGs share the same feedwater pump. 
 
The RHRS consists of 3-layered system such as normal steam and feed water system, PDRC and 
IRACS. When the normal decay heat removal is not available through steam and feed water system, 
operator can activate IRACS. The IRACS is operated by closing the SG isolation valve and by 
opening the IRACS isolation. Then the Air Heat Exchanger (AHX) of the IRACS act just as a steam 
generator. However, for the event of station blackout, PDRC is operated. The PDRC is a pure passive 
system without any operator action and active components. The heat removal by PDRC relies 
exclusively on a natural convection heat transfer.  
 
The PDRC system comprises of two independent heat removal loops, and each loop is equipped with 
single sodium-sodium Decay Heat Exchanger (DHX), one sodium-air heat exchanger (AHX) and the 
heat removing sodium piping connecting the DHX with the AHX as shown in Figure 3. 
 
The DHX is a shell-and-tube type with counter-current flow heat transfer, and it is placed at a position 
higher than the cold pool free surface during a normal plant operation, and it is not directly contacted 
with the hot sodium. The AHX placed above the reactor building has the function of rejecting the 
system heat to the environment, and the counter-wound heat transfer tubes are helically arranged. 
Under transient conditions such as the loss of a heat sink accident, the hot pool sodium overflows into 
the cold pool through the inner space of the shell-side DHX, and a natural circulation path of the pool 
sodium is formed. The core decay heat can be continuously discharged into the final heat sink, i.e., the 
atmosphere, without either an operator action or any active component actuation.  
 
During a normal plant operation, if the rate of heat inflow through the DHX is insufficient, the PDRC 
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loop sodium could be solidified. In order to prevent from sodium solidification, the design parameter 
need to be optimized so that the loss of normal heat loss is minimized and the operating temperature of 
the PDRC loop is as high as achievable.  
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Figure 3. Configuration and DHR Process of PDRC 

 
The net plant efficiency of KALIMER-600 is estimated to be 39.4% which is higher than the Gen-IV 
standard requirements of 38%. In order to achieve such a high efficiency, the operating parameter of 
100% power operation is established as shown Figure 4. 
 

Figure 4. Plant Operating Parameters at 100% Power 
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2.4  Mechanical Structure Design 
 
2.4.1  Reactor Internal Structures 
 
The main goals of the KALIMER-600 mechanical design are the simplification of structures and the 
improvement of structural integrity. For a design simplification, the total length of the IHTS piping is 
minimized and a detached-type of core support is adopted. Furthermore, the reactor internal structures 
are compactly designed and weld parts are minimized. To enhance the seismic integrity, the reactor 
building is seismically isolated by a total of 164 seismic isolators (φ1.2m) installed between the 
ground and the lower basemat in the KALIMER-600 reactor building (W49m x D36m x H54m). 
 
The space inside the reactor vessel is thermally divided into two regions: the hot pool region and the 
cold pool region. The support barrel, the baffle plate, the separation plate and the reactor baffle form 
the boundary of the two regions. The reactor vessel in KALIMER-600 does not contact the hot sodium 
of 545°C directly. Therefore, the reactor vessel can maintain its structural integrity for 60 years of 
design lifetime. 
 
As for the reactor internals as shown in Figure 5, a detached-type of core support structure, a 
integrated cylinder type support barrel, and UIS are optimally designed. The baffle annulus structure 
in the reactor internals can accommodate a large thermal difference between the hot pool and cold 
pool region.  
 
The service limits of the stresses, accumulated inelastic strains, and creep-fatigue damages for the 
reactor structures satisfy the ASME design criteria 
for 40 years of operating lifetime. Currently, the 
ASME code provides design data for 40 years and it 
is necessary to acquire the corresponding design data 
for 60 years or to extrapolate 40 years data to 60 
years. This is one of the challenging issues for the 60 
years lifetime design. 

  
The reactor head in KALIMER-600 is the top closure 
of both the reactor vessel and the lower containment 
vessel. It provides mechanical support for all the 
PHTS components including IHX, PHTS pumps, 
rotatable plug and primary sodium. The reactor head 
is a single piece of welded steel plate that is 50cm 
thick. It is designed to operate at temperatures lower 
than 150°C. This temperature is attained by the 
inclusion of 5 horizontal layers of stainless steel 
insulation and shield plate below the reactor head. 
The top one of them is installed 45cm below the 
bottom of the reactor head. 
 
2.4.2  Containment Design 
 
The KALIMER-600 containment design, shown in Figure 6, provides defense-in-depth for a full 
spectrum of severe accidents including hypothetical core disruptive accidents (HCDA). It forms a low 
leakage, pressure-retaining boundary which completely surrounds the primary system boundary. The 
containment consists of the lower containment vessel designed to contain reactor vessel leaks and the 
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upper containment structure which mitigates the consequence of severe events such as HCDA which 
are postulated to cause the introduction of radio-nuclides through the reactor head into the region 
above the reactor. 
 
The lower portion of the containment has no penetration and is designed to remain essentially leak 
tight. The annulus between the reactor and the containment vessel is sized to retain the primary sodium 
such that the reactor core and the inlet of the IHX will remain covered in the event of a reactor vessel 
leak. The annulus is filled with argon and maintained at a higher pressure than the reactor cover gas. 
During normal operations, all the sodium and cover gas service lines are closed with double isolation 
valves and all the other penetrations in the reactor closure are seal-welded, which means that the 
containment system operates in a totally sealed manner. 
 
While the containment vessel provides a leak tight 
boundary, the thick concrete support wall surrounding the 
containment vessel protects reactor structures against 
external loadings including both natural phenomena and 
non-natural hazards. Thus the structural integrity of the 
containment can be achieved. The concrete support wall 
maintains its low temperature by the adoption of a Cavity 
Cooling System which operates passively between the 
containment vessel and the surrounding support wall. 
 
The upper containment structure is composed of a thick 
concrete cylinder with a dome and a metal liner is attached 
inside the containment structure. The metal liner is 
designed to limit  leakage to less than 1% of its volume 
per day at the design pressure and temperature. The thick 
concrete cylinder with a dome structure provides a solid 
barrier for protecting the interior structures against all 
kinds of external loadings.  
 
2.5  Safety Analysis 
 
The safety analyses have been performed to evaluate plant transient responses, the performance of 
inherent safety features, and the margin to the plant safety limits. In the analyses, a system-wide 
transient and safety analysis code, SSC-K has been used. The events analyzed are an unprotected 
transient over power (UTOP), an unprotected loss of flow (ULOF), and an unprotected loss of heat 
sink (ULOHS).  
 
For the UTOP analysis, 30 cents of reactivity are assumed to be inserted due to the withdrawal of all 
control rods for 15 seconds. The power peaks at the 1.54 times of the rated power at 30 seconds, and 
eventually stabilizes at the 1.14 times after 6 minutes. The net reactivity starts out positive by the 
reactivity from the control rods, but shortly after it turns downward as soon as the negative reactivity 
grows enough to counter the positive insertion.  
 
The ULOF event is initiated by the trip of all primary pumps followed by a coastdown. For a loss of 
flow accident, the power to flow ratio is the key parameter that determines the consequence of an 
accident. The reduction of the core flow brought by pump trips leads to hitting the initial peak of the 
fuel centerline temperature before the power begins to drop by reactivity feedbacks. The fuel damage 
due to the high fuel temperature in the initial phase of the transient does not lead to a significant risk 
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for this event. 
 
The ULOHS accident is assumed to occur due to a sudden loss of the normal heat sink accomplished 
by the IHTS and steam generators. The PDRC is, therefore, the only decay heat removal system 
available. As sodium heats up, the flow path of sodium is formed from the hot pool to the PDRC and 
then it causes the PDRC heat removal rate to increase. The long-term cooling capability of the 
KALIMER-600 design has also been evaluated with the TRNQPR computer program. Figure 4 shows 
the hot pool temperature dependency on the PDRC heat removal capacity during the long-term 
ULOHS transients. The result shows that the plant is cooled down and reaches the hot standby 
condition by 65 hours after the initiation of the ULOHS if the PDRC heat removal capacity is greater 
than 11.0 MWt, therefore, the heat removal capacity 16.5 MWt for the KALIMER-600 PDRC is 
enough to satisfy the PDRC design goal. 
 

0.0 5.0x104 1.0x105 1.5x105 2.0x105 2.5x105 3.0x105
0

200

400

600

800

1000

after ULOHS
3000 sec

11.5 MWt

11.0 MWt

10.5 MWt

10.0 MWt

 

 

Te
m

pe
ra

tu
re

, o C

Time, s

structure criteria

72 hrs

8.25 MWt

   

400

500

600

700

800

900

1000

1100

Pump off

Pump on

Limit 940oC

Limit 1,055oCLimit 1,070oC

Limit 760oC
Limit 790oC

Outlet SodiumCladFuel
Av. Core PeakPeak

 UTOP
 ULOF
 ULOHS

Peak
 

Te
m

pe
ra

tu
re

, o C

 
Figure 7. Heat Removal during ULOHS      Figure 8. Safety Limits and Margins for ATWS 

 
The analysis results for the various unprotected events are summarized in Figures 7 & 8. From this 
result, it can be concluded that the KALIMER-600 design can accommodate the various ATWS events. 
The self- regulation of the power without a scram is provided mainly by the inherent reactivity 
feedback mechanisms implemented in the design. 

 
3.  R&D Activities 
 
3.1  Core Design Methodology Development 
 
3.1.1  Neutronics Code Development 
 
Directional diffusion coefficients are introduced to account for transport effect in calculating the 
reactivity coefficients such as control rod worth and void worth. The directional diffusion coefficients 
are calculated so as to conserve the neutron leakages along region boundaries that are evaluated with 
the transport theory code, TWODANT (RZ model). The results of analyses show that the control rod 
worth predicted with the directional diffusion coefficients is much more accurate than the control rod 
worth calculated without them.  

 
The Monte Carlo reactor analysis code, MCCARD (Monte Carlo Code for Advanced Reactor Design 
and Analysis) has been applied to the analysis of the KALIMER-600 core design. This code solves 
depletion equations by the matrix exponential method. The matrix exponential method makes it easy  
to add or deplete some nuclides in a decay chain. Three models for decay chains are established for 
fission products. The first is the reference decay chain model taking into account of 880 fission 
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product isotopes. In this model, the independent yields of 31 fission product nuclides for three neutron 
energy regions are used. The second model treats 172 fission product isotopes. It has been used in the 
deterministic core analysis codes. This model only considers the yields resulting from fission reactions. 
The third model considers all the possible nuclear reactions and decays for 172 fission product 
isotopes. This model gives the most accurate results of depletion calculations. Another work that was 
done in the MCCARD code is to modify the input structure for the purpose of user friendliness. 

 
The core kinetics code (STEP) is required to analyze the transient condition resulting from the change 
of power level and core thermal hydraulic feedback effects. We are pursuing the development of a 3D 
core kinetics code. A computation module for evaluating core kinetics parameters is developed. The 
parameters include the effective delayed neutron fraction, the neutron life time and the dynamic 
reactivity. The adjoint function is needed as a weighting function in the computation of these kinetics 
parameters. The computational module development for the evaluation of adjoint function is finished. 

 
3.1.2  Core Thermal Hydraulic Analysis and Fuel Mechanics Codes 
 
There are two major thermal hydraulic phenomena in the inter-assembly region of the sodium cooled 
LMR core. One is the normal inter-assembly heat transfer and the other is the flow redistribution in the 
inter-assembly region caused by the core upper internal structure. 
 
The single subassembly analysis by a subchannel method is not sufficient enough for the LMR core 
thermal hydraulic analysis. Because the thermal conductivity of the sodium coolant is very high, the 
transverse inter-assembly heat transfer from the adjacent subassemblies through the duct walls and the 
inter-assembly sodium coolant may have a significant effect on the temperature profile within the 
subassembly, particularly in the large power change region of the core. Therefore, besides the single 
subassembly analysis of the LMR core, the transverse inter-assembly heat transfer also must be 
considered as a heat transfer model in the inter-assembly sodium flow and duct wall. 
 

 
Figure 9. Inter-assembly Flow Analysis Results for the KALIMER Core 

 
Another thermo-fluid phenomenon in the LMR core is the flow redistribution from the subassembly 
outlet to the inter-assembly flow region caused by the core upper internal structure. A hotter downward 
flow distribution in the inter-assembly region may have a significant effect on the thermo-mechanical 
integrity of the duct wall. But a subchannel analysis is not suitable to analyze the inter-assembly flow 
in the core. The MATCOM code has been developed using the appropriate method, i.e., a calculation 
system which links a subchannel code for the subassembly and a porous medium code for the inter-
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assembly region. The MATCOM code needs to be refined in the calculation modules by benchmarking 
more accurate code for verification purpose and will have to be validated against experiments. Figure 
9 shows one of the inter-assembly flow analysis results for the KALIMER core. 

 
The HT9 cladding was estimated not to be conservative enough for satisfying the discharge burnup 
goal, because of the high coolant outlet temperature. So the replacement of the cladding material with 
new one having a higher thermal creep resistance was necessary. The material properties of an 
advanced ferritic/martensitic steel (Mod.HT9) were analyzed. The thermal creep strain model and the 
creep rupture model were developed and inserted into the MACSIS (Metal fuel performance Analysis 
Code for Simulating the In-reactor behavior under Steady-state conditions) code to evaluate cladding 
integrity. Thermal creep strain limits are being analyzed according to the plenum-to-fuel ratio. 
Cumulative damage fractions are also being estimated in connection with the Weibull statistical failure 
model.  
 
3.2  Fluid System Design Methodology Development 
 
In parallel with the KALIMER-600 system design, several items of R&D activities have been 
undergone. One of the R&D items, the development of the design concept of a supercritical carbon 
dioxide (S-CO2) Brayton cycle energy conversion system and related R&D activities were done as the 
first year of three year project.  
 
The objective of the R&D is to investigate the potential safety implications and cost improvements 
available by coupling a supercritical CO2 (S-CO2) Brayton power cycle to a sodium cooled reactor 
KALIMER-600 and to evaluate the performance of the system against design basis events and 
performance related transients. The expected benefits through the application of S-CO2 system is 
Potential for significant reduction of construction cost by design simplification and component size  

 
Figure 10. S-CO2 Energy Conversion System Coupled to KALIMER-600 

 
reduction, and increase in power conversion cycle efficiency compared to conventional design. For 
instance, utilization of gas-turbine Brayton cycle technology using S-CO2 as the working fluid could 
provide conversion efficiencies of about 44 % at moderate reactor outlet temperatures implying a 
reduction in generation costs. In addition, the S-CO2 Brayton cycles require a less complex plant with 
fewer components and a smaller footprint for the same heat source temperatures. This has obvious 
favorable capital cost implications. 
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As shown in the Figure 10, the preliminary schematic design concept of the S-CO2 system coupled to 
KALIMER-600 was developed. In the operating condition of the system, a realistic evaluation of 
turbine, compressors, and compact recuperator, include printed circuit heat exchanger, designs and 
their performance was done. 
 
A study to develop capabilities to analyze safety-related transients and accidents in the Brayton cycle 
circuit and components has been carried out. The study focused on reactor safety margins to 
accommodate heat removal transients in the CO2 circuit, as well as implications of mechanical and 
hydraulic implications of failures in the Na/CO2 heat exchanger. The study results indicate that 
KALIMER is capable of sustaining very severe heat removal upsets while maintaining system 
temperatures below damaging levels as depicted in Figure 11, 12. These results confirm that the 
coupling of a liquid sodium-cooled reactor to a supercritical CO2 is feasible from a safety perspective, 
and does not present insurmountable technical challenges to the reactor safety design basis. 
Furthermore, the results show that the safety design features of a sodium-cooled, pool-type fast reactor 
provide excellent safety performance characteristics for coupling to a supercritical CO2 Brayton power 
cycle. 
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For the evaluation of the turbine, one-dimensional analysis methodology was developed and the 
system level design requirements of the turbine were derived. The heat exchanger of the coolants 
CO2/Na and CO2/CO2 were investigated. From the investigation, it was known that the low 
conductivity of CO2 compared with water has the heat transfer area be larger than the conventional 
ones. For the analysis of the system performance against the safety-related and performance-related 
events, all the events were evaluated based on the fault tree event selection method. From this 
evaluation, the boundary failure between sodium system and S-CO2 system is identified to be the most 
important one to be accounted for in the system design. 

 
3.3  Structural Integrity Assessment 
 
A creep-fatigue structural test for the welded cylindrical shell with both a 304 SS shell and a 316L SS 
of equal thickness has been carried out and the test results were compared with those by the French 
RCC-MR A16. The amount of the creep-fatigue crack propagation of the crack tip was measured for 
600 creep-fatigue load cycles of testing and it was confirmed that a crack initiation and propagation 
occurred mainly due to the creep as shown in Figure 13. When the results from the assessment 
according to the A16 procedure and the structural test are compared, the assessment procedure of A16 
is found to be reasonably conservative for a creep-fatigue crack initiation while it seems overly 
conservative for a creep-fatigue crack propagation in the case of a short hold time like one hour in the 
present study. The elevated temperature defect assessment and the leak before break evaluation 
technology are to be set up based mainly upon A16 procedure and R5 procedure in this study. 
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The high temperature structural analysis program (NONSTA-VP) implementing the Chaboche’s 
unified viscoplasticity model into ABAQUS, has been used to evaluate the creep-fatigue damage of a 
high temperature structure in the SFR. Corresponding material parameters for the solution-annealed 
316L stainless steel having a cyclic hardening behavior and for the cold worked 316L stainless steel 
having a cyclic softening behavior were respectively determined by the low cycle material tests and 
the relaxation tests performed in several elevated temperature conditions as shown in Figure 14. 
Though the applicability of NONSTA-VP was enhanced to show both cyclic hardening and softening 
behaviors, there is much room for improvement to simulate the extremely complicated material and 
structural behaviors of reactor structures at elevated temperatures. 

 
A comprehensive review of residual stress distributions in a range of as-welded and mechanically bent 
components has been carried out and the simplified residual stress profiles for a plate and a pipe have 
been proposed and validated. The use of this generic linear model is appropriate in the cases where 
there is insufficient information on weld procedures or real residual stress profiles. 

 
SIE ASME-NH code was developed to computerize the implementation of ASME Boiler and Pressure 
Vessels Code Section III Subsection NH rules including the time-dependent primary stress limits, the 
total accumulated creep ratcheting strain limits, and the creep-fatigue damage limits for both base 
metal and weldments. The computer code is an easy user interface program and can be an effective 
tool in the high temperature structural integrity evaluations of the SFR. 

 

 
Figure 13. Creep-Fatigue Crack Growth in 304SS Weldment 
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(a) Cyclic Softening for Cold Worked 316L           (b) Cyclic Hardening for Solution Annealed 316L 
Figure 14. Tensile and Cyclic Curves at 600 oC 

 
3.4  Safety Analysis Code Development 
 
The reactivity feedback effect of a sodium-cooled fast reactor is closely related to the thermal-
hydraulics, neutron behavior, and mechanical structure. Most reactivity feedback models are based on 
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a temperature distribution in simplified subassembly geometries. The uncertainty due to this 
simplification is able to be minimized if a more detailed analysis method is applied to evaluate the 
passive safety with an improved accuracy, which is also important to enhance the reliability of safety 
system in a SFR design.  
 
A detailed three-dimensional fuel subassembly thermal-hydraulic model has been developed and it 
was implemented in the system transient analysis code, SSC-K, which has been developed by KAERI 
for the evaluation of an abnormal transient or accident in a sodium-cooled fast reactor. With this model, 
the SSC-K code is able to compute steady-state and transient fuel, cladding and coolant temperatures 
in each fuel pin and coolant subchannel of the core. This enhanced multiple-pin model provides an 
accurate and reliable data for calculations of reactivity feedbacks and safety margins.               
 
To evaluate the code enhancement from the model improvement, the analyses for UTOP and ULOHS 
sequences in KALIMER-150 design were performed with the multiple-pin subassembly core model 
and compared with the results obtained with the previous single-pin model. Thirty-nine axial segments 
were employed in the channel models for all analyses, both single- and multiple-pin subassembly 
models. For the 271 pin driver fuel subassembly model, sixty coolant channels were used to allocate a 
unique coolant channel to each row of pins in each 60o sector of the subassembly.  This level of detail 
is appropriate for demonstrating the multidimensional aspects of transient heat transfer and fluid 
dynamics effects in safety analysis, and is consistent with available design data for intra-subassembly 
pin power and coolant flow specifications. Figure 15 compares the power and reactivity components 
for the UTOP case.  The curves labeled ‘MP’ are the multiple-pin results, as compared to the baseline 
single-pin (‘SP’) results.  As shown in Figure 15, the peak reactor power for the SASSYS-1single-pin 
is slightly higher than the multiple-pin results, as a consequence of the slightly higher net reactivity 
due to a slight difference in the core radial expansion reactivity during the reactivity insertion. The 
radial expansion reactivity predicted by SSC-K shows that the reactivity feedback effect of the multi-
pin model appears higher than the SASSYS-1 results.  
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Figure 15. The power and reactivity components during an UTOP 

 
Figure 16 compares the power and reactivity components for the ULOHS case. As shown in the figure, 
the powers calculated by SASSYS-1 and SSC-K become different for all cases from about 80 sec. to 
around 1500 sec.  This is due to the difference in the net reactivity beginning at about 80 sec., but the 
net reactivities are nearly identical after 500 sec. However, examination of the component reactivity 
traces indicates that there are distinguishable differences in the reactivity components after 500 sec., 
but these differences cancel in the sum as indicated by the close comparison of the net reactivity.  It is 
shown that the largest difference is in the control rod driveline (CRDL) reactivity, which comes from 
the thermal expansion of the reactor vessel due to the increase of the primary system cold leg 
temperature. These results show that the detailed multiple-pin model is implemented successfully in 

331 of 459



 

  
 Figure 17. Upper Internal Structure   

the SSC-K code. 
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Figure 16. The power and reactivity components during an ULOHS 

 
3.5  Sodium Technology  
 
3.5.1  Sodium Technology Development 

 
Four different types of researches were performed for 
the development of sodium technology during 2005 
and are still in progress through 2006. Several sodium 
loops and test facilities have been constructed and are 
currently being constructed for the research works 
related to the measurement of free surface fluctuation, 
the improvement of sodium flow measurement 
technique, sodium removal, the detection of a small 
amount of water leakage into the sodium. 
 
An experimental study has been carried out for 
measuring the fluctuating frequency and the amplitude 
of the free surface in the cylindrical annular vessel 
where the inner vessel is simulated as the UIS of a 
reactor. The UIS is a cylindrical vessel with the inside diameter of 780 mm and the height of 200 cm 
as shown in Figure 17. Since the hydraulic property of sodium is similar to that of water, water is used 
as a working fluid instead of sodium. Because the range of estimated frequencies is about 0.5~5 Hz in 
this experiment, a conductivity type wire sensor is used as a level meter to obtain the responses of 
enough accuracy. The characteristics of the level sensor were described through an experiment. 
Subsequently, a free surface fluctuation will be measured.  
 
A correlation flow measurement technique was developed. This is a powerful technique for measuring 
flow, based on some fluctuations that often exist at the output of process sensors in operating plants. 
The correlation technique was previously investigated in the water circulation loop to develop a 
systematic signal processing logic and to check up the applicability of this technique to sodium flow. 
 
Figure 18 shows the schematics of the flow-measuring apparatus. The total of ten thermocouples was 
installed as measurement devices. A vortex generator with an electric heater was mounted in the 1-Di 
(inner diameter) position from the first thermocouple to produce temperature and flow fluctuations. K-
type thermocouples were specially manufactured, which have the dimension of 0.1mm hot-
junction bead and 0.5mm stainless steel sheath. Figure 19 shows the delay time calculated with a 
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Figure 18. Schematics of the Experimental               Figure 19. Calculated Delay Time  
Apparatus 

cross correlation. The data was analyzed with the cross-correlation Rxy(τ) between two temperature 
signals x(t) and y(t). The mean velocity could be calculated once we knew the distance Δz between 
two sensors and could calculate the time delay τxy. To enhance the accuracy of measurement, it is 
necessary to analyze the data in a frequency domain and compare with the cross correlation data in a 
time domain. 

 
A steam-nitrogen gas cleaning method was tested for the routine applications that permit the reuse of 
the cold trap in sodium. The mixture of steam-nitrogen under the protection of nitrogen was filled and 
reaction rates were controlled by regulating the flow rate and the content of vapor in the mixture. The 
nitrogen gas then started flowing to the cold trap with a 10 ∼ 50 g/min, and it was kept almost constant. 
The initial steam flow rate was about 1.7 ∼ 13g/min not so as to exceed the hydrogen concentration of 
1% in the nitrogen gas. Figure 20 shows the accumulated sodium removal weight that was calculated 

from the hydrogen concentration in the nitrogen gas. The calculated total sodium removal weight was 
8.4 kg. The steam of 11.6 kg was used for the removal of the sodium. Figure 21 shows the SEM 
photograph on the surface of the cold trap after cleaning. As shown in the figure, some amount of 
oxygen was detected at the points of S2, S3, S4 and S5 on the SEM photograph. It appeared that the 
reaction heat by the sodium-water reaction and the reactant products affected the corrosion by 
oxidation. It is estimated that the sodium oxide was less than 1 % of oxide detected at the points of S2, 
S3, and S4 . 
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Figure 22. Leak Detection Probability 

 
The detection performance of an acoustic leak detection system was studied. This system is 
discriminated by a back-propagation neural network according to a preprocessing of the FFT power 
spectrum analysis and the Octave band analysis. It was used for the acoustic signals from the injected 
Argon gas into water experiments at KAERI, the acoustic signals injected from the water into the 
sodium obtained in IPPE, and the background noise of the PFR superheater. The acoustic leak 
detection methodologies consist of the neural network and the preprocessing unit of the signals. Two 
types of preprocessing units were used for the frequency band for the FFT power spectrum analysis 
and the 1/3 Octave band analysis function, and for the 1/6 Octave band analysis where the sampling 
rate of the preprocessed input data is 1024. When 
we compared the leak detection methodologies, it 
was beneficial to detect them by using the 1/6 
Octave band analysis as shown in Figure 20. The 
comparison in accordance with the learning 
conditions of the neural network after the mixing of 
the background noise and the sodium-water reaction 
signal provides good results by the developed 
acoustic leak detection methodology. It was 
possible to detect a leak up to -27dB, depending on 
the learning conditions. At present the system shows 
no error for detecting a leak, but in the future it 
must be absolutely assured without an error for 
detecting a leak. 
 
3.5.2  Investigation of Sodium-Carbon Dioxide Interaction  
 
A small-scale capsule test has been conducted at KAERI to explore the basic nature and the extent of 
sodium-CO2 chemical reaction, for the preliminary assessment of pressurization. The experimental 
study was performed with about 30g of sodium. A number of experiments were carried out with the 
sodium temperatures ranging from 200oC up to 600oC, with the operating pressure of up to 40 kg/cm2. 
 

 
Figure 23. Flow Diagram of the Capsule Test 
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As shown in Figure 23, the test apparatus consists of a test capsule and associated components: 
sodium storage tank, vapor trap, gas supply system, instrumentation and gas sampling system. The test 
capsule is 240 mm tall with a 3/4 inch diameter (schedule 40) stainless steel 304 pipe. It is equipped 
with a gas injection line, a sodium feeding line and an exhaust line. The height of the sodium pool is 
about 100 mm, corresponding to a sodium mass of 30g. A mantle-type heater was installed outside the 
test capsule. 
 
The results show that carbon dioxide reacted readily with liquid sodium under the experimental 
conditions. The Na-CO2 reaction was slow at 200oC and became faster above 300 oC. The reaction 
phenomena at 300oC and 400oC were similar. At 600 oC the reaction of Na-CO2 occurred very rapidly. 
Figure 24 shows the experimental data (25 scc/min, 30 kg/cm2) at the sodium temperature of 300 oC. A 
violent temperature variation occurred for a few seconds, in 35 minutes after a gas injection. 
Simultaneously, the temperature fluctuated very fast with a maximum sodium temperature reaching 
1110 oC. The thermocouple measuring the gas zone failed for about 3 minutes and then it re-operated. 
The body of the test capsule was red-hot. Pressure decreased slowly for about five minutes and then it 
showed a sharp fall with the fluctuations of temperature and gas flow rate. Due to the plugging of the 
gas injection nozzle, gas was fed no more and pressure was maintained near zero. The accumulated 
amount of CO2 in 35 minutes after the gas injection was about 16 scc. 
 
Table 4 shows the results of the solid product analysis. The content of sodium carbonate (Na2CO3) was 
above 74% at the sodium temperature of 200oC and it increased to about 96 % at 600 oC. From these, it 
was confirmed that carbon dioxide reacts readily with liquid sodium under the experimental conditions. 

 
Figure 24. Flow-Pressure Data and Thermometry Data at 300oC with CO2 

 
Table 4. Result of the Solid Analysis 

 

 
The sodium-carbon dioxide reaction had been studied experimentally with a small-scale experimental 
apparatus using 30g of sodium. The results show that the carbon dioxide reacted readily with the liquid 
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sodium under the experimental conditions. It seems that the interaction reaction of Na-CO2 was slow 
at the sodium temperature of 200oC and it became very faster above 300oC. The reaction phenomena 
at 300oC and 400oC were similar. In the case of 600oC, the reaction of Na-CO2 occurred very fast. If 
the reaction is occurred, the CO2 gas was fed no more and the pressure was maintained near zero due 
to the plugging of the gas injection nozzle in all experimental conditions. 
 
3.6 Lead-alloy Cooled Fast Reactor Technology Development 
 
3.6.1 Preliminary Conceptual Design of Lead-alloy Cooled Fast Reactor 
 
As an alternative fast spectrum reactor to the SFR, a project to study Pb-alloy cooled fast reactors was 
launched in 2002. This project aimed at developing the system design of the medium-sized integral 
power reactor that can produce electricity as well as transmuting transuranics and long-lived fission 
products.  
 
The preliminary conceptual designs of 900MWt Pb-alloy cooled breakeven cores with nitride and 
metal fuel were developed. Two cores were designed such that their conversion ratios with no blanket 
assemblies are slightly larger than unity to minimize excess fissile material production and thus, there 
is no need for the external feeds of fissile materials. A thermal hydraulic sub-channel analysis by using 
MATRA-LMR showed that both cores satisfied the cladding temperature limit (<650�C) and the 
coolant velocity limt (<2m/s).  
 
In addition to the breakeven cores, the design studies for a TRU transmuation core were performed in 
case of metallic fuel with different coolants of Pb and Pb-Mg. Analyses on the plant efficiency 
according to the operating temperature regime and a preliminary evaluation of reactor and guard 
vessel integrity upon the earthquake were done to derive the best possible combination of an operating 
temperature and a thickness of each component. With a modified version of SSC-K for the lead 
coolant, ATWS events analyzed showed no significant safety issues except that the passive decay heat 
removal using air cooling demanded a large vessel diameter as wide as 9m. With the large volume of 
heavy metal coolant in the reactor vessel, a concern was raised on the sloshing of the reactor vessel 
upon an earthquake. 
 
Overall, the major development in Korea will be the SFR and we will be strongly supporting the 
international collaborations in this coolant. However, we also leave the possibility of using Pb-alloy 
coolant as one of alternative coolants, and will continue to investigate the possibility of using Pb-alloy 
cooled fast reactors as power plants as well as actinide/fission product transmuters. With this project 
going on, it was convinced that the SFR technology under development was well suited for the LFR 
development except the lead technology development that asked for an extra facility. 
 
3.6.2 Lead-alloy Corrosion Test Facilities 
 
KAERI constructed lead-alloy corrosion test facilities to investigate the corrosion behavior of the 
structure materials such as HT-9, T91 and 316L at high temperature. It is also needed to find methods 
to prevent corrosion if the corrosion damage is too severe. One method is to form a stable oxide layer 
on the material through oxygen control in lead-alloy. KAERI constructed 3 corrosion test facilities for 
the corrosion study. They are a static test facility, a Pb-Bi loop and a Pb loop. The lead-alloy loop is 
named KPAL (KAERI Pb-Alloy Loop). The Pb-Bi and Pb loop are named KPAL-I and KPAL-II 
respectively. 
 
The static test facility is mainly composed of tube furnaces, a gas system and a glove box. The furnace 
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is a 3 zone type. It minimizes the temperature variation (±1�) for each section along the test tube 
made of quartz. The capacity is 10 kW and the maximum operation temperature is 800�. There are 
two furnaces which are connected to the glove box. Oxygen control is performed by flowing Ar/H2 gas 
mixed with H2O vapor. The static corrosion test facility also can be used as the facility to calibrate the 
YSZ oxygen sensor which is used to measure the oxygen content inside lead-alloy. Figure 25 shows 
the static test facility and corrosion test results at 600� Pb. 
 

HT-9 T91

 
Figure 25. The Static Test facility and Corrosion Test Results at 600 oC Pb 

 
Figure 26 shows the pictures of the Pb-Bi and Pb corrosion loops installed at KAERI. The Pb-Bi loop 
is an isothermal loop. The flow velocity in the test section was designed to be around 2m/s in the range 
of 450~550oC and the charging volume of the Pb-Bi is around 0.03 m3. The Pb-Bi loop is mainly 
composed of a main test-loop, bypass-loop for filtering Pb-Bi and a mixture-gas supplying system. 
The liquid metal in the main test loop circulates in the following order: EM pump – EM flow meter – 
oxygen controller – test section – magnetic filter – EM pump. The Pb-Bi loop is being tested and the 
operation will start in June, 2006.  
 
KAERI’s Pb-Bi loop is an isothermal loop, but the Pb loop is designed to have ΔT. It is designed to be 
operated with flexible ΔT, ΔThot and ΔTcold. The minimum ΔTcold and maximum ΔThot are 450� and 
600� respectively. The Pb loop consists of EMP, flow meter, heater, cooler and oxygen control system. 
EMP and EM flow meter will have the same configuration as the ones used for Pb-Bi loop. The 
construction of the isothermal part of the Pb loop was completed and test run was performed for 300 

hours at 450�. The mixed gas of 14℃ H2O vapor and H2 was forced to flow over the surface of Pb 

inside the oxygen control tank. The oxygen content of the Pb was estimated to be 4.0 x 10-7 wt%. The 
non-isothermal part of Pb loop will be completed in 2006. 

 

   
Figure 26. Pb-Bi (Left) and Pb (Right) Corrosion Test Loops 
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4.  International Collaborations 
 
KAERI has been participating in the Joint Study on “Assessment of Innovative Nuclear Energy 
Systems based on a Closed Nuclear Fuel Cycle with Fast Reactors” since March 2005. The Joint Study 
is being implemented within the framework of IAEA INPRO Phase 1B (second part). The main goals 
of the Joint Study include the international assessment of the role of innovative nuclear energy system 
(INS) based on a closed nuclear fuel cycle with fast reactors (CNFC-FR) in providing sustainable 
energy supply in the 21st century, the identification of R&D directions for further development of this 
technology, and the encouragement of joint research projects in the area of mutual interest. The INS 
assessment using the INPRO methodology will dedicate to the improvement of the INPRO 
methodology.  
 
KAERI performed a national scenario study based on the INS concept consisting of KALIMER for 
TRU burning and a PWR/KALIMER coupled with fuel cycle. The results of the scenario study show 
that the introduction of KALIMER drastically reduces amount of PWR spent fuel. The amount of 
minor actinides, treated as high level waste, will not be increased any more with introducing 
KALIMER. From the results of the scenario study, fast reactors are clearly perceived as the INS 
component that can substantiate the domestic waste management claims in Korea.  
 
At present, KAERI is carrying out a preliminary INS assessment using the INPRO methodology. For 
the national INS assessment, a national working group was organized. The national INS assessment 
will be extended to a joint INS assessment in the Joint Study.  
 
KAERI has been also cooperating with the IAEA for the “Fast Reactor Knowledge Preservation” by 
an extra budgetary contribution and participated in the CRP “Updated Codes and Methods to Reduce 
the Calculational Uncertainties of the LMFR Reactivity Effects”. 
 
KAERI performed an I-NERI Project with ANL during 2003-2005 for studies on a passive safety 
optimization in a sodium cooled reactor. The overall goal of the Project was to identify, evaluate, and 
quantify the safety advances with the potential cost reductions offered by the innovative design 
features in sodium-cooled, metallic fueled fast reactors. Another I-NERI Project with ANL is now 
being performed for the development of supercritical CO2 cycle systems. 

 
KAERI has been participating in the discussions for the development of Generation IV SFR Project 
Plans and expects to initiate collaborative work later this year. 
 
5.  Prospects of SFR Technology Development in Korea 
 
The 3rd national mid- and long-term nuclear R&D Program is currently being finalized in order to 
establish a detailed R&D plan for the years from 2007 to 2016. It is envisioned that the SFR technology 
development in Korea will enter a new phase from 2007 with the participation in the Generation IV SFR 
collaboration.  
 
Based upon the experiences gained during the development of the conceptual designs for KALIMER, 
KAERI is planning to develop advanced design concepts. There are three main categories of R&D 
activities under consideration: 1) conceptual design of an advanced SFR, 2) development of advanced 
SFR technologies necessary for its commercialization and 3) development of basic key technologies.  
 
According to the current draft of the national mid- and long-term nuclear R&D program, the objective 
of the SFR R&D program is to develop an advanced SFR conceptual design with a schedule consistent 
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with Generation IV SFR collaboration. The R&D endpoints, which are specified in the Generation IV 
Technology Roadmap Report, will be utilized to define the design activities and deliverables. The 
KALIMER-600 design will serve as a starting point for this effort, and a new advanced design will be 
developed to have features with a potential to better meet the Generation IV technology goals of 
sustainability, safety and reliability, economics and proliferation resistance and a physical protection.  
 
For the development of advanced technologies, there are four areas: safety, fuels and materials, reactor 
systems and balance-of-plant. R&Ds will be performed for the improvement of economics and 
assurance of safety. For the development of the basic key technologies, the main focus will be on 
validating the computational tools and developing sodium technologies. 
 
6.  Summary 
 
In 2005, the preliminary conceptual design of the KALIMER-600 core and reactor systems was 
optimized. Conceptual design of KALIMER-600 will be completed in February 2007 when the Phase 
4 of the Fast Reactor Design Technology Project ends. 
 
R&Ds have been performed for the development and validation of computational tools for design and 
analysis. R&Ds were also performed for the development of advanced design concepts including the 
supercritical CO2 Brayton cycle energy conversion system. Studies were also performed for 
alternative design options including lead cooled fast reactor. 
 
KAERI is participating with IAEA for CRP, INPRO Joint Studies and Knowledge Preservation. 
KAERI is also participating in discussions for the development of Gen IV SFR project plans and 
performing I-NERI Projects. 
 
The 3rd national mid- and long-term nuclear R&D Program will be finalized later this year and the SFR 
technology development in Korea will enter a new phase from 2007. 
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PEACER : 3D Visualization
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PEACER Scaled Loop : HELIOS
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PEACER - Continuity
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SNU (1997)
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Submitted to the 39th Meeting of the IAEA Technical Working Group on Fast Reactors, 
Beijing, China, May 15-19, 2006 

 

GENERAL INFORMATION ON NPP IN RUSSIA 

On November 8, 2005 after commissioning in commercial operation of the third power 
unit of Kalinin NPP with VVER-1000 reactor, the number of nuclear power units in operation in 
Russia has reached 31 on 10 sites with total electric power 23.242 GWe: 

- 15 power units with VVER-type reactors (6 VVER-440 and 9 VVER-1000) of 
11.594 GWe total power (accordingly 11% and ~39% of electric power of all NPP); 

- 11 power units with RBMK-1000 reactors of 11.0 GWe total power (47% of electric 
power of all NPP); 

- 1 power unit with the BN-600 reactor (Beloyarsk NPP) of 600 MWe power (~2.5% of 
electric power of all NPP); 

- 4 power units of Bilibino co-generation plant of 48 MWe total power (~0.2% of 
electric power of all NPP). 

All NPP are located in the European part of Russia practically (Fig. 1). 
 

 
Fig. 1. A map of NPP location in Russia 

 
Total electricity production by the NPP in Russia in 2005 was 147.605 billion kW⋅h 

(growth 3.2% in comparison with 2004), i.e. about 16% of total electricity produced in Russia. 
Load factor average for all NPP in 2005 was 73.35%. 
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During 2005, no serious abnormal operating conditions of NPP were detected 
(26 events out of total 40 were classified by "0" level of INES scale, 14 events being below 
INES scale, i.e. “out of scale” cases). 

Now the strategy and the rate of development of the nuclear power in Russia are re-
examined. Although recently near-term plans implied for commissioning of about one power 
unit each two years, the current goal of nuclear branch of Russia is to increase the share of 
nuclear electricity up to 25% of total electricity production in the country by 2025. It will require 
commissioning of about two power units per year. 

Among the nearest purposes there is a construction of 2nd unit of Volgodonsk NPP, 5th 
unit of Balakovo NPP, 4th unit of Kalinin NPP with VVER-1000 reactors. Completion of 
construction of the 4th power unit with the BN-800 reactor of Beloyarsk NPP is planned to 
2012. 

Simultaneously with construction of the new power units, work on extension of NPP 
design lifetime is carried out for units being in operation. To the present time lifetimes were 
prolonged for 9 power units related to the 1st generation. In 2005 lifetimes of 3rd unit of Bilibino 
NPP and 2nd unit of Leningrad NPP were prolonged. 

FAST REACTORS 

In Russia there are 2 fast reactors in operation: 
- experimental reactor BOR-60 at the SSC RF RIAR (Dimitrovgrad); 
- commercial power unit No. 3 of Beloyarsk NPP (BNPP) with sodium cooled fast 

reactor BN-600 (Zarechny). 
Research reactor BR-10 at the SSC RF – IPPE (Obninsk) is on the stage of 

preparation for its decommissioning. 
Construction of No. 4 power unit of Beloyarsk NPP with sodium cooled fast reactor 

BN-800 is carried out. 
R&D on various advanced fast reactors are carried out. 

NPP WITH THE BN-600 REACTOR 
NPP with the BN-600 reactor is in operation more than 26 years (it was connected to 

the grid in 1980) and it is the largest in the world operating power unit with fast reactor. 
Design electric power level of reactor plant equal to 600 MWe was reached in 

December 1981. 

Basic operational parameters 
Since 1980, more than 96.2 billion kW⋅h of electricity has been produced by the power 

unit. In 2005, 4086.51 million kW⋅h of electricity has been produced. Power unit load diagram 
in 2005 is presented in Fig. 2. 

Energy consumption by the auxiliaries (production of electricity and heat) in 2005 was 
290.36 million kW⋅h, i.e. 7.11% of total energy production (as compared to planned value 
7.62%). 

In 2005, NPP load factor was equal to 77.75% as compared to forecasted 75.95% 
value. Average load factor from 1983 is equal to 74.1% and from 1982 it is equal to 73.1%. 

In 2005, the power unit with the BN-600 reactor has been operated in the base mode 
at the rated power level. 295.8 Tcal of heat has been delivered for auxiliaries, industrial 
purposes and district heating. Decrease of the load factor caused by these heat deliverables 
was 0.72%. 
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Fig. 2. Load map of BN-600 power unit in 2005 
 

1 - medium scheduled repair; 2 - routine scheduled repair. 
 
No unscheduled shutdowns of No. 3 power unit and loop outages occurred in 2005. 

There were 2 power unit shutdowns in 2005 for refueling and scheduled maintenance service: 
- 29.03 - 26.05.2005 - 57,85 days (Fig. 2) 
- 25.09 - 11.10.2005 - 16,46 days (Fig. 2) 

List of the basic repair and maintenance works executed at BN-600 
The following basic repair and maintenance work has been done in 2005 on No. 3 

power unit: 
1. Control rods replacement by the modified rods with high lifetime was continued. 
2. Scheduled repair of No.5 turbine was performed to modify the design of low 

pressure cylinder and its rotor. This made it possible to increase No.5 turbo-
alternator capacity by 5 MW. 

3. Removable unit of No.5 secondary pump was replaced. 
4. Shaft gas sealing units in No.4 pumps of the primary and the secondary circuit 

loops were replaced. 
5. Level indicator in 3BN-1V sodium storage tank was replaced. 
6. Operating control of structural materials of the main components and piping of the 

third circuit was carried out. 

Work on extension of unit lifetime 
Design lifetime of the BN-600 reactor plant expires in April 2010. 
During 2002-2005 period, the first stage of the BN-600 preparation for its lifetime 

extension (LTE) by 15 years (over design lifetime to be expired in 2010) was accomplished. 
Results of performed work (comprehensive examination of the systems and 

components of the power unit and estimation of its current safety level) were used to form in 
2005 the materials of Investment Project on LTE showing cost effectiveness and 
attractiveness of further work in this area. According to the estimates, specific cost of LTE of 
the BN-600 power unit is ~ $250 per kW of installed power. 

In 2005, the material studies program was continued. Results of studies have 
demonstrated behavior of operating characteristics of structural materials of reactor plant 

1                                               2 

MW 
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during 200 000-300 000 hours of operation. Besides, results of experimental studies 
are used for the development of analytical techniques making it possible to take into account 
neutron radiation effect on the stage of origination of micro cracks and to forecast the growth 
of crack-like defects up to critical size. 

The results obtained can be used for analytical studies on revised mechanical strength 
and lifetime of critical (non-replaceable) elements of the BN-600 reactor. The work on 
justification of 15-year LTE of the BN-600 reactor is planned to complete in 2007. 

In 2005, work on components replacement and their safety improvement required for 
LTE was also carried out. In particular: 

- manufacturing of steam generator modules was started. Within the framework of 
preparation for LTE, replacement of all steam generators is planned; 

- the outlet cascades of low pressure cylinder on No.5 turbine were replaced. The 
similar procedure is planned on the rest two turbines; 

- work is going on to increase seismic stability of the power unit, as well as to modify 
measurement and automatic control system. 

Transition to a new core modification 

01М2 core was installed in the BN-600 reactor as a result of 46÷49 refueling 
procedures. After 49th refueling (by the beginning of 50th reactor run on 10.10.2005) the core 
condition corresponds to the design steady state mode of 01М2 core of the BN-600 reactor. 
The modified 01М2 core has 4-fold reactor refueling and provides the following operational 
parameters: 

• max allowable fuel burnup - 11.1% h.a.; 
• max irradiation dose - 82 dpa; 
• max duration of irradiation of the majority of the core fuel subassemblies (FSA) - 

560 eff. days; 
• max duration of irradiation for 36 peripheral FSA of high enrichment zone - 730 eff 

days. 

EXPERIMENTAL REACTOR BOR-60 
Experimental BOR-60 reactor is in operation more than 36 years (it was put into 

operation in 1969). It is used for material tests, isotopes production, tests of the various 
equipment of fast reactors, and also for heat and electricity production. 

The basic indices of BOR-60 reactor plant operation in 2005 and during the whole 
operation period are presented in Table 1. 

Time schedule of BOR-60 reactor operation during 2005 is shown in Fig. 3. 
There were 5 scheduled shutdowns of BOR-60 reactor plant in 2005 (Fig. 3): 
- from 10.01.2005 till 20.01.2005 - unloading of isotope products, 
- from 07.03.2005 till 18.03.2005 - unloading of isotope products, 
- from 15.05.2005 till 27.06.2005 - scheduled preventive repair work, 
- from 07.08.2005 till 18.08.2005 - unloading of isotope products, 
- from 09.10.2005 till 23.11.2005 - scheduled preventive repair work. 
2 unscheduled reactor shutdowns were in 2005: 
• 27.03.05 – reactor was shut down automatically (slow shutdown) upon the decrease 

of feed water flow rate to the OPG-2 reversed steam generator down to emergency 
set point caused by the undervoltage on the 1st section of 6 kV switchyard of the 
main power supply system (outage time was 19 hours 52 minutes). 

 
 

Table 1 
Indices of BOR-60 reactor operation in 2005 
and in the period since its commissioning 
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Indices 1 qtr 2 qtr 3 qtr 4 qtr 2005 From start-up 
to 31.12.2005 

Time of reactor 
operation on power 
exceeding minimum 
controlled level, h 

1630 1123 1932 1101 5786 209931 

Reactor load factor 0,755 0,514 0,875 0,5 0,661  

Max reactor power, MW 55 45 50 55 55  

Energy output: 
heat, MW⋅h 
electricity, MW⋅h 

78774 
11118,4 

47122 
9470,4 

94394 
16857,2 

55207 
8675,2 

275497 
46121,2 

8672286 
1387605,8 

Time of SG operation: 
SG-1, h 
SG-2, h 

1611 
1611 

1062 
1099 

1019 
1913 

1091 
1091 

4783 
5714 

132872 
88694 
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Fig. 3.  Diagram of BOR-60 reactor operation in 2005 

- 25.12.05 - reactor was shut down automatically (slow shutdown) upon the decrease 
of feed water flow rate to the OPG-1 reversed steam generator down to emergency 
set point caused by switching-off feed water pump on false signal produced by failed 
device (outage time was 9 hours 57 minutes). 

The following experimental studies were carried out at BOR-60 reactor in 2005: 
• Irradiation of various fuel, absorber and structural materials at high sodium temperature 

(up to 530°С) and neutron flux (up to 3.7⋅1015 cm-2s-1) 

MW 

368 of 459



  

- mixed oxide vipac and pellet fuel; 
- pellet nitride fuel; 
- samples of BOR-60 reactor vessel material; 
- samples of zirconium alloys, ferritic-martensitic steels, boron-containing materials, 

graphite. 
• Isotopes production 

- production of strontium-89 radionuclide from Y2O3 yttrium oxide by threshold 
reaction Y89(n,p)Sr89; 

- production of gadolinium-153 radionuclide from europium oxide; 
- production of nickel-63 isotope by threshold reaction Cu63(n,p)Ni63. 

• Testing components and technologies 
- duration tests of reverse steam generators (RSG); 
- study of Na22 isotope characteristics. 

• Work on justification of extension of BOR-60 reactor lifetime and its safe operation 
Operation of BOR-60 reactor is permitted till 31 December 2009 on condition that 

Measures on assurance of safe operation of BOR-60 reactor for the period until 2010 will be 
fulfilled. After 2009, it is planned to replace BOR-60 reactor with the new reactor BOR-60М. 

In the framework of preparation for BOR-60 lifetime prolongation and substantiation of 
its safety the following works were performed in 2005: 

- An updated list of initial events of beyond design basis accidents that should be 
analyzed for BOR-60 safety justification is developed and proved. 

- Analysis of external shock of rated magnitude (10 kPa) as applied to the reactor 
building was made and response spectra and accelerograms were preliminarily 
estimated for each storey. 

- The irradiation of samples of BOR-60 reactor vessel material proceeded. 
- Package for removal of cesium radionuclides from the primary coolant was designed 

and fabricated, and the procedure of coolant purification was tested. 
- Work on inspection of condition of various components and systems and extension 

of their lifetime continued, including: 
• technical certification of CSS elements and equipment of BOR-60 reactor was 

being performed; 
• welds on the secondary loops were inspected and bellows expansion joint on the 

secondary pipeline was replaced. 

EXPERIMENTAL REACTOR BR-10 
Experimental BR-5 reactor with thermal power 5 MW was put into operation in IPPE in 

1959. After modernization in 1971-73, the reactor was named BR-10 and its power had 
increased up to 8 MW. After operation during about 44 years reactor BR-10 was finally shut 
down on December 6, 2002 and now it is on the preparatory stage of its decommissioning. 

Current status of the BR-10 reactor is as follows: 
- all fuel subassemblies have been unloaded from the core and replaced by the 

dummy subassemblies; 
- sodium has been drained from the primary and secondary circuits to the storage 

tanks and frozen; 
- the inner surfaces of the primary circuit have been cleaned from sodium and 

decontaminated. 
It should note the following works performed in 2005: 
 
1) Implementation of washing and decontamination of inner surfaces of the equipment 

and piping of BR-10 primary circuit 
First, the inner surfaces of the primary components and piping of the BR-10 reactor 

were washed by steam and gas. In contrast to the previous similar procedures, in this case 
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not only the main components and pipelines were subject to washing, but also 
auxiliary primary systems. The following special organizational and technical measures were 
made in order to minimize interacting amounts of steam and sodium: 

- independent sequential washing of isolated sections of the primary system; 
- installation of throttle plates; 
- preliminary nitrogen supply to the washed section; 
- stepwise increase of the steam flow rate. 
Upon completion of steam & gas washing of the primary circuit it was subject to 

washing by distillate and then to decontamination by acid solutions followed by repeated 
distillate washing and drying out. 

Acid decontamination of the primary loops was made using decontaminating solution 
(10% of nitric acid and 1% of oxalic acid) during 1 hour at ∼60°С temperature. 

2) Substantiation of technology of conditioning of non-drained sodium residues and its 
oxides by using nitrous oxide 

In the third quarter of 2005, construction of LUIZA-T test facility designed for studies on 
removal of non-drained sodium residues and its oxides using nitrous oxide (N2O) was 
completed. Tests were carried out on removal of non-drained residues of sodium and its 
oxides (using nitrous oxide) after removal of max possible amount of sodium and its oxides 
from the cold trap cut out from the secondary circuit. 

3) Continuing R&D work on conversion of NaK waste to the safe condition by solid 
phase oxidation (SPO) method 

The following work has been carried out in this area: 
- In order to justify design of Mineral-50 test facility, Mineral-1.5 work section was 

created and program was worked out for analytical and experimental studies on the effect of 
initial porosity of copper plant slag on characteristics of SPO process as applied to NaK 
coolant. 

- Copper plant slag and NaK coolant were prepared for the large-scale experimental 
studies on conversion of NaK coolant into the safe condition by SPO method. The content of 
impurities in prepared chemical agents was studied. 

- During 2005, the components of Mineral-50 test facility were manufactured. Now its 
assembling is under way, as well as preparation for studies on conversion of NaK coolant into 
the safe condition by SPO method. 

4) Studies of a current status of FSA with uranium-nitride fuel 
In 2005, studies were continued on condition of the fuel elements of spent fuel 

subassemblies in terms of release of gas fission products at the various temperatures (up to 
250°С). Uranium nitride fuel subassemblies were studied after their washing with steam. This 
work is supposed to complete in 2006. 

5) Development of technology of cleaning of the cold traps 
Design of test facility for cold trap cleaning by water-alkali vacuum method is under 

development. 

NPP WITH THE BN-800 REACTOR 
Construction of the 4-th power unit with the BN-800 reactor on Beloyarsk NPP site is 

carried out in accordance with the Program of Development of Nuclear Power in the Russian 
Federation for 2000-2005 Period and up to 2010. Date of construction completion and power 
unit commissioning is planned in 2012. 

In 2005, construction of No. 4 power unit of Beloyarsk NPP (i.e. its main components, 
such as reactor building, special building, diesel generator building, process water supply 
facilities, process communications etc) was carried out in accordance with the schedule. 

By now, all 22 auxiliary systems have been constructed and put into operation on the 
site of No.4 power unit, i.e. start-up and stand-by boiler-house, fuel-oil handling system, water 
makeup system, treatment plant for industrial storm water runoff, oily sewer and household 
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effluents, combined pumping plant for service, potable, process and fire-protection 
water supply, utility systems (water pipeline and drain systems), fire department, tote roads 
and the railways. Engineering-laboratory building, dining facility and rotational camp for 
constructors and installers have been prepared for putting into operation before the end of 
2006. 

According to the program of construction of No. 4 power unit of Beloyarsk NPP, the 
following work is planned for 2006: 

• Full completion of construction of foundation plate of reactor comparrtment of the 
main building. 

• Completion of placement of concrete into the foundation plate of the turbine hall of 
the main building. 

• Completion of construction of reactor assembling building. 
• Completion of placement of concrete into the foundation plate of special building and 

special rest building. 
• Continuation of construction of supply channel. 
• Continuation of construction of closed and open sections of discharge channel. 
• Erection of underground section of administrative building up to –3.00 elevation. 
It is planned to begin manufacture of the main equipment in 2006, in particular main 

and guard reactor vessels, sodium tanks of primary circuit. 
The development of a pilot plant design for manufacture of MOX-fuel for BN-800 is 

under way. 

PARTICIPATION IN WORK ON THE BN-350 REACTOR DECOMMISSIONING 
In 2005, the Russian experts participated in the following works on the BN-350 reactor 

decommissioning: 
- continuation of development of a design of the complex for reprocessing of liquid 

radioactive waste (start complexes No. 1, 2), 
- development of a design of the complex for reprocessing of solid low and medium 

radioactive waste of the BN-350 reactor by pressing method. 

DEVELOPMENT IN THE FAST REACTOR AREA 
The following researches in the fast reactor area are carried out in Russia: 
• Justification of lifetime extension for the BN-600 and BOR-60 reactors. 
• Correction of separate materials of the detailed design of BN-800 reactor, 

development of the pilot plant design for manufacture of MOX-fuel for BN-800. 
• Development of advanced sodium cooled fast reactors: 

- Continuation of R&D work on development of the concept of large-size 
commercial fast reactor with sodium coolant; 

- Continuation of conceptual development of small-size two-circuit NPP with 
sodium cooled fast reactor and gas turbine (concept of the BN GT nuclear co-
generation power plant). 

• Researches on fast reactors with heavy liquid metal coolant: 
- R&D on justification of design of NPP with lead cooled 

BREST-ОD-300 reactor; 
- Development of basic design of SVBR-75/100 reactor with lead-bismuth 

coolant (LBC). 
• Researches on gas-cooled fast reactors. 
• A work on preservation and systematization of experience and knowledge gained in 

sodium cooled fast reactor area in Russia. 
• Participation of the Russian experts in the international project INPRO. 
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Development of advanced concept of large size sodium cooled 
commercial fast reactor 

Now, studies are continued in order to form the concept of commercial NPP with large 
size sodium cooled fast reactor (BN-C). Results of studies on the large size sodium cooled 
fast reactor using traditional three-circuit design have been taken as a basis for the 
development of the BN-C concept. 

The task is stated to reach favorable economical characteristics of the BN-C with its 
high safety level meeting the requirements to the 4th NPP generation. 

During 2005, optimization of the main parameters of the BN-C and design approaches 
to the main components and systems was carried out. Various designs of NPP (4200 MWth, 
3750 MWth and 2500 MWth power) and the third circuit (medium and supercritical parameters 
of thermal cycle) were studied. Based on the results of studies, 4200 MWth reactor design with 
moderate parameters of sodium and water-steam circuits was chosen for the further 
development (Table 2). 

Table 2 
The basic parameters of the BN-C unit accepted to the further study 

# Parameter Value 
1 Reactor thermal power, MWth 4200 
2 Primary sodium temperature (core inlet / IHX inlet), °С 410/550 
3 Secondary sodium temperature (SG outlet / SG inlet), °С 355/527 
4 Mode of intermediate steam superheating Steam 
5 Tertiary circuit parameters: 

- pressure (SG outlet), MPa 
- temperature (SG outlet), °С 
- feedwater temperature, °С 
- temperature of intermediate steam superheating, °С 

 
14,0 
510 
240 
250 

 

Below described are technical and design approaches taken as a basis: 
- number of loops of primary circuit - 4 (each loop contains 1 IHX and 1 main 

circulation pump); 
- number of loops of secondary circuit - 4 (each loop contains 1 IHX, 1 main 

circulation pump and 1 SG); 
- number of turbines per unit - 2; 
- pool configuration of primary circuit with auxiliary sodium systems (control 

and maintenance of coolant quality) built-in in a reactor vessel; 
- reactor silo lining implements functions of a guard vessel; 
- SG of integral type with straight tubes and with 1050 MW power capacity; 
- realization of intermediate steam superheating; 
- implementation of a closed fuel cycle. 

Various designs of reactor vessel support are studied. Various options of decay heat 
removal system are considered. These systems are based on either secondary circuit heat 
exchangers or independent heat exchangers. 

Concept of BN GT nuclear co-generation power plant 
At the SSC RF–IPPE, conceptual studies on a small size modular nuclear co-

generation power plant (NCPP) are continued. The basis of this transportable design is a 
sodium cooled fast reactor. This concept (NCPP BN GT) uses two-circuit heat removal 
system with sodium in the primary circuit and gas turbine in closed secondary circuit. 

It is proposed to use the NCPP BN GT as the long term independent source of 
electricity and heat supply for industrial and public consumers in the regions located far from 
centralized power systems. This concept provides an opportunity of generation of high 
potential heat (at the temperature up to 600°С) for various technologies and low-potential 
heat (water working temperature 75-80°С and 100-120°С) for district heating. 
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In addition to studies of the BN GT NCPP concept made earlier for the power 
range from 100 МWe to 300 МWe, conceptual studies were carried out for the power range 
from 20 МWe to 70 МWe. For this power range it is supposed to use a sodium cooled reactor 
with an intermediate spectrum of neutrons, but not with a fast neutron spectrum. 

Among the other advantages of the BN GT concept the modular-transportable design 
approach should be mentioned, since this makes possible prefabrication of the modules at the 
manufactory, which can be transported to the site by the railway or by motor transport. This 
decreases significantly the time of the NCPP construction. 

The main characteristics of three small-size options of the BN GT NCPP are presented 
in Table 3. 

Table 3 
Main characteristics of small-size options of BN GT NCPP 

Characteristic BN GT-20 BN GT-35 BN GT-70
Reactor thermal power, MWth 48 84 167 
Rated electric power(net), Mwe 20 35 70 
Max. power supplied to district heating without electric power decrease 
(heating mode 1, HM-1), MWth 

6,8 11,5 23,0 

Type of heat supplied to district heating at HM-1 Hot water, t = 75 - 80°C 
Max. power supplied to district heating with electric power decrease 
(heating mode 2, HM-2), MWth 

30 47 105 

Type of heat supplied to district heating at HM-2 Hot water, t = 100 - 120°C 
Residual electrical power at HM-2 (at the max level of heat delivery), Mwe 15 26 52 
Primary circuit parameters: 
- reactor inlet/outlet temperature, °С 
- coolant flow rate, kg/s 

 
522/612 

423 

 
522/612 

741 

 
522/612 

1482 
Max cladding temperature, °С 673 674 677 
Working medium Nitrogen with admixture of argon 
Parameters of gas turbine cycle: 
- max temperature at the turbine inlet, °С 
- gas flow rate, kg/s 
- max pressure, MPa 

 
590 
104 
10 

 
590 
182 
10 

 
590 
364 
10 

Efficiency of NCPP with respect to electricity, % 42 42 42 
Total efficiency of NCPP taking into account heat delivery for district 
heating at HM-1/HM-2, % 

55/90 55/90 55/90 

Design lifetime, year 54 60 45 
Max mass of transportable unit, ton 274 295 343 
Duration of a core loading run (with load factor 0.8), year 54,0 30,0 15,4 
Number of main NCPP circuits (excluding heat system circuit) 2 2 2 

Mode of NCPP manufacturing Unit transportable in a special 
railroad block-car or trailer 

First loading fuel UN 
Moderator Graphite 
Average power density, kW/litre 6,4 11,3 22,7 
Average fuel burn-up during a run, % h.a. 4,5 4,5 4,5 

 

Reactor plants with lead-bismuth coolant 
Development of basic design of unified SVBR-75/100 reactor with LBC for modular 

NPP of various power capacity is carried out. In particular: 
• basic neutronic and thermal hydraulic characteristics of a core are calculated; 
• limits of safe operation and operational limits of fuel pin failure are determined; 
• studies on a substantiation of reactor safety under severe beyond design basis 

accidents are carried out; 
• an opportunity of increase of reactor power is investigated. 

BREST-ОD-300 
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In 2005, R&D work was continued on substantiation of design of NPP with 
BREST-ОD-300 reactor plant in the following areas: 

• coolant technology – justification of specifications on the quality of lead coolant 
under rated operating conditions; 

• studies of materials – inspection of samples of structural materials and welds tested 
in liquid lead at the nominal temperature; 

• safety issues – analytical studies of various transients and accidental conditions. 
The question of construction of a small experimental fast reactor with lead coolant 

(30 MW) is discussed. 

Development on gas-cooled fast reactors 
Last years the conceptual studies of helium-cooled fast reactors (HFR) are renewed. 

They are based on long-term Russian experience of development of the HFR concepts [1]. In 
1980-s, in particular, a basic design of the HFR-300 NPP was developed as the candidate for 
prototype power unit with helium-cooled fast reactor. 

Based on the above considerations recommendations have been made by now on the 
development of the new HFR concepts. Specialists from SSC - Kurchatov Institute, OKBM, 
VNIIAM and other organizations are involved in these studies. Power units with HFR are 
assumed to be used for electricity production and (in the future) for energy & technology 
purposes. 

The development of the conceptual design of two-circuit NPP with production of steam 
with superhigh parameters is under way [2]. The design of the HFR-1000 NPP is considered 
as commercial power unit. The main characteristics of the HFR-1000 NPP are presented in 
Table 4. 

Table 4 
Main characteristics of the HFR-1000 NPP 

Characteristic Value 
Reactor thermal power, MWth 2000 
Rated electric power, MWe 1000 
Coolant Helium 
Coolant pressure, MPa 16 
Primary coolant temperature (reactor inlet/outlet), °С 350/750 
Live steam pressure, MPa 30 
Live steam temperature, °С 650 

 

Design studies were made on the core of HFR-1000 using fuel subassemblies filled 
with micro spherical fuel elements with high density fuel and ceramic coating cooled by 
longitudinal-lateral helium flow. Work was carried out on choosing and adjustment of design of 
fuel element and fuel subassembly, as well as general flow diagram and arrangement of HFR-
1000 reactor plant. 

In addition, studies are performed on HFR core designs with traditional fuel 
subassemblies consisting of pin-type fuel elements based on up-to-date design approaches 
as applied for fast reactors. 

Work on fast reactors within the framework of INPRO project 
In 2005, activities were continued within the framework of INPRO project aimed at: 

• creation of a representative forum for discussion of topical strategic and 
institutional aspects of development of innovative nuclear power systems (INPS) 
meeting requirements of power supply basis for the stable development of the 
mankind; 

• development and improvement of methodology of estimation of INPS; 
• formation of justified proposals on high priority trends of INPS development, 

arrangement of nuclear fuel cycle and the whole infrastructure of the world 
nuclear power. 
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Now the work is carried out on final stage of 1B phase – study of capabilities of 
specific INPS. An international estimation of INPS based on closed nuclear fuel cycle with fast 
reactors is carried out on the base of proposal made by the Russian side. Besides Russia, 
India, China, Republic Korea and France participate in this study. Japan participates as an 
observer. In December, 2005, Ukraine has expressed desire to join this study. 

IAEA Technical Meeting on the concept of studies and work schedule was held in 
March 2005 in Russia. During 2005, input data was prepared for the joint studies and, in 
particular, parameters of INPS under study and their development scenarios were 
determined. 

In March 2006, IAEA Technical Meeting was held in India, where obtained results were 
discussed and the plan of further work was agreed upon. 

ACCELERATOR DRIVEN SYSTEMS 

The following Russian research institutes participate in the studies on accelerator 
driven systems (ADS): Institute of Theoretical and Experimental Physics (ITEP), SSC RF –
 Institute for Physics and Power Engineering (SSC RF - IPPE), All-Russian Research Institute 
of Experimental Physics (VNIIEF), Joint Institute for Nuclear Research (JINR), RSC 
Kurchatov Institute (RSC KI), Institute of Nuclear Research of the Russian Academy of 
Sciences (IYaI RAN), Experimental Design Bureau GIDROPRESS (OKB GIDROPRESS), All-
Russian Research Institute of Technical Physics (VNIITF) etc. 

A certain work coordination in the area of ADS in Russia is supposed to perform within 
the framework of study program aimed at the comparative analysis of various approaches to 
the issues of incineration of long-lived radioactive waste (RAW) using ADS burners and 
choice of the most effective option for further development. This study program implies for 
comparison of options of ADS with fast reactor (with Pu-Bi coolant), intermediate neutron 
reactor (with molten salts) and thermal reactor (with D2O coolant). This study program implies 
for: 

- creation of specialized database for evaluation of ADS parameters; 
- study of various characteristics and properties of ADS and their optimization for the 

purpose of decreasing accelerator power; 
- development of techniques of comparison of various ADS; 
- comparative analysis of various ADS designs; 
- preparation of input data for chosen ADS option. 
Below listed are specific studies on ADS performed in 2005. 

1. SAD facility project - (JINR) 
The development and construction in JINR (Dubna) of the SAD facility continues in the 

framework of the ISTC Project. The following institutes from the Russian side participate in 
this ISTC Project: JINR, Research and Design Institute of Power Engineering (NIKIET), 
Industrial Association "MAYAK", State Special Project Institute (GSPI) and All-Russian 
Scientific Research Institute of Inorganic Materials (VNIINM). 

The SAD facility is a subcritical MOX fuel assembly controlled by the proton accelerator 
existing at the JINR with 660 MeV energy and 3 μA max beam current. The main parameters 
of the facility are presented in Table 5. 

Table 5 
Fuel UO2+PuO2 
Spallation target (replaceable) Pb, W 
Proton energy 660 MeV 
Proton current 1,5 μA 
keff 0,95 
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Thermal power 28 kW 
Reflector Lead 
Spectrum Fast 
Coolant Air 

 

The following research program is supposed to implement at the facility: 
- studies on assembly neutronics, including reactivity feedbacks; 
- measurements of rates of reaction of transmutation of minor actinides and long-

lived fission products; 
- measurements of spallation product yields in the target. 
By now, design of subcritical assembly SAD driven by proton accelerator and design 

documents were prepared for licensing procedure. During 2005, report was prepared for 
justification of safety of SAD subcrtical assembly. 

At the Industrial Association "MAYAK", technology of production of ceramic-grade 
plutonium powders was developed, physical and chemical characteristics of depleted UO2 
were studied, and the possibility of sintering of obtained PuO2 powders with depleted UO2 
was studied in laboratory, production of MOX fuel was prepared and ∼3.2 kg pilot batch of 
MOX fuel pellets were manufactured. At the end of 2005, the pilot batch of MOX fuel pellets 
was accepted. 

2. Accelerator driven neutron generator XADS – (ITEP) 
At ITEP work continues on construction of eXperimental ADS (XADS) based on 

decommissioned heavy water reactor and pulse 36 MeV proton linear accelerator ISTRA-36. 
The basic parameters of XADS facility are presented in Table 6. 

Table 6 
Parameter Value 

Output beam energy, MeV 36 

Average beam current, mA 0.5 

Target Ве 

Intensity of fast neutrons, n/s 3×1014 

Number of fuel elements 16 – 17 

The basic multiplying material 235U 

Fuel enrichment of 235U, % 90 

Loading of 235U, kg 1.3 

Moderator and coolant D2O 

Reflector D2O; graphite 

keff 0.95 

Thermal neutron flux in experimental channels, n/cm2⋅s 2×1012 

Thermal power at keff = 0.95, kW 100 
 

A specific feature of a subcritical blanket of XADS is its two-section configuration - 
conical beryllium target located in the central area is surrounded by a fast neutron breeding 
zone (first section), which is in turn surrounded by thermal blanket (second section) made 
from fuel elements with enriched 235U. 

Basic design of this facility and all R&D work for its proving out have been completed 
and license for its construction has been issued. Erection of the subcritical target-blanket 
complex has been completed. 
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Now construction and assembly work is under way on linear accelerator 
ISTRA-36. The opportunity of initial start of the subcritical target-blanket complex with a 
deuterium source is examined. 

3. Experimental researches of neutron cross sections of various isotopes in high 
energy range – (IPPE) 

Specialists of SSC RF - IPPE continue a participation in the experimental studies at 
CERN as applied to European ADS project to obtain nuclear data on minor actinides and fuel 
compositions including those for thorium cycle. Studies are carried out on PS24 proton 
accelerator in the energy range from 0.01 eV to 1 GeV using lead target. 

4. Development of the ADS concept with electron accelerator - (IPPE) 
In 2005 it was completed a development of a concept of ADS based on modular fast 

reactor with lead-bismuth coolant driven by electron accelerator. Within the framework of this 
study the main technical approaches and characteristics of the system consisting of an 
electron accelerator, target complex and subcritical blanket based on SVBR-75/100 design 
were determined. 

The opportunity of use of this ADS option for the research purposes was proved. It was 
shown the necessity of application of: 

• two-cascade blanket; 
• an option of the target without a window. 

5. Development and substantiation of concepts of molten salt critical and 
subcritical reactors 

The development and substantiation of the concepts of critical and subcritical molten 
salt reactor with closed nuclear fuel cycle is carried out by the specialists from RSC Kurchatov 
Institute in cooperation with some institutes of the Russian Federation and Czech Republic 
(CR). The following possible areas of application of liquid salt technology in nuclear power are 
shown: 

• a subcritical liquid salt reactor with an external neutron source; 
• a critical high-flux molten salt reactor with fast neutrons as a burner of minor 

actinides and some long-lived fission products in the closed nuclear fuel cycle; 
• a thermal breeder reactor with thorium fuel and molten salts with nuclear fuel self-

supply; 
• a high-temperature reactor with microfuel and molten salt coolant for co-generation 

of hydrogen and electricity; 
• an uranium-plutonium molten salt fast breeder reactor; 
• a high-flux molten salt test reactor for an irradiation of materials and production of 

radioactive isotopes. 
In 2005 the work proceeded in the following areas: 
- development of mathematical models of a fuel cycle of critical and subcritical molten 

salt reactors in the structure of multicomponent nuclear power; 
- analytical and experimental studies of high-flux molten salt reactor for incineration 

of long-lived radioactive waste; 
- comparative analytical studies of characteristics of molten salt fast neutron reactors 

with various salt compositions; 
- an irradiation in IR-8 reactor (RSC KI) of a molten salt fuel composition with MA in 

the framework of the project AMPOULE (in cooperation with CR). Development of a 
total nuclear fuel cycle of MSR-MA burner from technology of the fuel salt 
production to post-irradiation extraction of fission products from irradiated fuel salt 
composition; 

- corrosion tests of MONICR alloy in the new salt composition and experimental 
studies of salt compositions in the loop (in cooperation with VNIITF); 
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- generalization of results of heat transfer and thermal hydraulics studies in 
cascade subcritical molten salt reactor-burner of long-lived radwaste, studies on 
features of heat transfer in the target unit of the reactor, internal and external core 
designs using various coolant and fuel types [3]. 
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1.  General Situation 
 
1.1  UK Electricity Production in 2005 
 
During the year 2005, total electricity production in the UK was 378 TW·h, almost unchanged 
from the previous year (375 TW·h in 2004). A further 8.3 TW·h was imported from France 
via a 2 GW inter-connector. This is illustrated in Figure 1, and comparisons with previous 
years are provided in Table 1. 
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Figure 1 – Fuels Used in UK Electricity Generation in 2005 

 
Almost 1/5 of the UK’s electricity (around 75.2 TW.h) is generated by nuclear plants. Most of 
these are owned by the private utility British Energy (BE) whose stations produced 60.4 TW·h 
during the year from 1 April 2005. In the UK, BE owns the 7 twin-reactor Advanced Gas-
cooled Reactor (AGR) stations and the Sizewell B PWR. The AGR stations were constructed 
during the 1970s and early 1980s with design life times ranging from 25 to 35 years. In 
September 2005 BE announced that it had secured the necessary agreements to extend the life 
of the Dungeness B AGR by 10 years (to 2018), but this was recognised as a special case 
because the early performance of the station was very poor, and consequently the peak 
irradiation dose to life-limiting components (especially the graphite moderator) is much lower 
than for its contemporary stations. BE is examining the case for extending the lifetimes of the 
other AGRs, but for the moment they remain as indicated in Table 2, with the oldest stations 
retiring in 2011 and the most recent stations due to close in 2023. 
 
The remaining UK nuclear stations are the first generation Magnox units, the first of which 
were opened in 1956 at Calder Hall, now part of the Sellafield site. Ownership of the Magnox 
stations has passed to the new Nuclear Decommissioning Agency (NDA), although the 
stations are operated by British Nuclear Group under contract to the NDA. The status of the 
UK’s 11 Magnox stations is summarised in Table 3. Seven of these stations, at Berkeley, 
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Trawsfynydd, Hunterston, Hinkely Point, Bradwell, Calder Hall, and Chapelcross have 
already been closed. Although the remaining 4 plants continue to operate safely and reliably, 
the NDA has published plans to retire two of these stations later this year. This decision has 
been taken based on the anticipated economic performance of the stations, and the cost of 
maintaining their related fuel cycle facilities. The last station to close will be Wylfa, in 2010. 
 
Over the last two centuries most of the UK’s primary energy needs have been met by coal, 
with production reaching 292 million tons per year in 1913. However, most of the UK’s coal 
lies in deep seams, and the cost of extraction has risen to uneconomic levels as mines have 
become depleted. At its height the industry employed over 1.2 million people, but today the 
figure is less than 10,000. During the 1970s oil and gas were discovered in the North Sea, and 
for the next three decades these made a major contribution to the UK’s primary energy needs. 
Today, gas accounts for 40% of the UK’s primary energy consumption, as illustrated in 
Figure 2. However, within the last decade production has reached a peak and has begun to 
decline as reserves become depleted (Figure 3). The UK is expected to become a net importer 
of gas by 2006-07, with UK production forecast to decrease sharply from 2008 onwards. By 
2020, around 75% of the UK’s total primary energy needs may have to be imported. 
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Figure 2 –  Primary Energy Source Used in UK Electricity Generation, 1970-2003 

 
The UK Government has declared strong support for renewable energy, and has introduced 
several market mechanisms which are designed to promote renewable energy schemes 
(described later). As a result, this is the only sector which has exhibited strong growth over 
the last 5 years. The UK now has 125 operational wind farms generating almost 1600 MWe 
with 23 more under construction, which will add a further 571 MWe. In addition almost 80 
projects with a combined capacity of 2500 MWe have planning consent, although the rate at 
which these will enter construction, if at all, it is not clear. Land based wind farms have 
encountered significant local opposition, and the Energy Minister has very recently 
announced an important decision to reject a proposal to construct 27 large turbines (2.5 MW, 
70 m) at Whinash in Cumbria. As a result of local opposition, interest is growing in off-shore 
wind farms, although these are more expensive to operate and are also subject to opposition 
from ecological organisations and local residents. 
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Figure 3  –  UK Natural Gas Production and Imports, 1996 - 2005 

 
1.2  UK Market Mechanisms 
 
In recent years the UK Government has signalled its desire to promote renewable energy and 
energy efficiency, most notably in the Energy White Paper of 2003 and the subsequent 
Energy Act of 2004. Whilst the Government favours increased competition through open 
access to liberalised energy markets, they have introduced a number of mechanisms which are 
intended to influence the operation of the market, so that the fully de-regulated market which 
was created during the 1990s no longer exists. These mechanisms are described below. 
• The Climate Change Levy was introduced in April 2001. It is a tax on energy use by both 

business and public sectors, paid by the energy suppliers, who pass the cost on to 
customers. Different rates apply to different energy sources (e.g. LPG at 0.07 p/kWh; gas 
and coal at 0.15 p/kWh, and electricity at 0.43 p/kWh). The principal aim of the levy is to 
encourage non-domestic electricity users to become more energy efficient and so reduce 
carbon emissions. As an additional incentive, energy which is generated from renewable 
sources and CHP schemes is exempt from the Levy. Overall, this measure is expected to 
save around 5 million tonnes of carbon a year by 2010. The money raised will be returned 
to business via a 0.3% reduction in employers’ National Insurance contributions, and via 
Government support for energy efficiency measures. Unfortunately the Levy does not 
discriminate between the different fuels used to generate electricity, and so nuclear power 
is subject to the Levy, even though it is essentially carbon-free. 

• The Renewables Obligation came into force in April 2002.  This requires power suppliers 
to derive from renewables a specified proportion of the electricity they supply to their 
customers. This started at 3% in 2003, and will rise gradually to 15% by 2015. The cost to 
consumers will be limited by a price cap and the obligation is guaranteed in law until 2027. 
Generators must hold Renewables Obligation Certificates equivalent to their current 
renewables proportion of generation. These certificates can be obtained by building and 
operating renewable energy generation schemes, or can be bought at a cost of £30/MW·h. 
The certificates can also be traded. Although the Obligation was not intended to explicitly 
favour any particular technologies, under current conditions on-shore wind is the most 
commercially attractive. Large hydro, most waste technologies, and nuclear power are not 
counted as renewable technologies. 
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• UK and European Emissions Trading Schemes came into being in April 2002 and 
January 2005 respectively. Emissions trading is a market-based mechanism designed to 
enable business to deliver carbon emissions reductions in the most cost-effective way. 
Companies that are able to reduce emissions at relatively low cost are able to sell permits 
to companies unable to make reductions cost-effectively. Participation in the UK scheme is 
voluntary and incentivised with three separate methods of participation – cap and trade, 
conversion of energy efficiency gains (for those with Negotiated Agreements), and specific 
emission reduction projects. Generators have been excluded from the UK scheme to avoid 
flooding the market with some of the relatively easy gains generators could make through 
switching to gas. 

 
1.3  Recent Developments 
 
1.3.1  New Energy Review  
 
At previous meetings it has been reported that the UK Government published an Energy 
White Paper (a statement of Government strategy) in 2003, setting out the Government’s 
energy priorities: 
• aim to cut UK carbon dioxide emissions by some 60% by about 2050 with “real progress” 

by 2020 
• maintain the reliability of UK energy supplies 
• promote competitive energy markets 
• ensure every home is adequately and affordably heated. 
These priorities were reflected in legislation in the Energy Act 2004, which placed special 
emphasis on support for renewable energy. No decision was taken on the need for new 
nuclear power stations, except to observe that a positive decision was unlikely before a 
permanent solution to the issue of radioactive waste management had been agreed, and until a 
clear economic case could be made. However, it was recognised that Government policy 
should aim to “keep the nuclear option open”. 
 
In November 2005 the UK Government announced that an Energy Review would take place, 
leading to the publication of a further Energy White Paper in summer 2006. This further 
review has been stimulated by: 
• growing evidence on the rate and effects of climate change 
• recent rises in fossil fuel costs, especially oil and gas 
• concern over energy security. 
A period of public consultation ended in April 2006 and the results of the review are due to be 
published before the Parliamentary summer recess (25 July). It is widely expected that the 
issue of new nuclear build in the UK will be directly addressed within the review. 
 
1.3.2  Radioactive Waste management Recommendations 
In September 2001, the UK Government launched a public consultation called “Managing 
Radioactive Waste Safely”. In response to the comments made in that consultation, the 
Government set up a Committee on Radioactive Waste Management (CoRWM) in March 
2003. The role of CoRWM is to oversee a review of options for managing solid radioactive 
waste in the UK and to recommend the option, or combination of options, that can provide a 
long term solution, providing protection for people and for the environment. CoRWM has 
held a succession of public consultation and briefing sessions around the UK, and has recently 

382 of 459



published a draft of its recommendations, with a final report due to be issued in July. The 
main points contained within the draft recommendation are as follows. 
• In the long term, radioactive waste should be disposed of deep underground, i.e. geological 

disposal. The facility or facilities would be located several hundred metres underground, 
making use of the surrounding rock as well as specially engineered structures to protect the 
environment.  Around one third of the land in the UK could be geologically suitable for 
this purpose. 

• The process leading to the creation of suitable facilities for disposal may take several 
decades and should therefore be underpinned by robust interim storage. 

• The location of sites is not part of the CoRWM remit, but the Committee believes that the 
Government will need to secure from potential host communities a willingness to 
participate and that it should offer a package of measures to support participation. 

 
Although CoRWM will not specify the details of its recommended solution (location and 
design details of the geological repository, nature of the interim storage), the 
recommendations are highly significant because they provide for the first time an agreed 
framework for specific action on the part of Government.  
 
1.3.3  National Laboratory 
 
Subject to the final recommendations from CoRWM and the Energy Review, it is possible 
that the UK may re-establish a national laboratory to address nuclear technology issues. Until 
the key elements of future nuclear policy are settled, the need for such a laboratory, and its 
scope and composition, cannot be forecast. However, it is likely that if such a laboratory is 
established, then it will be built around Nexia Solutions, which already a Government-owned 
nuclear science and technology organisation.  
 
1.4 Status of the UK Nuclear Industry 
 
Nuclear Decommissioning Authority 
The restructuring of the UK nuclear industry has been described at previous meetings. The 
most significant development has been the creation of the Nuclear Decommissioning 
Authority (NDA), which is a non-departmental public body, set up in April 2005 under the 
Energy Act 2004 to take strategic responsibility for the UK's nuclear legacy. On 1 April 2005, 
the Nuclear Decommissioning Authority (NDA) took strategic responsibility for the 
decommissioning and clean-up of 20 of the UK's civil nuclear sites, which represent all of the 
UK’s licensed civil nuclear sites with the exception of those operated by British Energy. The 
NDA sites are currently operated either by British Nuclear Group or by UKAEA, although it 
is intended that the site management and operations contracts will be opened to competitive 
tender in the near future. The total cost of the nuclear clean-up of all of the NDA sites is 
estimated to be £62.7M, although additional costs related to chemical decontamination is 
expected to result in an overall cost of around £72M. Offsetting this will be income from 
commercial activities such as the THORP reprocessing plant and the Springfields fuel 
manufacturing operations, which are expected to contribute in excess of £14M over their life 
times. 
 
British Energy 
British Energy was formed out of the privatisation of the UK electricity supply industry in 
1996. It owns and operates seven AGR stations and one PWR, as well as the Eggborough 
coal-fired power station. The company suffered financial collapse in September 2002 
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following a major reduction in UK wholesale electricity prices, extended unplanned 
shutdowns at some of its AGR stations, and failure to sell bonds in the US, resulting in a loss 
of £4292M in FY 02/03 (including a write-down in the value of its UK power stations of 
£3738M). This prompted the company to seek Government assistance in September 2002, and 
a loan facility was made available. An investigation by the European Commission has 
recently concluded that this action did not breach European State Aid regulations. The 
company underwent major financial restructuring between 2002 and 2004 and in January 
2005 it re-listed on the London Stock Exchange as British Energy Group plc. 
 
British Nuclear Fuels (BNFL) 
The restructuring of BNFL into the separate groups of Westinghouse, British Nuclear Group, 
and Nexia Solutions, was reported at last year’s meeting. These three groups now operate as 
separate legal entities, and their operations have become largely independent from the BNFL 
Corporate Centre, although they remain wholly owned by BNFL. Early in 2005 BNFL 
announced its intention to privatise the Westinghouse business, and several bids were 
received and evaluated. In January 2006 BNFL announced that Toshiba were the preferred 
bidder. The details of the sale are currently being finalised, and the final transfer is expected 
to be complete within the next few months. In February 2006 BNFL announced the sale of its 
US nuclear clean-up subsidiary “BNG America” to Energy Solutions of Salt Lake City, Utah. 
Finally, in March 2006 BNFL announced that it had received permission from the UK 
Government to sell British Nuclear Group, its UK-based nuclear clean-up and site operations 
business, which employs around 13,500 people and operates on behalf of the NDA the 
Sellafield site, the Drigg low level waste repository, and the Magnox reactor sites. BNFL is 
currently working with the NDA to develop the selection criteria for bidders. Expressions of 
interest have been received from UK organisations (e.g. AMEC) and from overseas (e.g. 
Washington Group). The sale process is expected to be complete by Autumn 2007. Nexia 
Solutions, the former Research Division of BNFL, is expected to remain in public ownership. 
Discussions are currently underway to explore the (re-) establishment of a UK national 
nuclear laboratory, of which Nexia is expected to form a central part. However, the scope of 
the laboratory’s activities are unlikely to be settled until after the outcome from the current 
Energy Review is announced. 
 
UKAEA 
UKAEA has continued its two main objectives of decommissioning its former nuclear 
research sites (now owned by NDA) at Dounreay, Harwell, Winfrith, and Windscale, and 
conducting the UK’s nuclear fusion research programme. Similarly to British Nuclear Group, 
it is anticipated that UKAEA will be required to compete for the continuing management of 
these sites under competitive tender. It is understood that the Government is considering the 
future privatisation of the decommissioning activities of UKAEA, although no formal 
announcement has yet been made. 
 
NNC 
In July 2005 the nuclear engineering design and consultancy company NNC was acquired by 
AMEC, and in August it changed its name to AMEC NNC. The parent company, AMEC plc, 
is an international project management and services company that designs, delivers and 
supports infrastructure assets for customers worldwide across the public and private sectors. 
AMEC employs about 44,000 people in more than 40 countries, with an annual turnover of 
around £5 billion. 
 
Serco Assurance 
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The UK’s other major private sector nuclear organisation is Serco Assurance, who provide 
specialist consultancy services based on the activities of the former AEA-Technology 
Consultancy Services business. Of particular interest in the context of this report are the 
activities of the ANSWERS nuclear physics code group, who continue to develop commercial 
packages such as WIMS, MONK, etc, and who support Nexia Solution’s activities in fast 
reactor core analysis. 
 
University Sector 
For several years the UK university sector has shown a declining interest in nuclear fission 
related research. The teaching of nuclear science and engineering at undergraduate level 
ceased entirely, and only Birmingham University retained a post-graduate course in Nuclear 
Physics. However, over the last 3-4 years there has been a resurgence of interest in nuclear 
power technology, and several universities are now engaged in nuclear R&D and teaching. 
The two leading universities in this respect have been Manchester and Imperial College. 
Manchester has founded the Dalton Nuclear Institute, and has invested heavily in 
consolidating its nuclear activities across several departments. Imperial College has always 
retained a very strong nuclear physics modelling group, but is now expanding its interests in 
related areas such as materials technology and thermal-hydraulics. Several other UK 
universities, notably Oxford, Sheffield, Leeds, Edinburgh, and Bristol are also increasing their 
nuclear-related activities, assisted by funding from the UK research councils. 
 
 
2.  UK Activities on Fast Reactors during 2005/06 
 
The UK continues to support the international development of fast reactor technology, mainly 
through participation in European and International collaborations. All of this work has until 
now been funded by BNFL, although it is intended that future funding will be provided from 
Government. The work is conducted by Nexia Solutions, AMEC NNC, and Serco Assurance, 
with support from Universities, including Manchester and Imperial College. NDA and 
UKAEA have also contributed to preservation of the UK’s fast reactor knowledge base. 
 
The principal programmes of work related to fast reactor and accelerator-driven systems are 
as follows. 
 
2.1  Generation-IV 
 
The UK has developed a domestic programme of work to underpin the development of three 
of the six Generation-IV systems, as follows. 
 
− Very High Temperature Reactor (VHTR) 

The VHTR is seen as a natural continuation of the UK’s interests in graphite moderated 
gas-cooled systems, and is complimentary to nearer-term projects such as the PBMR. 

 
− Sodium-cooled Fast Reactor (SFR) 

It is recognised that if nuclear energy is to be sustainable in the long term then a fast 
neutron system will need to be deployed. The UK has a long history of successful 
development and operation of the SFR system, and it is intended to build on this 
experience to support the Generation-IV endeavour. 

 
− Gas-cooled Fast Reactor (GFR) 
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The GFR is viewed as an alternative to the more mature SFR system. It is recognised that 
the GFR presents several technical challenges, such as the removal of decay heat after 
faults, but it may also offer some benefits, such as the ability to deliver process heat and a 
harder spectrum for faster destruction of transuranic materials. Experience in the design 
and operation of gas-cooled reactors puts the UK in a better position to contribute to the 
development of the GFR compared with other alternatives to the SFR (e.g. the Lead 
cooled Fast Reactor or the fast spectrum Super Critical Water Reactor). 

 
It is expected that much of this domestic R&D programme will be offered as a contribution to 
the international Generation-IV effort. Within the international Gen-IV activities, R&D Plans 
for each of these systems have been produced and plans for conducting the R&D 
collaborations are under discussion. Task sheets have been prepared and submitted to the co-
ordinators for each system, detailing the proposed R&D contributions in each area (design 
and safety, fuel, materials, fuel cycle, balance of plant, etc.).  
 
Specific activities during 2005/06 have included the following. 
 
2.1.1  GFR 
 
GFR international physics benchmark comparison 
The UK participated in a CEA-led international GFR benchmark to compare results of 
calculations for various GFR reactivity coefficients, and hence establish a compatible 
approach for further detailed core design studies. Contributors (and code systems [nuclear 
data]) to the benchmark studies include Nexia Solutions (ERANOS 2.0 [ERALIB1]), NRG 
Petten (MCNP-FISPACT [mainly JEF2.2]), AMEC-NNC (ERANOS 1.2 [JEF2.2]), SERCO 
Assurance (MONK [JEF 2.1) and PSI (ERANOS 2.0 [JEF2.2]). 
 
Preliminary core physics analyses for ETDR 
Steady-state core physics analyses using ERANOS 2.0 of the ETDR “startup” core, which 
contains conventional fast reactor MOX fuel in cylindrical pellets clad in AIM1 austenitic 
stainless steel. 
 
Topical report on a 2400 MWt GFR with MOX in SiC pins 
This was a preliminary feasibility study of GFR core option 6, which is one of 7 GFR core 
options identified in Gen-IV, comprising a large 2400 MWth high-temperature ceramic core 
utilising conventional (U,Pu)O2 fuel pellets in SiC pins. A 6-batch fuel management scheme 
has been developed with a cycle length of 513 days, allowing an average fuel burnup of 9% 
on discharge to be achieved (against a target of 10%). The average enrichment of 15.5% leads 
to a breeding gain of around -5%, which is expected to increase with the recycling of minor 
actinides. Since the core design has an excess reactivity at the end of cycle, there is some 
scope for reducing the enrichment to meet the breeding gain target of zero with full actinide 
recycling, if required. The core has a clean core inventory of 12.75 t of plutonium, 
comfortably within the design target. A detailed analysis of the thermal hydraulics on the SA 
level suggests a pressure drop of 0.93 bar (within the design target maximum of 1 bar), 
although this value is subject to rather a large uncertainty due to the lack of detailed design of 
the fuel sub-assembly. A gagging strategy is implemented which leads to a core outlet 
temperature just below 850°C, with a maximum clad temperature limit of 1100°C (with a hot 
spot allowance of 1.2). This leaves a comfortable safety margin for the increase of clad 
temperatures during potential transients, before one reaches the higher creep regime of SiC 
around 1600°C. An initial model for control rod design was proposed based the CSDs of EFR. 
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Overall the core design successfully meets the design targets for moderate power density, low 
core pressure drop, fuel discharge burnup and breeding gain, set by the international 
Generation IV GFR programme, and is believed to be worthy of further development and 
study. 
 
GFR system classification 
The Gen-IV GFR programme includes R&D studies for the Experimental Technology 
Demonstration Reactor (ETDR), which is a small power test reactor (circa 50 MWth) 
designed to demonstrate key GFR technologies. A draft specification for the shutdown and 
decay heat removal system functions and design requirements has been developed which will 
serve as a basis for ongoing design studies and system specifications. 
 
GFR transient benchmark studies for ETDR 
In preparation for GFR transient analyses, benchmark exercises have been identified as a 
useful means of establishing the validity of the available computational tools and 
methodologies. In this case the benchmark exercise chosen is a protected loss of flow 
transient within the start-up core of ETDR. A RELAP5/MOD3 model of the ETDR cooling 
systems has been constructed and checked using steady-state simulations. Transient 
capabilities are currently being developed during a second phase of the work. 
 
Analysis of a 600 MWt GFR with CER-CER fuel 
This was a preliminary feasibility study for the Gen-IV GFR core option 2, which comprises a 
600 MW(th) GFR core with high volumetric power (~100 MW/m3), a dispersed fuel, and a 
helium coolant at lower temperature as a primary coolant and supercritical CO2 as a 
secondary coolant. A core outlet temperature of 680 °C, a peak fuel temperature of 1200 °C, a 
core pressure drop of 0.5 bar, and a core average volumetric rating of 100 MW/m3 were 
adopted, consistent with Generation IV design objectives. The results indicate of this work 
show that the 600 MW(th) GFR Option 2 core design is capable of achieving sustainability 
(near zero breeding gain) as long as a challenging high ratio fuel/matrix micro-dispersed fuel, 
with a fuel content approaching 70%, is utilised. The plutonium and minor actinide inventory 
was less than 15 tons/GWe. 
 
2.1.2  SFR 
 
Preliminary review of minor actinide fuel irradiations in PFR 
During the early 1980s a joint UK-USA minor actinide experiment was conducted in the PFR 
at Dounreay. As part of this experiment, fuel samples composed entirely of minor actinides 
were irradiated, including 241Am2O3 , 244Cm2O3 , and a mixed Am/Cm sesquioxide containing 
lanthanide components to simulate the composition of irradiated fuel. The fuel was removed 
after one cycle of irradiation in order to perform non-destructive PIE. The results indicated 
significant fuel swelling, and so more detailed destructive PIE was conducted. The swelling 
(extreme in the case of the curium oxide pin) was found to be due to the development of a 
highly porous structure resulting from a combination of high helium production and an 
unintended low irradiation temperature. 
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Figure 4 
Cm-bearing pin:  
section at pellet 
mid-height 

 
Review of UK irradiation experience with carbide fuels  
The UK conducted an experimental programme on carbide fast reactor fuels from 1963 to 
1977. Data from this programme has been captured and summarised. The fuel was irradiated 
in a variety of forms, pin designs and clad materials. The majority of the experiments were on 
vibro-compacted particles, with smear density ranging from 60 to 85% theoretical. A number 
of clad materials were used: the stainless steels M316 and FV548 and the nimonic alloy PE16. 
In general the fuel pins were gas-filled, although 26 sodium-bonded pins were also irradiated. 
In general these had better endurance than the gas-filled pins but the design was abandoned 
because of safety concerns and the difficult fabrication route. Other novel designs were 
explored, including: 
• pins containing pellets with an outer annulus of uranium carbide 
• a ‘vespex’ design, comprising vibro fuel in which the fines fraction was highly enriched 

mixed carbide between larger non-swelling uranium carbide particles. 
 
Fuel performance modelling of carbide fuels: the CARTRAF code 
A carbide version of the fast reactor fuel pin modelling code TRAFIC has been constructed 
(CARTRAF) and has been assessed against helium bonded carbide fuel data from: 
• the GOCAR experiments in SILOE, which included measurements of the fuel centre 

temperature; 
• the MkVB subassembly in DFR (detailed PIE). 
Fuel temperature, gas release, and fission product redistribution data have all been used to 
assess the code performance. The results for the GOCAR experiments were generally poor, 
although the clad temperatures were not well represented, and could be improved. Results of 
the DFR MkVB irradiation were much better, despite this subassembly containing vibro-
compacted fuel which could not be modelled explicitly by CARTRAF. The performance of 
the chemical model was encouraging, although for some species either the chemical 
equilibrium or the details of the chemical kinetics could be improved. Overall it seems clear 
that further work will be required to modify the porosity and fission gas release models from 
those used for oxide fuels.  
 
2.1.3  Fuel Cycle Development 
 
Although fuel cycle developments are addressed by other Technical Working Groups, it is 
worth noting that the UK has devoted significant resources to the development of advanced 
recycle technologies for advanced fast reactor fuels. Examples of research areas include: 
• Flowsheet developments for both aqueous and molten salt recycle 
• Experimental evaluation and development of centrifugal contactors for advanced aqueous 

processes. 
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• Salt clean-up and waste treatment studies 
• Phosphate-based waste forms for immobilisation of wastes from Molten Salt Recycle 
• Electro-separation of U and Pu in LiCl/KCl onto a solid electrode 
• Engineering studies of molten salt transfer using a salt dynamics rig 
 

 

Figure 5 
 
Molten Salt Dynamics Rig, 
Nexia Solutions 

 
 
2.2 EURATOM Framework Programme 
 
UK organisations participate in several EURATOM 6th Framework programmes which are 
concerned with fast reactors or accelerator-driven systems, and their associated fuel cycle 
technologies. Examples of these include: 
• GCFR STREP – a gas-cooled fast reactor study 
• IP-EUROTRANS – a large Integrated Project aimed at developing a preliminary design 

and supporting technologies for a European ADS demonstrator. The contribution of UK 
organisations is directed mainly in the area of fuel technology, which is broadly applicable 
to both ADS and critical systems.  

• IP-EUROPART – a large Integrated Project which aims to develop the fuel cycle 
technologies which compliment the EUROTRANS system technologies. The UK is 
particularly active in both molten salt and advanced aqueous separation technology 
developments. 

 
2.3 IAEA TWGFR 
 
The UK strongly supports the activities of the IWGFR, and participates in Technical Meetings 
wherever possible. Examples of UK input to IAEA activities are provided below. 
 
Planning for the IAEA CRP on Analysis of Lessons Learned from Operational Experience 
with Fast Reactor Equipment and Systems 
Serco Assurance on behalf of the UK participated in the planning meeting for the CRP on 
Fast Reactor Operational Experience, held in Obninsk. Major points from the UK experience 
were recalled, and subsequently a collection of key reports summarising the lessons learned 
from PFR operational experience have been gathered, in preparation for the CRP.  
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IAEA RCM on Phase 6 benchmark analysis of the BN600 full minor actinide fuelled reactor. 
The IAEA Co-ordinated Research Project entitled “Updated Codes and Methods to Reduce 
the Calculational Uncertainties of LMFR Reactivity Effects” was defined during an initial 
Research Coordination Meeting which took place in Vienna on 24-26 November 1999. The 
overall aims of this Project were to enhance the utilisation of plutonium and minor actinides 
and to validate, verify and improve methodologies and computer codes used for the 
calculation of reactivity coefficients in fast neutron reactors. To achieve this goal, a hybrid 
UOX/MOX fuelled core of the BN-600 reactor was endorsed as a calculational benchmark. 
At a fifth Research Co-ordination Meeting, which was held at IAEA Headquarters in Vienna 
between 1 - 5 November 2004, a sixth and final phase of the benchmark was defined. The aim 
of this phase was to calculate a set of defined parameters for a BN600 core fully-fuelled with 
60 GWd/t LWR plutonium and minor actinides. It was decided that all parameters should be 
calculated at the start and end of one burnup cycle using homogeneous representations of the 
material regions and diffusion theory.  The international participation in the benchmark 
analysis includes contributions from India (IGCAR), Japan (JNC), Russia (OKBM, IPPE) and 
America (ANL). The European participation in Phase 6 of the benchmark analyses consists of 
a joint contribution from France (CEA Cadarache) and the UK (Serco Assurance, Winfrith). 
The European calculations were performed using the ERANOS code and data system, which 
has been developed in the framework of the European collaboration on fast reactors. 
 
 
3. Status of the Dounreay Plants 
 
The Dounreay site was opened in 1955 in support of the UK’s fast reactor programme, and  
three reactors were built over the next 20 years - the Dounreay Fast Reactor (DFR), Prototype 
Fast Reactor (PFR) and the Dounreay Materials Test Reactor (DMTR). All are now closed, 
and management at the site is now focussed on decommissioning of the reactors, ancillary 
nuclear facilities and the restoration of the environment. 
 
UKAEA has now completed around 20% of the Dounreay restoration programme. Notable 
progress achieved over the last year include: 
• Fuel, steam plant and cooling systems removed from all three reactors; 
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• Over 1,000 tonnes of sodium coolant from the Prototype Fast Reactor destroyed 
• Main decommissioning work on the Dounreay Materials Test Reactor completed 
• Major reductions in the volume of low level radioactive waste on site, with over 20,000 

drums of waste compacted 
• Clearance of significant areas of the site, including demolition of redundant buildings, to 

enable construction of new decommissioning facilities;  
• Supernoah criticality facilities (scene of Scotland’s first nuclear chain reaction) 

dismantled and demolished. 
 
3.1  Programme summary  
The main Dounreay decommissioning programme will be completed by 2036. The only 
buildings remaining after this will be waste stores, which will themselves be decommissioned 
once a national waste strategy has been implemented. The sphere of the Dounreay Fast 
Reactor will be preserved as a monument.  
 
The clean-up programme will cost around £2.9 billion and consists of five phases. 
1. Hazard reduction and waste management (present day-2025) 

This phase will remove the main radioactive and chemical hazards at the site. Work 
involves removing alkali metals, immobilising liquid wastes, retrieving and treating 
historic wastes and decommissioning a range of facilities. A range of plants will be 
constructed to support this work. 

2. Decommissioning and remediation (2025-2036) 
Site decommissioning will then be completed. Final decommissioning will be carried out 
on facilities including the Dounreay Fast Reactor and Prototype Fast Reactor. Waste will 
either be transferred off-site or held in interim storage. Areas of contaminated land will 
be restored and landscaped. 

3. Interim storage (2036-2047) 
The remaining waste will be held securely on site until a UK disposal facility is available. 

4. Off-site transfer and demolition (2047-2066) 
Waste will be moved to authorised disposal facilities elsewhere in the UK (assuming that 
a national facility is in place). Waste stores and other infrastructure will be 
decommissioned and demolished. 

5. Care, surveillance and site closure (2066-2366) 
An extended period of monitoring before the site is finally closed and released for 
alternative use.  

 
3.2  Status of Major Project Items 
 
3.2.1  Dounreay Materials Testing Reactor (DMTR)  
 

 

 
Construction:  
1955-1958 
 
Output:  
25MW (thermal) 

 
Operation:  
1958-1969 
 
Decommissioning target:
2015 
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DMTR was the first operational reactor on Scottish soil. Its chief role was to test the effect 
irradiation had on metals used in fast reactors, using enriched uranium fuel clad in aluminium. 
The main phase of decommissioning has been completed, and the reactor is in care and 
maintenance to allow for further radioactive decay before demolition. 
 
Decommissioning progress to date:  
• Uranium fuel and heavy water coolant removed from the reactor; 
• All redundant equipment and waste removed; 
• Reactor placed in safe care and maintenance; 
• A number of ancillary buildings have being demolished;  
• DMTR office block facility D1251/D8571 completely demolished;  
• Completion of the first dry diamond cored hole through the bio-shield. Early indications 

suggest lower than expected activity. 
 
3.2.2  Intermediate level waste shaft  
An underground shaft at Dounreay was used as an authorised facility for the disposal of solid 
radioactive waste from 1959 until 1977, when an explosion occurred. The shaft is considered 
to be one of the greatest decommissioning challenges in the UK.  
A major work programme is now underway to decommission the facility safely. This will 
involve isolating the shaft from the surrounding groundwater and retrieving the waste. 
Following public consultation on options for this work, UKAEA has proposed that a curtain 
of grout will be injected through a series of boreholes. This will provide a stable environment 
for waste retrieval and minimise the risk of leakages. 
 
Decommissioning progress to date: 
• Initial remediation of the facility and management in a safe care and maintenance regime; 
• Extensive surveying and technical studies on environmentally acceptable decommissioning 

options;  
• Public consultation on the end-state for the shaft;  
• Borehole testing to prepare for shaft isolation.  
 
3.2.3  Prototype Fast Reactor (PFR) 
 

 
Construction:  
1968-1974 
 
Output:  
250MW (electrical) 
600MW (thermal) 

 
Operation:  
1974-1994 
 
Decommissioning 
target: 
2032 

 
PFR was the second fast reactor to be built at Dounreay. As well as operating as a power 
station, it provided information for the future design and operation of large commercial fast 
reactor stations.  
 
Decommissioning progress to date:  
• Plant removed from turbine hall and steam generator building;  
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• Over 1,000 tonnes of liquid sodium coolant safely destroyed at the £17million Sodium 
Disposal Plant;  

• Successful removal of sodium residues in coolant pipework;  
• Seawater pumphouse demolished;  
• Clean-out of secondary sodium circuits complete;  
• Clean-out of sodium from irradiated fuel caves complete;  
• Jacking up of major reactor components commenced;  
• Construction and start-up of new effluent treatment plant.  
 
Dounreay Fast Reactor (DFR) 
DFR played an important part in international fast reactor research, demonstrating for the first 
time that a safe and easily operable fast reactor could be built for electrical power station use. 
 

 

 
Construction:  
1955-1959 
 
Output:  
- 14MW (electrical)  
- 60MW (thermal) 

 
Operation:  
1959-1977 
 
Decommissioning target: 
2031 

 
Decommissioning progress to date:  
• All the reactor fuel, except for one experimental assembly, and around one third of the 

uranium breeder blanket surrounding the core (30 tonnes) has been removed;  
• Pipe bridge linking the reactor to the heat exchanger removed;  
• Removal/demolition of all steam raising plant and turbine;  
• All secondary coolant removed and destroyed (110 tonnes);  
• Storage pond fuel furniture and sludges removed;  
• Seawater pumphouse and other disused ancillary buildings demolished;  
• New ventilation system installed and operational;  
• Removal of large reactor components has commenced;  
• Construction of new NaK disposal plant complete and operation due to commence shortly;  
• Construction of new breeder containment building well underway.  
 
Fuel Cycle Area 
The Fuel Cycle Area (FCA) - a secure, designated area within the licensed site - provided a 
variety of support services to the fast reactor and reactor research programmes. Although 
mostly constructed during the first construction phase (1955-1959), there have been a number 
of new facilities constructed in the intervening years.  
These facilities were (and where appropriate, are currently) used for:  

• Chemical processing; 
• Post-irradiation examination (PIE);  
• Analytical services;  
• Experimental laboratories;  
• Fuel reprocessing;  
• Waste treatment facilities. 
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Today, many of these facilities are redundant, although others play an operational role in the 
ongoing decommissioning programme. The facilities that are redundant are gradually being 
prepared for decommissioning. In most cases this is a two-part operation beginning with post 
operational clean-out (POCO) before final decommissioning and demolition. When the 
facilities that are still required have no further role to play, they too will be decommissioned 
and demolished. 
 
 
 
REFERENCES / FURTHER INFORMATION 
 
UK Energy Usage: 
Department of Trade and Industry. UK Energy Trends, 2005. HMSO (also available at: 
www.dti.gov.uk/energy/statistics/publications/) 
 
Useful web sites: 
 
www.dti.gov.uk/energy 
 
www.nda.gov.uk 
 
www.british-energy.com 
 
www.bnfl.com 
 
www.ukaea.org.uk 
 
www.amecnnc.com 
 
www.sercoassurance.com 
 
www.eps.manchester.ac.uk/dalton/ 
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Table 1 – Primary Energy Sources used in UK Electricity Generation 
 

1998 1999 2000 2001 2002 2003 2004 2005
TW·h generated
Coal 117.03 101.26 114.74 125.40 118.48 131.76 125.90 130.26 
Oil 6.83 6.07 5.93 4.78 4.22 4.17 4.34 4.99
Gas 116.29 139.67 144.89 138.72 148.87 145.12 152.80 145.87 
Nuclear 90.59 87.67 78.33 82.99 81.09 81.91 73.68 75.
Hydro (natural flow) 4.07 4.33 4.16 3.16 3.86 2.31 3.98 3.75
Other renewables 3.84 4.55 5.01 5.72 6.57 7.55 9.26 11.
Other fuels 4.04 4.11 4.20 3.41 3.58 3.90 4.99 5.94
Net imports 12.47 14.24 14.17 10.40 8.41 2.16 7.49 8.32
TOTAL 355.17 361.92 371.44 374.57 375.07 378.89 382.45 385.82 

Relative share (%)
Coal 33.0% 28.0% 30.9% 33.5% 31.6% 34.8% 32.9% 33.8%
Oil 1.9% 1.7% 1.6% 1.3% 1.1% 1.1% 1.1% 1.3
Gas 32.7% 38.6% 39.0% 37.0% 39.7% 38.3% 40.0% 37.8%
Nuclear 25.5% 24.2% 21.1% 22.2% 21.6% 21.6% 19.3% 19.5%
Hydro (natural flow) 1.1% 1.2% 1.1% 0.8% 1.0% 0.6% 1.0% 1.0%
Other renewables 1.1% 1.3% 1.3% 1.5% 1.8% 2.0% 2.4% 3.0%
Other fuels 1.1% 1.1% 1.1% 0.9% 1.0% 1.0% 1.3% 1.5
Net imports 3.5% 3.9% 3.8% 2.8% 2.2% 0.6% 2.0% 2.2

 

17 
 

52 
 
 

%

%
%  

 
 
Table 2 – Status of AGR and PWR Power Stations 
 

Output (year to 31 March), TW·h Station Capacity 
(MWe) 

Type First operation 
/ estimated 
closure1 2005 2004 2003 2002 2001 

Hinkley Point B 1,220 AGR 1976 / 2011 9.27 8.11 8.26 8.98 8.23 

Hunterston B 1,190 AGR 1976 / 2011 8.26 8.77 8.93 9.85 6.43 

Dungeness B 1,110 AGR 1983 / 2018 6.47 6.66 5.18 5.25 3.66 

Hartlepool 1,210 AGR 1983 / 2014 5.04 8.28 9.34 8.83 9.09 

Heysham 1 1,150 AGR 1983 / 2014 5.11 6.28 7.85 8.11 8.92 

Heysham 2 1,205 AGR 1988 / 2023 8.21 9.81 9.30 9.03 10.05

Torness 1,250 AGR 1988 / 2023 8.30 8.15 5.70 8.30 7.71 

Sizewell B 1,188 PWR 1995 / 2035 9.12 8.90 9.20 9.22 8.43 

Total 9,568  59.78 64.96 63.76 67.57 62.53

Load factor 71% 77% 76% 81% 75% 
1 closure dates based on “accounting life” without life extension 
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Table 3 - Status of MAGNOX Power Stations 
 
 
Station Number of reactors Current annual 

output (MWe) 
Date of final 
generation 

Berekeley 2 - 1989 
Hunterston A 2 - 1990 
Trawsfynydd 2 - 1991 
Hinkley Point A 2 - 1999 
Bradwell 2 - 2002 
Calder Hall 4 - 2003 
Chapelcross 4 - 2005 
Sizewell A 2 420 2006 
Dungeness A 2 432 2006 
Oldbury 2 434 2008 
Wylfa 2 980 2010 
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IAEA 39th TWG-FR
China Institute of Atomic Energy  
Beijing,  People’s Republic of China
15 – 19 May 2005

Country report from the UK

Presented by:  Tim Abram
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Primary energy used for electricity generation

Source: UK Dept. of Trade and Industry
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Declining UK oil and gas production

•North Sea oil and gas production peaked around 2000

•Now in decline – will drop sharply beyond 2008

•Imports rising

200,000 

400,000 

600,000 

800,000 

1,000,000 

1,200,000 

1,400,000 

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

U
K

 N
at

ur
al

 G
as

 P
ro

du
ct

io
n 

an
d 

Im
po

rt
s 

(G
W

·h
)

  UK Gas Production

  Gas Imports

• UK natural gas 
prices increased 
significantly 
during 2005

• Old coal 
stations have 
become viable
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Dependence on imported gas

•Based on current trends, UK will become an importer of 
natural gas by 2006 (and of oil by 2010)

•Gas will provide 70-80% of UK generating capacity by 2020
•Europe will be supplied by 2 major pipelines (north & south)

• The UK will be 
at the end of 
both pipelines !

Predicted flows of 
gas around Europe 
and Asia in 2020

(million tonnes oil 
equivalent)
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Decline in nuclear capacity
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Calder Hall retired
March 2003

2005
Chapelcross
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2006 Dungeness A
and Sizewell A
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2008 Oldbury and
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retirements
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retirements

Heysham 2 and
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Current UK energy policy

• Current policy set out in the 2004 Energy Act
• emphasis on CO2 reduction via ‘renewables’ and energy 

efficiency
• target of 10% electricity from renewables by 2010; 

“aspiration” of 20% by 2020
• goal of 60% cut in CO2 emissions by 2050
• support for EU emissions trading scheme
• no proposals for new nuclear build, but retained as an 

option
• no consideration of transport sector
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Recent developments in energy policy

• UK Government increasingly concerned by growing 
evidence of climate change

• Energy prices have increased significantly due to 
concerns over long term security of oil and gas supply 
and decreasing domestic production

• Experience with wind farms has been mixed:
• Local opposition: ‘landmark’ application at Whinash was rejected

• Equipment reliability problems

• High transmission costs to areas of demand

• Energy is now high on the political agenda

Govt announced a new Energy Review
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Energy Review

•Three key decisions concerning nuclear energy

•July: Committee on Radioactive Waste Management
report

• Recommend long term strategy for UKL radioactive waste

• Draft report suggests deep (geological) repository, with 
enhanced nearer-term surface storage arrangements for 
the interim

•July (?): Results of Energy Review – will include a 
decision on new nuclear build

•Later: Need for New National Nuclear Laboratory
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Status of nuclear industry
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Nuclear Decommissioning Agency

• NDA established under the Energy Act 2004

• Governmental Agency

• From April 2005 NDA is responsible for all UK 
civil nuclear liabilities (except for British 
Energy)

• Sends a clear message that the nuclear 
legacy must be addressed by the generation 
responsible for creating it

• Original estimated clean-up cost (£50 billion) has increased to £63 
billion as detailed plans have been established

• Further chemical decontamination will increase cost to ~£72M

• Costs will be offset by income from operating facilities (Magnox
reactors, THORP reprocessing plant, Springfields fuel manufacturing 
operations, etc.)
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NDA:  UK civil nuclear legacy

•All nuclear sites and facilities 
operated by UKAEA and BNFL

•The Magnox fleet of nuclear 
power stations.

• The legacy plant, wastes   
and materials represent 
about 85% of total UK 
nuclear liabilities

• The Joint European Torus
(JET) at UKAEA’s Culham site 
remains operational but will 
have to be decommissioned 
when it closes.

408 of 459



Slide  13

British Energy

•UK’s largest single generator

•Reduction in UK electricity prices led to financial collapse 
in 2002 (£4.3 billion loss)

•Govt loan facility allowed continued operation, but 
shareholders suffered high losses

•EC investigation cleared UK Govt of illegal State Aid

•Financial restructuring now complete; BE re-listed on 
London Stock Exchange in 2005

•Financial performance helped by recovery in electricity 
prices and new trading arrangements allowing direct 
sales to large industrial/ commercial customers
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British Energy

• Over £250M investment in plant projects, major repairs and spares

• Investments include:

• Cast iron pipework replacement 

• Boiler safety work at Hartlepool and Heysham 1

• Generator replacement at Hartlepool

• Replacement of the reactor pressure vessel head at Sizewell B

• Data processing system replacement at Dungeness
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British Energy:
Unplanned loss factors for all plants
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British Energy: Station lifetimes

• Dungeness’ accounting life was extended by 10 years in Sept. 2005 

• Next stations to be considered are Hinkley Point B and Hunterston B 
three years before their scheduled closure date of 2011.

• Major life limiting factor is core structural graphite

• Life extensions of ≤ 10 years to be considered for each station. Current 
average station age is 22 years; average declared operating life is 34 
years.

Station Scheduled 
Closure 

Date 

Current 
Lifetime 

Life 
Extensions 

already 
declared 

PSR 
(Date of 

expected 
response from 

NII) 
Dungeness B 2018 35 years 10 years Jan 2008 
Hinkley Point B 2011 35 years 10 years Jan 2007 
Hunterston B 2011 35 years 10 years Jan 2007 
Hartlepool 2014 30 years 5 years Jan 2009 
Heysham 1  2014 30 years 5 years Jan 2009 
Heysham 2 2023 35 years 10 years Jan 2010 
Torness 2023 35 years 10 years Jan 2010 
Sizewell B 2035 40 years 0 years Jan 2015 
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BNFL

EnergyUnit

Group
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BNFL

•Westinghouse sold to Toshiba for 
~$5 billion

•Intention to sell BNG announced; 
completion of sale expected in 
2007; US subsidiary already sold

•Energy Unit disbanded (< 20 staff)

•Nexia Solutions (BNFL R&D division) 
to remain in Government ownership

Energy Unit
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Nexia Solutions

• BNFL’s former Research and 
Technology division

• Operates all of the UK’s civil 
large-scale active laboratory 
facilities

• U-active labs at Springfields

• BTC actinide fuel cycle facilities 
at Sellafield

• UK hot cells consolidated at 
NSTS B13/14 facilities at 
Sellafield

• Transition to National 
Laboratory under discussion
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UKAEA

•The primary UKAEA mission is now clean-up of Dounreay, 
Harwell, and Winfrith

•UKAEA also conducts the UK’s fusion research programme 
and operated JET

•As with British Nuclear Group, UKAEA will need to 
compete to continue to operate its current sites

•The privatisation of the clean-up 
activities of UKAEA is being 
considered

•Fusion R&D will remain in public 
ownership, and may form part 
of the proposed new nat. lab
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Activities in Fast Reactor Technology

• Until now all UK fast reactor work has been funded by BNFL

• Future funding will be provided by Government

• Generation-IV provides the main focus for the UK’s fast reactor 
work, plus Euratom Framework programme, IAEA, and 
OECD/NEA activities

• UK priorities for Gen-IV:

• Development of a fast reactor and its fuel cycle

– SFR – builds on UK experience

– GFR – alternative to SFR

– fuel cycle technology – advanced aqueous and pyrochemical

• Advanced modular thermal reactor

– VHTR
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Participation in European programmes

•5th Framework programme

• CONFIRM - fabrication and in-reactor performance of Pu and 
minor-actinide nitride fuels

• FUTURE - studies of fabrication and properties of TRU oxide 
fuels 

•6th Framework

• Gas-cooled fast reactor (GCFR)

• IP-EUROPART – development of advanced partitioning 
technologies

• IP-EUROTRANS – outline design and technology 
development for a pilot-scale ADS transmuter

• Red-IMPACT – fuel cycle scenario studies
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Gen-IV – GFR activities

•Focussed on feasibility studies for the French ETDR 
concept

•GFR international physics benchmark comparison

•Preliminary core physics analyses for ETDR

•Topical report on a 2400 MWt GFR with MOX in SiC pins

•GFR system classification

•GFR transient benchmark studies for ETDR

•Analysis of a 600 MWt GFR with CER-CER 
fuel
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Gen-IV – SFR activities

•SFR activities focussed on fuel materials and performance 
studies

•Preliminary review of PFR minor actinide fuel irradiations
• 241Am2O3 , 

244Cm2O3 , and a mixed Am/Cm sesquioxide containing 
lanthanide components - (241Am6 , 244Cm , La7* )2O3 where La* 
represents a stable mixture of La, Ce, Nd and Sm

• He production 
resulted in gross 
fuel porosity and 
loss of mechanical 
integrity
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Gen-IV – SFR activities

• Review of UK irradiation experience with carbide fuels

• UK carbide fast reactor fuel programme ran from 1963 to 1977

• majority of experiments were on vibro-compacted particles, 
with smear density ranging from 60 to 85% theoretical

• stainless steels M316 and FV548 and the nimonic alloy PE16 
cladding

• He-bonded and sodium-bonded pins

• advanced designs:

• pins containing pellets with an outer annulus of uranium carbide

• a ‘vespex’ design, comprising vibro fuel in which the fines fraction 
was highly enriched mixed carbide between larger non-swelling 
uranium carbide particles
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Gen-IV – SFR activities

• Fuel performance modelling of carbide fuels: the CARTRAF code
• assessed against helium bonded carbide fuel data from:

• the GOCAR experiments in SILOE (fuel centre temperature)
• the MkVB subassembly in DFR (detailed PIE).

• Fuel temperature, gas release, and fission product redistribution data
• results for the GOCAR were generally poor, although the clad 

temperatures were not well represented

• results of the DFR MkVB
irradiation were much better

• performance of the chemical 
model was encouraging

• further work will be required to 
modify the porosity and fission 
gas release models from those 
used for oxide fuels. 
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Gen-IV FR recycle technology

UK work includes:

• Flowsheet developments for both aqueous and molten salt recycle

• Experimental evaluation and development of centrifugal contactors for 
advanced aqueous processes.

• Salt clean-up and waste treatment studies

• Phosphate-based waste forms for 
immobilisation of wastes from 
Molten Salt Recycle 

• Electro-separation of U and Pu in 
LiCl/KCl onto a solid electrode

• Engineering studies of molten salt 
transfer using a salt dynamics rig

Salt dynamics rig at Nexia
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Status of Dounreay
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Dounreay clean-up phases

• Hazard reduction and waste management (present day-2025)
This phase will remove the main radioactive and chemical hazards at 
the site. Work involves removing alkali metals, immobilising liquid 
wastes, retrieving and treating historic wastes and decommissioning a 
range of facilities.

• Decommissioning and remediation (2025-2036)
Site decommissioning will then be completed. Final decommissioning 
will be carried out on facilities including the Dounreay Fast Reactor and 
Prototype Fast Reactor. Waste will either be transferred off-site or held 
in interim storage.

• Interim storage (2036-2047)
The remaining waste will be held securely on site until a UK disposal 
facility is available.

• Off-site transfer and demolition (2047-2066)
Waste will be moved to authorised disposal facilities elsewhere in the 
UK (assuming that a national facility is in place). Waste stores and 
other infrastructure will be decommissioned and demolished.

• Care, surveillance and site closure (2066-2366)
Monitoring, site closed and released for alternative use. (Total:£2.9B)
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Recent progress

20% of the Dounreay restoration programme completed
• Fuel, steam plant and cooling systems removed from all three 

reactors;
• Over 1,000 t of sodium coolant from the PFR destroyed
• Main decommissioning work on Dounreay MTR completed
• Major reductions in the volume of 

low level radioactive waste on site: 
over 20,000 drums of waste 
compacted

• Clearance of large areas of the site
• Supernoah criticality facilities 

(scene of Scotland’s first nuclear 
chain reaction) dismantled and 
demolished 

• Most work to be complete by 2036
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Status of DFR

• All the reactor fuel (except 1 S/A) and 30% 
of the breeder blanket (30 t) has been removed

• Pipe bridge linking the reactor to the heat exchanger removed
• Removal/demolition of all steam raising plant and turbine
• All secondary coolant removed and destroyed (110 tonnes)
• Storage pond fuel furniture and sludges removed
• Seawater pumphouse and other ancillary buildings demolished
• New ventilation system installed and operational
• Removal of large reactor components has commenced
• Construction of new NaK disposal plant complete and operation due to 
commence shortly
• Construction of new breeder containment building well underway
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Status of PFR

Operation: 
1974 - 1994

Decommissioning target:
2032

• Plant removed from turbine hall and steam generator building
• Over 1,000 tonnes of liquid sodium coolant safely destroyed at 
the £17million Sodium Disposal Plant
• Successful removal of sodium residues in coolant pipework
• Seawater pump house demolished
• Clean-out of secondary sodium circuits complete
• Clean-out of sodium from irradiated fuel caves complete
• Jacking up of major reactor components commenced
• Construction and start-up of new effluent treatment plant
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Slide  33

PFR Sodium Disposal Plant (SDP)

SDP installation

NOAH process 
schematic
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Slide  34

Thank you for your attention !
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The Global Nuclear Energy Partnership

Greater Energy 
Security in a Safer, 
Cleaner World

February 6, 2006
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Policy Goals

• Increase U.S. and global energy security
• Encourage clean development around the 

world & improve the environment
• Reduce the risk of nuclear proliferation

The Global Nuclear Energy Partnership is a 
comprehensive strategy to:
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• A reliable energy supply is the cornerstone of sustained 
economic growth and prosperity

• World energy demand is expected to more than double by 
2050

• An expansion of nuclear energy is a key to meeting this 
demand while reducing air pollution and greenhouse gases

Challenges: Global Energy Demand
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• Over 130 reactors are being 
built, planned, or under 
consideration world-wide

• U.S. has not ordered a 
reactor for decades, despite 
an existing fleet of over 100 
reactors

• The U.S. should be in a 
position to influence how 
these facilities are designed, 
constructed, and operated
–Safety
–Waste disposal
–Proliferation-resistance

World Nuclear Expansion:  U.S. Role
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The Initiative

• Expand Nuclear Energy
– Build reactors at home 

and abroad for energy, 
to reduce carbon, and 
achieve development

• Recycle Nuclear Fuel & 
Reduce Nuclear Waste

• Enhance Nonproliferation 
Arrangements “So tonight I announce the 

Advanced Energy Initiative… 
We will invest more in… clean, 
safe nuclear energy.”

President Bush, 01/2006

435 of 459



Implements National Energy Policy

• Expand nuclear energy in the 
United States 

• Develop advanced nuclear fuel cycles
• Pursue deployment of advanced 

recycling that reduces waste streams 
and enhances proliferation resistance 

• Discourage accumulation of 
separated plutonium 

• Cooperate with reliable international partners to develop 
advanced recycling technologies
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Budget

• President Bush has 
provided $250 Million 
in the Department of 
Energy’s 2007 Budget

• It is an initial step of an 
ambitious plan to 
accelerate the 
development of nuclear 
technologies as part 
of GNEP
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GNEP Benefits

• Reduce America’s dependence on fossil fuels
• Provide abundant energy without generating carbon 

emissions or greenhouse gases
• Recycle used nuclear fuel to minimize waste and curtail 

proliferation concerns
• Safely and securely allow developing nations to deploy 

nuclear power to meet energy needs
• Assure maximum energy recovery from still-valuable 

used nuclear fuel
• Reduce the number of required U.S. geologic waste 

repositories to one for the remainder of this century
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Key GNEP Program Elements

• Expand use of nuclear power
• Minimize nuclear waste
• Demonstrate recycle 

technology
• Demonstrate Advanced 

Burner Reactors
• Establish reliable fuel services
• Demonstrate small, 

exportable reactors
• Enhanced nuclear safeguards 

technology

“To build a secure energy 
future for America, we 
need to expand 
production of safe, clean 
nuclear power”

President Bush, 06/2004
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Expand Use of Nuclear Power

Build on advances 
made to encourage 
more nuclear power in 
the U.S., including the 
Nuclear Power 2010 
program and the Energy 
Policy Act of 2005 “The bill I sign today … offers a new 

form of federal risk insurance for the 
first six builders of new nuclear power 
plants… We will start building nuclear 
power plants again by the end of 
this decade”

President Bush, 08/2005
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Minimize Nuclear Waste

Significantly reduce the 
volume of nuclear waste 
to be disposed of in 
Yucca Mountain, 
making disposal less 
complex and minimizing 
the need for additional 
repositories • Repository needed in all cases

• Aggressive plan to proceed
• One repository can meet U.S. 

needs this century with GNEP
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Demonstrate Advanced Recycling

Demonstrate and 
deploy new 
technologies to recycle 
nuclear fuel that do not 
result in separated 
plutonium

• Demonstrate with advanced 
fuel cycle states, not for 
export

• Encourage transition to a fuel 
cycle that does not separate 
plutonium

• Provides fuel for advanced 
reactors 

• Rest of recycled products 
become easier to deal with 
for waste management
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Demonstrate Burner Reactors

Demonstrate and 
deploy Advanced 
Burner Reactors that 
use the latest 
technology to produce 
energy from 
recycled 
nuclear fuel

• Fast spectrum reactor can 
burn plutonium & other 
fissile isotopes

• Recovers energy from spent 
fuel

• Repeated cycles transforms 
waste

• Build on operating experience
• Define new safeguards 

standards
• Prove for commercial scale
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Reliable Fuel Services

Establish a consortium 
of nations with 
advanced technologies 
to enable all nations to 
acquire nuclear energy 
at reasonable cost and 
without proliferation risk

“The world must create a safe, 
orderly system to field civilian 
nuclear plants without adding to 
the danger of weapons 
proliferation.”

President Bush, 02/2004
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Reliable Fuel Service Model

• Expand nuclear energy while 
preventing spread of sensitive fuel 
cycle technology 

• Fuel Cycle Nations – Operate both 
nuclear power plants and fuel cycle 
facilities

• Reactor Nations – Operate only 
reactors, lease and return fuel
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Small-Scale Reactors

Design and deploy 
small-scale reactors that 
are cost-effective, 
secure, and well-suited 
to conditions in 
developing nations
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Enhanced Nuclear Safeguards

Design advanced 
safeguards directly into 
advanced nuclear 
energy facilities and 
reactors and enhance 
IAEA capabilities

“The extent of the role of nuclear 
power…will depend on the 
success of the nuclear 
community in developing 
innovative technology and new 
approaches to address 
concerns.” 

– Dr. Mohamed El Baradei
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Next Steps

• Expand nuclear energy in the U.S.
– Administration and Congress have taken steps to 

encourage new nuclear power plants
– Address spent fuel issue and Yucca Mountain

• Demonstrate advanced recycling
– Work in GNEP consortium to prove technologies needed 

to close fuel cycle, minimize waste, and obtain more 
energy benefit

• Build global consensus on GNEP vision
– Enlist partners to limit the spread of sensitive nuclear 

technologies in a way that enables nuclear power to meet 
global challenges 
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Conclusion

• The U.S. and the world are faced with a set of 
challenges related to energy supply, nuclear 
proliferation, and global climate change

• The GNEP uniquely addresses these challenges to
– Meet rapidly growing energy demand
– Reduce carbon emissions
– Enable clean development
– Avoid proliferation
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ANNEX II 
 

List of products (reports, computer software, database)  
prepared within the framework of the LMFR/Hybrid Systems project since 1996 

 
 
2005 

IAEA Priced Publication, 
ISBN 92-0-107404-2 (2005) 

The Role of Nuclear Power and Nuclear Propulsion in the Peaceful 
exploration of Space 
 

Working Material TWG-
FR/125 

Hydrodynamics and Heat Transfer in Reactor Components Cooled 
by Liquid Metal Coolants in Single/Two Phase, 11th Meeting of the 
International Association for Hydraulics Research (IAHR) 
Working Group, IPPE, Obninsk, 5-9 July 2004 
 

IAEA-RC-870.2 Working 
Material TWG-FR/124 

Technical Meeting (Research Coordination Meeting) of the 
Coordinated Research Project (CRP) on Studies of Advanced 
Reactor Technology Options for effective Incineration of 
Radioactive Waste 
 

IAEA-TM-27172 and TM-
26984 Working Material 
TWG-FR/123 

Back-to-Back Technical Meetings (TMs) on the “Coordinated 
Project (CRP) Analyses of and Lessons Learned from the 
Operational Experience with Fast Reactor Equipment and Systems” 
and to “Coordinate the Agency’s Fast Reactor Knowledge 
Preservation International Project in Russia” 
 

IAEA-622-I3-TR-26091 
Working Material TWG-
FR/122 

IAEA Workshop on “Technology and Applications of Accelerator 
Driven Systems (ADS)” 

IAEA-CT-12719 Working 
Material TWG-FR/121 

Consultancy on “IAEA Initiative to Establish a Fast reactor 
Knowledge Base” 

 
2004 

TECDOC-1406 
Primary coolant pipe rupture event in liquid metal cooled reactors 

TECDOC-1405 
Operational and decommissioning experience with fast reactors 

IAEA-RC-803.5 Working 
Material TWG-FR/120 

The Fifth Research Coordination Meeting on “Updated Codes and 
Methods to Reduce the Calculational Uncertainties of Liquid 
Metal Fast Reactors Reactivity Effects” 

IAEA-TM-25809 Working 
Mat. TWGFR/119Version 2 

Technical Meeting to “Preserve Fast Reactor Knowledge” 

IAEA-TM-26677 Working 
Material TWG-FR/118 

Technical Meeting on “Review of National Programmes on Fast 
Reactors and Accelerator Driven Systems” 

IAEA-TM-26241 Working 
Material TWG-FR/117 

Technical Meeting on “Review of Solid and Mobile Fuels for 
Partitioning and Transmutation Systems” 

IAEA-03CT12953 Working 
Consultancy to Review and Finalize the IAEA Publication 
“Compendium on the Use of Fusion/Fission Hybrids for the 
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Material TWG-FR/116 Utilization and Transmutation of Actinides and Long-Lived 
Fission Products 

IAEA-03CT13095 Working 
Material TWG-FR/115 

Consultancy on “Implementing Thorium in Nuclear Reactor Fuel 
Cycles: Potential Benefits and Challenges” 

 
2003 

IAEA-TM-26241 
Working Material TWG-
FR/117 

Technical Meeting on “Review of Solid and Mobile Fuels for P&T 
Systems” 

TECDOC-1365 
Review of national accelerator driven system programmes for 
partitioning and transmutation,  

TECDOC-1356 
Emerging nuclear energy and transmutation systems: Core physics and 
engineering aspects, (2003) 

IAEA-TM-25614 
Working Material TWG-
FR/114 

Technical Meeting “Review of National Programmes on Fast Reactors 
and Accelerator Driven Systems (TWG-FR 36th Annual Meeting)” 

IAEA-RC-803.4 
Working Material TWG-
FR/113 

The forth Research Coordinatiomn Meeting (RCM) on “Updated Codes 
and Methods to Reduce the Calculational Uncertainties of Liquid Metal 
Fast Reactors reactivity Effects” 

IAEA-TM-26027 
Working Material TWG-
FR/112 

Technical Meeting on “Primary Coolant pipe Rupture Event in Liquid 
Metal Cooled Fast Reactors” 

TECDOC-1349 
Potential of Thorium-based Fuel Cycles to Constrain Plutonium and 
Reduce Long-term Waste Toxicities 

TECDOC-1348 
Power Reactor and Sub-critical Blanket Systems with Lead and Lead-
Bismuth as Coolant and/or Target Material 

 
2002 

TECDOC-1319 Thorium fuel utilization: Options and trends 

TECDOC-1318 
 
Validation of Fast Reactor Thermomechanical and Thermohydraulic Codes  

TECDOC-1289 
Comparative Assessment of Thermophysical and Thermohydraulic 
Characteristics of Lead, Lead-Bismuth and Sodium Coolants for Fast Reactors 

TECDOC-1288 
Verification of Analysis Methods for Predicting the Behaviour of Seismically 
Isolated Nuclear Structures 

IAEA-RC-870 
Working Material 
TWG-FR/111 

Technical Meeting – First Research Coordination Meeting (RCM) of the Co-
ordinated Research Project (CRP) on “Studies of Advanced Reactor Technology 
Options for Effective Incineration of Radioactive Waste” 

Working Material 
TWG-FR/110 

Characterization and Management of Radioactive Sodium and Other Reactor 
Components as Input Data for the Decommissioning of Liquid Metal-cooled Fast 
Reactors 

IAEA-TM-25332 
Working Material 
TWG-FR/109 

Technical Meeting on “Operational and Decommissioning Experience with Fast 
Reactors”, Cadarache, 11-15 March 2002 

IAEA-TM-25032 
Working Material 

Technical Meeting to "Review of National Programmes on Fast Reactors and 
Accelerator Driven Systems (ADS)", Karlsruhe, Germany, 22-26 April 2002 
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TWG-FR/108 
IAEA-02CT-02060 
Working Material 
TWG-FR/107 

Consultancy on “Knowledge Preservation in the Area of Fast Reactor 
Technology”, ANL-West, Idaho Falls, USA, 2-4 April 2002 

IAEA-RC-803.3 
Working Material 
IWG-FR/106 

The Third Research Co-ordination Meeting (RCM) on “Updated Codes and 
Methods to Reduce the Calculational Uncertainties of Liquid Metal Fast Reactor 
Reactivity Effects”, Cadarache, 12-16 November 2001 

 
2001 

IAEA-TCM-1168 
Working Material 
TWG-FR/105 

Technical Committee Meeting on “Review of National Programmes in Fast 
Reactors and Accelerator Driven Systems (ADS)” (34th Annual Meeting of the 
TWG-FR) 

 
2000 

IAEA-AG-1076 
Working Material 
IWG-FR/104 

Design and Performance of Reactor and Sub-critical Blanket Systems with Lead 
and Lead-Bismuth as Coolant and/or Target Material 

IAEA-RC-803.2 
Working Material 
IWG-FR/103 

Updated Codes and Methods to Reduce the Calculational Uncertainties of Liquid 
Metal Fast Reactor Reactivity Effects 

IAEA-TC-385.72 
Working Material 
IWG-FR/102 

Liquid Metal Fast Reactor (LMFR) Developments 
33rd Annual Meeting of the International Working Group on Fast Reactors (IWG-FR) 

IAEA-TC-385.72 
Working Material 
IWG-FR/101 

Summary Reports of the Meeting Held in the Period May 1999-April 2000, 
Background Material, and Some Room Documents in Preparation of the 33rd 
IWG-FR Annual Meeting 

IAEA-RC-803 
Working Material 
IWG-FR/100 

Updated Codes and Methods to reduce the Calculational Uncertainties of the 
LMFR Reactivity Effects 

 

TECDOC-1180 
Unusual Occurrences During LMFR Operation 
Proceedings of a TCM held in Vienna, 9-13 November 1998 

TECDOC-1157 
LMFR Core Thermohydraulics: Status and Prospects 
Review of data, codes and methodologies for LMFR core thermohydraulic 
calculations. 

TECDOC-1155 
Thorium based fuel options for the generation of electricity: Developments in the 
1990s. 
Review of the current status of the thorium fuel cycles, world-wide applications, 
economic benefits, and perceived advantages with respect to other nuclear fuel cycles.  
These results of this updated evaluation are summarized in this publication as a 
contribution toward documenting past experience. 

TECDOC-1139 
Transient and accident analysis of a BN-800 type LMFR with near zero void 
effect 
Final report of an international benchmark programme support by the IAEA and EC, 
1994-1998. 

 
1999 

TECDOC-1060 
LMFR core and heat exchanger thermohydraulic design: former USSR and 
present Russian approaches 
This document includes the methodology and philosophy of the analytical and 
experimental investigations in their application to the core and heat exchanger 
thermohydraulic design of LMFRs. 

TECDOC-1083 
Status of liquid metal cooled fast reactor technology 
Present status report which intends to provide comprehensive and detailed 
information on LMFR technology with the following topics: experience in 
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construction, fast reactor engineering, reactor physics and safety, core structural 
material and fuel technology, fast reactor engineering. 

IAEA-TC-385.71 
Working Material 
IWG-FR/99 

Status of National Programmes on LMFR 
 

no reference number Summary Report of the Advisory Group Meeting on the Evaluation of Fast 
Reactor Core Physics Tests 

 
1998 

TECDOC-1039 
Influence of high dose irradiation on core structural and fuel materials in 
advanced reactors 
Proceedings of the TCM held in Obninsk, Russian Federation 16-19 June 1997 

 
TECDOC-1015 Advances in fast reactor technology 

Updated and new information on the status of LMFR development, as reported at the 
30th meeting of the International Working Group on Fast Reactors, held in China in 
May 1997. 

Internet Fast Reactor Database 
IWG-FR/98 
(Published by 
Cadarache Centre, 
France) 

Sodium Removal and disposal from LMFRs in normal operation and  in the 
framework of decommissioning 
Proceedings of a TCM held in Aix-enProvence, France, 3-7 November 1997 

 
1997 

TECDOC-985 Accelerator driven systems: Energy generation and transmutation of nuclear 
waste Status Report 
The report presents the state of the art of the ADS technology: it reviews the current 
status and progress of national and international R&D programmes. 
 

TECDOC-946 Acoustic signal processing for the detection of sodium boiling or sodium-water 
reactions in liquid metal fast reactors 
A summary of the work performed under a CRP carried out from 1990 to 1995.  It 
was the continuation of an earlier CRP entitled Signal Processing Techniques for 
Sodium Boiling Noise Detection (1984-1989). 

TECDOC-933 Creep-fatigue damage rules for advanced fast reactor design 
Proceedings of a TCM held in Manchester, United Kingdom, 11-13 June 1996 

IWG-FR/92 
(Published by PNC, 
Japan) 

Evaluation of radioactive materials release and sodium fires in fast reactors 
Proceeding of a TCM held in O-arai, Japan, 11-14 November 1996 
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1996 

TECDOC-908 Fast reactor fuel failures and steam generator leaks: transient and accident 
analysis approaches 
A survey of activities on transient and accident analysis for LMFRs. 

TECDOC-907 Concepetual design of advanced fast reactors 
Proceedings of a TCM held in Kalpakkam, India, 3-6 October 1995 
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ANNEX III 
 

International Atomic Energy Agency 
 

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR) 
 

Technical Meeting – 39th Annual Meeting of the TWG-FR 
 

Beijing, China 15 – 19 May 2006 
 
 

List of Proposed Topics for TWG-FR Technical Meetings and Collaborative R&D 
 
 
 
 
 
# 

 
 

Title 

 
 
Country 

Proposed 
at  

TWG-FR 
meeting. in 

 
 

Remarks 

1 Primary sodium pipe rupture event in 
LMFR 

India 1999 TM 13-17 Jan. 2003, 
Kalpakkam 

2 Design and performance of reactor and 
sub-critical blanket with Pb and Pb-Bi as 
coolant and/or target material 

 1998 AGM 
23-27 October 2000, 
Moscow 

3 Evaluation of fast reactor core physics 
tests 

Japan 1998 AGM, 22-24 Nov. 99, 
Vienna 

4 Management of sodium from FBR 
dismantling 

France 2000 Touched upon at TM 
Cadarache 11-15 March 
2002 

5 Co-ordinated studies on “generalization 
and analysis of the operational experience 
with fast reactor equipment and systems” 
(include also the topic of complex mass 
exchange in LMFR (primary and 
secondary circuit)) 

Russia 2000 TCM “Feedback from 
Operational and 
Decommissioning 
Experience with Fast 
Reactors”, Cadarache, 
March 2002 
Kick-off TM for CRP in 
2006 

6 Fast reactor knowledge preservation France 2000 AGM, 22-24 Nov. 99, 
Vienna; coop. with NEA 
CT ANL West 2-4 April 
2002, follow-up mtg. in 
2003 (in conj. 36th 
TWG-FR Annual Mtg.) 

7 First TM of the CRP on “Studies of 
Advanced Reactor Technology Options for 
Effective Incineration of Radioactive 
Waste”  

TWG-FR 2000 5-8 Nov. 2002, 
Karlsruhe 

8 First TM of the CRP on “Benchmark TWG-FR 2001 2004-2005 
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Analyses on Data and Calculational 
Methods for ADS Source Related 
Neutronic Phenomenology with 
Experimental Validation” 

Kick-off RCM Minsk, 
Belarus, 5-9 Dec. 2005 
CRP renamed 
“Analytical and Exp. 
Benchmark Analyses of 
ADS” 
 

9 First RCM of the CRP on “An Assessment 
Based on an Unified Methodology of 
Thorium Fuel in Fast Neutron Spectrum 
Systems” 

TWG-FR 2001 CRP proposal submitted 
Interest of TWG-FR 
waned; CRP to be 
restricted to fuel cycle 
issues and implemented 
in the Division of 
Nuclear Fuel Cycle and 
Waste Technology 

10 TM on “Theoretical and Experimental 
Studies of Heavy Liquid Metal Thermal 
Hydraulics” 

TWG-FR 2001 28-31 Oct. 2003, 
Karlsruhe 

11 TM on “Review of Solid and Mobile Fuels 
for Partitioning and Transmutation 
Systems” 

TWG-FR 2001 15-18 Dec. 2003, 
Madrid 

12 Joint OECD/NEA – IAEA meeting “7th 
P&T Information Exchange Meeting”  

TWG-FR 2001 14-16 October 2002,  
Cheju, Rep. of Korea 

13 Third TM of the CRP on “Updated Codes 
and Methods to Reduce the Calculational 
Uncertainties of the LMFR Reactivity 
Effects” 

Russia 1999 12-15 Nov. 2001, 
Cadarache 

14 Fourth TM of the CRP on “Updated Codes 
and Methods to Reduce the Calculational 
Uncertainties of the LMFR Reactivity 
Effects” 

Russia 1999 19-23 May 2003 
IPPE/Obninsk, Russia 

15 Fifth RCM of the CRP on “Updated Codes 
and Methods to Reduce the Calculational 
Uncertainties of LMFR Reactivity Effects” 

Russia 1999 1–5 November 2004 
Vienna, Austria 
 

16 Sixth RCM of the CRP on “Updated Codes 
and Methods to Reduce the Calculational 
Uncertainties of the LMFR Reactivity 
Effects”  
 

Russia 1999 Vienna, 3-7 April 2006 

17 Second TM of the CRP on “Studies of 
Advanced Reactor Technology Options for 
Effective Incineration of Radioactive 
Waste” 

TWG-FR 2000 Implemented 22-26 Nov. 
2004, Hefei, China 

18 TM on “Assessment of ADS Dynamics 
and Safety Physics” 

TWG-FR 2001 To be decided 5-8 Nov. 
2002; TM submitted to 
the IAEA P&B 2006-
2007 (to wrap up the 
results of the CRP on 
“Studies of Advanced 
Reactor Technology 
Options for Effective 
Incineration of 
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Radioactive Waste”); 
planned for 2007, if 
funding available 

19 Technical Meeting “Review of National 
Programmes on FR and on ADS and 
Consultation with Member States” (annual 
TWG-FR meeting) 

TWG-FR 2001 22-26 April 2002, 
Karlsruhe 
 
May 2003, Daejon, ROK

20 New CRP “Generalization and Analyses of 
Operational Experience with Fast Reactor 
Equipment and Systems” 

TM 
Cada-
rache 11-
15 
March 
2002, 
endorsed 
at 35th 
TWG-FR

2002 CRP proposal submitted 

21  TM on Handling of Sodium Coming from 
Decommissioned Fast Reactors and from 
Shutdown Experimental Facilities 

35th 
TWG-FR

 Rename as 
“Decommissioning of 
Fast Reactors after 
Sodium Draining”, held 
26-30 Sept. 2005, in 
Cadarache, France 

22 Technical Meeting “Review of National 
Programmes on FR and on ADS and 
Consultation with Member States” (annual 
TWG-FR meeting) 

TWG-FR 2002 12-14 May 2003, 
Daejon, ROK 

23 Technical Meeting to “Preserve Fast 
Reactor Physics Knowledge” 

TWG-FR 2002 15-16 May 2003, 
Daejon, ROK 

24 Proposal on the Monju Project relevant to 
FR knowledge preservation 

Japan 2003 New proposals to be 
discussed at the 37th 
TWG-FR; TM convened 
1-2 Dec. 2004, Tsuruga, 
Japan 

25 TM to discuss Russia’s FR data and 
knowledge preservation activities and 
prepare the CRP on “Generalization and 
Analyses of Operational experience with 
Fast Reactor Equipment and Systems” 

TWG-FR 2004 Discussed at 37th TWG-
FR: preparatory TM held 
24-28 January 2005 in 
Obninsk, Russia (see 
also #5 and #6) 

26 Kick-off RCM of the CRP on “Data and 
Calculational Methods for ADS Source 
Related Neutronic Phenomenology with 
Experimental Validation” 

TWG-FR 2004 Discussed at 37th TWG-
FR: strong support, 
offers to host kick-off 
RCM in May-June 2005 
from Belarus and China 
CRP renamed and Kick-
off RCM held in Minsk, 
Belarus, 5-9 Dec. 2005 
(see #8) 

27 TM on “Utilization of MONJU for 
International Cooperation in Fast Reactor 
R&D” 

Japan 2004 Follow-up to #22; TM 
held 1-2 Dec. 2004 in 
Tsuruga, Japan 

28 TM on “Fuel Failure and Failed Fuel 
Detection” 

India 2003, 2004 Discussed at 37th TWG-
FR: include in IAEA 

457 of 459



   

P&B 2006-2007, for 
January 2006, IGCAR 
offers to host 
TM held in Kalpakkam, 
India, 1-3 March 2006 

29 TM on “Innovative Concepts for In-service 
Inspection and Primary Coolant Pipe Leak 
Detection” 

India 2003, 2004 Discussed at 37th TWG-
FR: little interest at this 
time, keep in running list 
for future consideration 
at TWG-FR meetings 

30 Joint OECD/NEA – IAEA meeting “8th 
P&T Information Exchange Meeting 

TWG-FR 2004 9-11 Nov. 2004, 
University of Nevada, 
Las Vegas, NV, USA 

31 CRP on “Analytical Benchmark for 
Validation of Computer Codes for 
Calculation of Thermal Hydraulics 
Consequences of LMFR Primary Pipe 
Ruptures” 

India 2004 Discussed at 37th TWG-
FR: little interest at this 
time, keep in running list 
for future consideration 
at TWG-FR meetings 

32 CRP on “Comparative Assessments of the 
Performance of Various Thorium-based 
Reactor and Fuel Cycle Concepts” 

TWG-FR 2004 Discussed at 37th TWG-
FR: supported by the 
TWG-FR members; 
proposal submitted by 
IAEA; preparatory TM 
possibly in 2005, kick-
off RCM in 2006 

33 Technical Meeting “Review of National 
Programmes on FR and on ADS and 
Consultation with Member States” (38th 
annual TWG-FR meeting) 

TWG-FR 2004 Brazil offers to host; 
dates 23-27 May 2005 
(alternative: 9-13 May 
2005) 

34 39th Annual Meeting of the TWG-FR TWG-FR 2005 China offers to host the 
39th Annual Meeting, 
15-19 may 2006, in 
Beijing 

 Technical Meeting to prepare TECDOC on 
“Status of Fast Reactor R&D and 
Technology” 

TWG-FR 2006 To be convened in 2006 

 Technical Meeting to prepare TECDOC on 
the “Status of ADS R&D and Technology” 

TWG-FR 2006 To be convened in 2006 

 Technical Meeting on Member States 
Activities in fast reactor knowledge 
preservation 

TWG-FR 2006 To be convened in 2006 
and in 2007 

 Third Research Coordination Meeting 
(RCM) of the CRP on “Studies of 
Advanced Reactor Technology Options for 
Effective Incineration of Radioact. Waste” 

TWG-FR 2006 Planned for December 
2006, Kalpakkam (?) 

 Kick-off RCM of the CRP on “Analyses of 
and Lessons Learned from the Operational 
Experience with Fast Reactor Equipment 
and Systems” 

TWG-FR 2006 Planned for 3rd quarter 
2006, Vienna 

 RCM of the CRP on “Analytical and 
Experimental Benchmark Analyses of 

TWG-FR 2006 Second RCM planned 
for 2007, venue? 
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ADS” 
 40th Annual Meeting of the TWG-FR TWG-FR 2006 May 2007, venue? 

(Japan?) 
 Joint IAEA/ICTP Workshop “ADS 

Technology and Applications” 
TWG-FR 2006 Planned for fall 2007 
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