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Abstract

The European Commission (EC) continued its fast reactor research activities on the
same lines as in the past, but with the main emphasis on partitioning and transmutation
(P&T) of long-lived radionuclides. The work was carried out by research institutions in the
Member States and by the EC Joint Research Centre (JRC) as cost shared actions. The JRC
has also been performing its own programme through institutional and competitive research
activities. The JRC institutes involved in these studies are the Institute of Systems,
Informatics and Safety (ISIS) in Ispra (I), the Institute for Transuranium Elements (ITU) in
Karlsruhe (D) and the Institute for Advanced Materials in Petten.
This paper summarises the main activities performed in the field of (i) fast reactor safety
and of (ii) partitioning and transmutation.

1. FAST REACTOR SAFETY

1.1. Research Coordinated Activities

The Fast Reactor Coordinating Committee (FRCC) and the Safety Working Group
(SWG) pursued, through their subgroup WAC, their task of monitoring benchmark exercises
about the Russian BN-800 fast reactor in cooperation with IPPE/Obninsk.

Regarding collaboration with Central Europe and CIS, the EC went on in 1995 with
their assistance and cooperation Programmes PHARE and TACIS, which include also Fast
Reactor research and development activities.

1.1.1. Safety Working Group (SWG)

After the 42th FRCC meeting in October 1994, where a report was presented about the
past activities of the EFR ad-hoc safety club (AHSC), no further meeting of this high level
coordination group was held. During 1995 only WAC group meetings were held as it is
reported further down.

1.1.2. Whole-core Accident Calculation group (WAC)

Regarding the present situation in the European Union, the following observations can
be made. After the high pressure load of the European Fast Reactor (EFR) Project, the
interest for LMFBR severe accidents is somewhat reduced. Actually some savings were made
in the funding of computer code developments for whole core accident calculations thanks
to the coordination activities of the WAC Group which managed to converge all calculational
developments in the EU towards one single code, namely the European version of SAS/4A
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- which has been adopted also by Japan. As an alternative solution - especially for the
modelling of pre-irradiation and fuel pin mechanics phenomena - the computer codes
TRAFIC (UK) and GERMINAL (F) have been made available to some of the WAC Group
activities in view of specific calculations in parallel with SAS/4A.

Outside the EU, IPPE/Russia and India are developing their own computer tools for
severe accident analysis.

As a result of a common interest for developing severe accidents analysis codes, a first
common benchmark exercise about BN-800 in its non-zero void reactivity version has been
proposed jointly by EU and IPPE at the December 1992 meeting of the WAC Group. In
December 1994, a second common follow-up benchmark exercise about BN-800 in its nearly-
zero void reactivity version has been proposed jointly by EU and IAEA/IWGFR with the aim
of including also India and Japan besides IPPE/Russia.

Unprotected Loss Of Coolant (ULOF) comparative calculations of the Russian BN-
800 core with nearly-zero void reactivity.

As far as the WAC group is concerned, the benchmark exercise about BN-800 in its
nearly-zero void reactivity version focused on severe transient accident conditions of the
ULOF type. At their yearly review meeting of May 94, the IWGFR of IAEA had agreed to
support this new BN-800 calculational exercise proposed by IPPE. Participation includes :
Germany, France, UK, Italy and Russia as the traditional partners of the WAC comparative
exercises, as well as USA, Japan and India as additional "IAEA" partners.

The main aim of this new comparative calculation of BN-800 consists of the following
items:

to establish a basis so as to evaluate the characteristics of a BN-800 type reactor with
a nearly zero sodium void reactivity core design under hypothetical severe accident
conditions, as far as an energetic ULOF is concerned
to analyze the conditions which allow avoidance of prompt fuel and steel melting in the
improved fast reactor core under ULOF-type and other severe accident conditions.

The main features of the reactor under consideration are chosen close to the BN-800
reactor with nearly-zero sodium void reactivity core design. In particular:

core design (presence of the sodium layer and boron shielding above the core; the main
subassembly thermal and hydraulics characteristics);
the fuel type (mixed uranium / plutonium dioxide);
primary circuit layout; general design features of the core, pump and IHX;
thermal and hydraulics parameters of the coolant for the primary and secondary
circuits.

Reactor power is chosen in the range of 1500-2100 MW (thermal). Sodium void
reactivity effect is (0 to -0.1) xlO'2. The number of the zones with different enrichment is
2 or 3. A multi-batch loading scheme is assumed. The following reactivity effects are taken
into account : sodium thermal expansion and void reactivity; Doppler effect; axial core
expansion; radial core expansion; control rod drive expansion. IPPE provides reactivity
worth tables and specifies correlations for calculations of structural feedback effects of
reactivity (with reference data). The duration of the LOF scenario to be computed is taken
as about 1000 s.
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During 1995, the 2nd "Consultancy meeting on IAEA/EC Comparative Calculation for
severe accident (ULOF) in a BN-800 reactor" was organized at EC/Brussels (26-28 July
1995) and the 3rd one was held at IAEA, VIC Vienna, on 11-13 December '95, with the
participation of FZK, CEA, AEA, IPPE, PNC and HITACHI under the supervision of
IAEA/IWGFR.

The first phase of the above mentioned Comparative Calculation, consisting of steps I,
II and III, has been successfully executed and is expected to terminate in December 1996,
namely:

(1) Case setup
Neutron Physics:
- standard (ie Na, Doppler, stainless steel, fuel)
- structural feedbacks
Thermal Hydraulic:
- S/A + Primary Circuit + Cover Gas
(Specification of End of Equilibrium Core Loading Scheme)

(2) Produce input for codes to be used in the comparison calculations:
- Steady State Calculations for End of Equilibrium Cycle
- Uncertainty assessment and agreement on sensitivities to be propagated

(3) Pre-boiling transient:
- with full circuit dynamics, or
- with pre-specified boundary conditions for core dynamics

This cooperation with IPPE/Russia has proven to be fruitful not only because of the
many exchanges of know-how (e.g. physical models) and personnel (e.g. scientific staff
delegations to FZK) but also because the western and eastern approaches seem to converge
towards one common safety analysis strategy, that is: the accurate validation of numerical
models against existing experiments and the development of a single coherent numerical
model starting from operational conditions and going from accident initiating event up to late
phase boiling phenomena.

As far as the future developments after 1996 are concerned, the second Phase shall
consist of the following steps to be executed within 2 years:

(4) Boiling transient:
- with full circuit dynamics, or
- with pre-specified boundary conditions for core dynamics

(5) Post-failure transient (if required):
- with full circuit dynamics, or
- with pre-specified boundary conditions for core dynamics

At the end of the contractual periods of Phases I and II, a final report will be prepared
with financial support from IAEA. The report will be approved by all participants prior to
publication.
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2.2. European Accident Code (EAC-2) at the JRC/ISIS

Safety research is performed at the JRC/ISIS in Ispra.

Accident studies with the European Accident Code (EAC-2) were continued, but at a
reduced pace, for the sodium-cooled 800 MWe fast reactor design used in the European
WAC benchmark calculation of 1989.

The investigation of safety and more particularly of severe accident conditions is
important for accelerator driven systems (ADS). Subcritical ADS could be of particular
interest for the actinide transmutation from the safety point of view, because fast reactors
with Neptunium, Americium and Curium have a much smaller fraction of delayed neutron
emitters (compared to the common fuels mXJ and 235U), a small Doppler effect and possibly
a positive coolant void coefficient. This poses a particular problem of control since the
fraction of delayed neutrons is essential for the operation of a nuclear reactor in the critical
state. In addition, the JRC presented in the past a review of accelerator-driven sub-critical
systems with emphasis on safety related power transients followed by a survey of thorium
specific problems of chemistry, metallurgy, fuel fabrication and proliferation resistance.

Computations have been performed for an ADS consisting of an accelerator coupled to
a subcritical fast reactor with thorium/233!! fuel and natural convection lead cooling. After
introducing a source into the point kinetics module of the EAC2 code, Loss-of-Flow accident
calculations for an ADS were performed.

These safety calculations for ADSs have since been complemented by a study of
reactivity insertion accidents. For an assumed subcriticality of - 3$, reactivity ramp rates of
170, 6, and 0.1 $/s were introduced, leading to a total reactivity insertion of about + 3$.
These calculations showed an initially benign behaviour of the ADS (this important safety
feature of an ADS had already been found earlier with simpler calculations). However, after
tenths of seconds a limited steady state type overpower condition was predicted by the
present calculations. In particular the slowest ramp led to a longer-term overpower condition
of about 1.5 times nominal. If the accelerator is not switched off or the proton beam
interrupted, this overpower will eventually lead to some pin ruptures and fuel sweepout
which will stabilise the behaviour of the ADS at a low overpower. This core damage could
be avoided by selecting a lower subcriticality of the ADS.

The calculated Loss-of-Flow and reactivity accidents were described and estimates of
the behaviour of a lead-cooled fast system and that of thermal ADSs with a circulating
fuel/salt mixture were described in the chapter on ADS safety in the IAEA State of the Art
(SOAR) report on accelerator-driven systems which will soon be published.

3. PARTITIONING AND TRANSMUTATION

3.1. Research Activities between 1990 and 1994

The study of the potentialities of transmutation of long-lived radionuclides has been
included in the fourth five-year shared-cost research and development programme (FWP-4)
on "Management and Storage of Radioactive Waste 1990-1994" of the European
Commission. Besides, research work on partitioning and transmutation (P&T) was carried
out at the JRC/ITU in Karlsruhe.
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The implementation of P&T involves research in three areas: (i) partitioning of long-
lived radionuclides from the high level waste, (ii) development of fuel and targets containing
these long-lived elements in view of their (iii) transmutation in various burners (fission
reactors and accelerator driven transmutation devices). The European Commission has partly
supported experimental work on partitioning both in the framework of the shared-cost
programme and at the JRC/ITU, fuel and target development at the JRC/ITU and an overall
strategy study on the potentialities of P&T for nuclear waste management as a shared-cost
action.

3.1.1. Chemical Separation of Long-lived Radionuclides

Four European research institutions have investigated experimentally the partitioning
of actinides from high level liquid waste (HLLW). In the present studies, this operation is
carried out in two steps: (i) removal of actinides and lanthanides from HLLW resulting from
reprocessing of spent nuclear fuel in the PUREX process; (ii) partitioning between actinides
and lanthanides using soft electron donor extractants. In particular, CEA Fontenay-aux-Roses
has been developing for step (i) the DIAMEX process, which uses diamides as extractants.

CEA Cadarache and seven European universities were involved in a research
programme to synthesize and test new macrocyclic extractants (crown-ethers and
calixarenes). The main aim of this study was to selectively remove caesium, strontium and
actinides from medium level liquid waste (MLLW) to decontaminate them to the extent that
they can be disposed of in a near surface site. A new calixarene has been synthesized by the
University of Parma, which has a cesium/sodium selectivity 100 times higher than that of the
best current extractant for cesium. The large selectivity of this molecule has been explained
theoretically. The results obtained for cesium extraction from simulated MLLW have been
confirmed with real HLLW. Finally, new functionalized calixarenes have been also
synthesized, which are more selective to actinides and lanthanides than the best extractant
available on the market.

The JRC/ITU has been studying the extraction capabilities and the radiation stability
of TRPO, a trialkyl phospine oxide synthesized in China. Experiments were carried out with
real HLW from reprocessing of WAK commercial spent fuel. TRPO showed excellent
extraction properties for the actinides, the lanthanides and also technecium and high stability
in the presence of a, b and g radiation. Similar tests have been carried out for other
extractants. In addition, a battery of centrifugal extractors has been installed in one of the
chemical hot cells to have a better assessment of the different partitioning processes.

3.1.2. Fuel and Target Development

The activities reported in this section are part of the JRC/ITU own research
programme.

The JRC/ITU prepared oxide fuels containing minor actinides for irradiation tests in
the fast reactor PHENIX in France (SUPERFACT experiment). The analysis of the irradiated
fuels enabled to determine the transmutation rate of minor actinides and the incurred
occupational dose during handling of this material. Another experiment, SUPERFACT2, of
transmutation of U and Pu oxide with 2% minor actinides is planned in PHENIX.

The irradiation experiment TRABANT (Transmutation and Burning of Actinides in
TRIOX) was agreed in the framework of the project CAPRA (Consommation Accrue de

203



Plutonium en Reacteur Rapide). The partners in this experiment are CEA (F), JRC/ITU,
FZK (D) and AEA/BNFL (UK). The goal of these irradiation experiments is to demonstrate
basic properties, nuclear efficiency and safety behaviour of new fuel types, which are either
defined by a very high content of plutonium (> 40 wt%), together with uranium and minor
actinides (MA) or by the complete absence of uranium (in order to avoid additional
breeding). Irradiation of a mixed (U, Pu)O2 fuel pin with 45 wt% Pu started in July 1995 at
HFR Petten and that of mixed (U,Pu,Np)O2 and (Pu,Ce)O2 fuel pins in December 1995.

The JRC/ITU has started a collaboration with CEA (F), ECN (NL), EDF (F) and FZK
(D) in September 1992 to set up joint experiments for the study of materials for
transmutation, including the fabrication and characterisation of fuels and samples, their
irradiation and their in-pile behaviour. The group is called EFTTRA (Experimental
Feasibility of Targets for Transmutation). Irradiation tests of technecium as a metal and
iodine as 3 inorganic compounds have been carried out in the high flux thermal reactor HFR
at Petten (NL). Post irradiation analyses indicate that the material structure of the technecium
samples is not significantly affected by the irradiation after a burn-up of about 6%.
Irradiation of one technecium sample is continuing in HFR and it is planned to irradiate 3
technecium capsules in the PHENIX fast reactor.

3.1.3. Strategy Studies on the Potentialities of P&T for Nuclear Waste Management

Five European research institutions have carried out strategy studies on Partitioning and
Transmutation to assess its benefits for the safety of the management and storage of
radioactive waste. The main conclusions obtained are summarised below.

CEA and AEA Technology analysed the potentialities of a strategy for the management
of radioactive waste aiming at reducing the inventory of long-lived radionuclides with P&T
and assessed its technological requirements and costs. Reference scenarios without and with
conventional reprocessing and scenarios using P&T have been compared to assess the
potentialities of P&T. The incineration of americium and neptunium was either done in
PWRs or fast reactors (FR) in homogeneous or in heterogeneous mode. The fast reactors
considered had an electrical power of 1500 MWC and were either of the EFR (European Fast
Reactor) type or of the CAPRA type loaded with MOX containing 45% of Pu.

Compared to uranium and plutonium recycling only, the additional recycling of 95%
of americium and neptunium leads to a reduction by a factor of about 6 in the potential
radiotoxicity (without barriers) of the waste to be disposed of between 102 and 103 years
(mainly due to Am removal) and between 5.105 and 5.106 years (mainly due to Np removal).
The radiotoxicity of the waste resulting from actinide incineration is smaller for fast reactors
than for PWRs. Americium and Neptunium recycling increases the global cost of the overall
fuel cycle by 10% to 50%.

Siemens has mainly analysed the potential of fast reactors to transmute actinides and
long-lived fission products. The reference fast reactor is EFR with an electrical power of
1500 MWe, oxide fuel and a lm core height.

Computations show that it is possible to transmute the amount of minor actinides (MA)
produced by about five PWRs with a transmutation half-time of around 10 years in a fast
reactor of the EFR type without compromising its safety behaviour. Concerning long lived
fission products, the "Tc production of 5 to 6 lGWe PWRs could be transmuted in a fast
reactor with a transmutation half-time of about 25 years.
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From safety and burning computations, separation factors between minor actinides and
lanthanides around 30-50 are necessary to achieve MA transmutation efficiencies in fast
reactors equivalent to those obtained without lanthanides.

ECN Petten has analysed the motivations for transmuting long-lived radionuclides and
has established priorities for the nuclides to be recycled. Plutonium should be first on the list
because of its very large radiotoxicity and of risks of proliferation. It is at present recycled
partly in PWRs as MOX fuel. After removal of plutonium from the waste, americium is the
most radiotoxic radionuclide up to 50 000 years. In the framework of this study, it has been
shown that the americium radiotoxicity could be reduced by a factor of 20, when irradiating
Am during 6 years with a thermal neutron flux of about 1014 cm"2 s"1. The transmutation of
long-lived fission products has the third priority, since the collective dose risk from them is
far below the natural dose risk. When comparing the capabilities of heavy water reactors,
FRs and PWRs to transmute "Tc and 129I, the largest transmutation rates and shortest half-
times are obtained in FRs; the results of computation are in agreement with those obtained
by Siemens, showing that large scale transmutation of fission products in existing fission
reactors will be difficult. Finally, the long term (beyond 50 000 years) radiotoxicity of 234U
in reprocessed uranium should not be forgotten, because one of its daughters 226Ra is
responsible of 60% of the natural radiation dose.

Belgonucleaire has investigated the possibilities and limitations of plutonium and
americium recycling as MOX fuel in PWRs. Recycling Am with Pu in MOX fuel leads to
an increase in Pu enrichment of the fuel compared to Pu recycling only. The number of
recycling steps is limited to one instead of two or three in order to keep the void coefficient
negative; more detailed computations are needed to identify the limits for a safe core
operation. The dose rates are increased by a factor of 4.5 for the first recycling step; an extra
25 mm steel shielding is required to reduce the dose rates to the values corresponding to Pu
recycling only; the additional shielding hinders fabrication and increases the operation costs.

3.2. Research Activities between 1994 and 1998

Nuclear Fission Safety is one of the specific programmes of the Framework Programme
for the European Atomic Energy Community (1994-1998) launched by the European Union
in 1994. Exploring new fuel cycle concepts is part of this programme with three research
tasks: (i) partitioning techniques, (ii) transmutation techniques, (iii) strategy studies. Eight
research proposals to be partly funded by the European Commission have been selected in
1995 by the Commission on the basis of an evaluation made by independent experts. An
overview of the objectives of these projects and of the research work to be carried out is
given below. The JRC/ITU is participating to six of these research projects and the JRC
Institute for Advanced Materials (Petten) to one of them.

3.2.1. Partitioning Techniques

Experimental work on new partitioning techniques is performed in the framework of
two projects. The first one has the objective to develop processes for the separation of minor
actinides from very acidic aqueous solutions containing high level waste without the
generation of secondary solid waste. In the second one, extractants selective to strontium,
actinides + lanthanides, and actinides only such as calixarene and crown ether derivatives
will be synthesised. The extracting properties of these compounds will be determined
experimentally and modelled with molecular mechanics and molecular dynamics simulations.
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3.2.2. Transmutation Techniques

Transmutation techniques are covered by two projects. A transmutation experiment will
be performed by the EFTTRA group in the High Flux Reactor at Petten by irradiating a
target of 241Am embedded in an inert matrix (spinelle). The project also includes the
fabrication of the target and post-irradiation analyses. In the second project, a new method,
the adiabatic resonance crossing, which enables to enhance strongly the capture rate of
neutrons by the radionuclides to be incinerated, will be developed both theoretically and
experimentally. The neutrons are produced by a spallation source using a proton accelerator
at CERN.

3.2.3. Strategy Studies

Four projects are dealing with the strategy studies. First, a general study will assess
different possible P&T scenarios and the technical feasibility of P&T techniques and of
advanced fuel and target fabrication. Transmutation of minor actinides and plutonium burning
is considered either in over-moderated PWRs or in fast reactors of the CAPRA type. The
long term risk and residual dose to man from the waste resulting from these scenarios will
be evaluated, when disposed of in an underground repository. The objective of the second
project is to provide the previous strategy study with more accurate nuclear data for the
scenarios aiming at reducing the waste toxicity in MOX recycling schemes either in PWRs
or fast reactors. The relevant nuclear data working libraries will be updated with new
information from basic data evaluations and available integral experiments. The third project
is an assessment of the thorium fuel cycle to limit nuclear waste production and to bum
waste. This study will cover the major aspects of the thorium fuel cycle, i.e. from mining
and fuel fabrication up to non proliferation aspects. The last project is related to the
assessment of Accelerator Driven Systems (ADS) for nuclear waste transmutation. It is
dealing with the Impact of the Accelerator-Based Technologies on Nuclear Fission Safety
(IABAT). The objectives of the IABAT project are to perform system studies on accelerator
driven hybrid systems, to assess accelerator technology, to obtain basic data on nuclear
reaction cross-sections and on radiation damages at the spallation target walls and to study
the radiotoxicity of the ADS fuel cycles.
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