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1 Abstract

The present report is the final report of the MOST project, conducted from November 2001 to October 2004, in the 5th Euratom framework programme.

The project produced a series of deliverables constituting an extensive and structured review of existing knowledge on Molten Salts (MS) and Molten Salt Reactors (MSR). These reports address the following domains: systems and scenarios, reactor physics, design and nominal operating conditions, systems and components, economical aspects, structural materials, chemical aspects, fuel processing and safety. All the documents written during the project (delivrables, progress reports, minutes of meetings) have been stored in the MOST European database created in the frame of the project. The database, which can be accessed via Internet, also includes a significant number of documents that served as the basis for the review work performed in MOST.

The review concludes on the high potential of MSR systems to respond to the goals and criteria assigned to future nuclear systems, namely:

· optimum use of fissile materials, with low in-core and fuel cycle inventory along with breeding capabilities in a thermal spectrum, allowing long term sustainability and improved proliferation resistance,

· minimized production of long-lived wastes, especially in thorium fuel cycle,

· flexible waste management due to high burn-up and on-site reprocessing,

· high energy conversion efficiency,

· favourable safety characteristics.

In addition, the project identifies the major key-points of MSR technology requiring investigations, in order to assess the actual feasibility and performances of such concepts for deployment:

· clean-up techniques and reprocessing flowsheets (Th/Ln and An/Ln separation factors,…),

· bubbling efficiency extraction of gaseous fission products and noble metals,

· tritium management and control,

· integrity of components (mechanical and corrosion behaviour of metallic materials in high temperature molten salt environment, Te interaction with structural materials, graphite life durability,…),

· control of the properties and thus quality of salts,

· definition and/or assessment of safety features and definition of a fully dedicated safety approach.

It is also emphasized that computer tools coupling reactor physics, chemistry and salt thermal-hydraulics, in order to get a fully consistent design for the coupled system (reactor and fuel processing), are not available and should be developed.

Based on these items, a R&D program addressing MSR challenges will be constructed by the MOST Group in the frame of the preparation of a MSR proposal to the 6th FWP.

Progress and schedule of the MOST project

The purpose and objectives of the project is a state-of-the-art review of molten salt reactor technology. The MOST project has been organized in 9 Work Packages (WPs) and the work has been performed in 3 stages. For stage 1, WP1 determined the scenarios to be analysed in priority and evaluated the main and consistent parameters on which the effort should be focused during subsequent stages. The second stage consisted of the review of data, codes and experiments available or missing in each disciplinary area (WP2 to WP8): core physics, chemistry, materials, safety,… The last stage resulted in a general review and a list of R&D needs and recommendations (WP9).

The work was shared between the partners based on their respective expertise and national programmes in order to avoid duplications. Some benchmarks were done to compare codes and data and to validate the results obtained.

The project started at t0 (November 1st, 2001). WP2 to WP8 started at t0+7 months (June 1st, 2002). WP9 started at t0+19 (June 1st, 2003). The final meeting took place in December 2003. A final term report was therefore issued for the two-year period from November 2001 to December 2003.

However, a one-year extension of the project was asked to Euratom and accepted. The work of the MOST consortium then continued until October 2004. Two meetings took place during the extension period (June and October 2004) and the main lines of a new proposal for 6th Framework Program have been established.

The present report thus consists of updating the previous final term report in order to incorporate the work done during the extension. Particularly it includes a description of the European MS and MSR database and provides the rationale and organization of the future R&D work required to address the identified key-points of feasibility of MSR systems.

2 Objectives, strategic aspects and organization

2.1 Introduction

The renewal of interest for MSR has been triggered by the review of innovative systems and of the management of the back-end of the fuel cycle (reactor + fuel cycle for Generation IV) undertaken in European countries in order to bring adequate answers to the constraints weighing on the future of the nuclear energy in terms of cost, safety, environmental impact and public acceptance, and to leave open the nuclear option in the coming years. Indeed, MSR concepts present a number of significant advantages, as regards key-points for future nuclear systems, like waste management, energy conversion, efficient use of fissile materials, or non-proliferation issues.

MSR intrinsic features are :

· high burn-up of fuel which limits the radioactive nuclide balance to wastes and produces low secondary wastes ;

· on-site simplified fuel reprocessing (on-line or batch wise), in situ back-end fuel management which means no transportation of spent fuel and allows reprocessing to be done in a plant located near the nuclear reactor;

· efficiency of energy conversion due to high temperature;

· no interim storage for spent fuel;

· favourable safety features (passive fuel draining system,…).

The high potential of this kind of reactor, particularly its ability to strongly reduce the long-lived wastes due to high burn-up and on-site simplified processing, explains the development of new MSR concepts. Two types of scenarios with these concepts are studied:

· a scenario based, on one hand, on standard LWR (PWR or BWR) using enriched uranium fuel and, on the other hand, on MSR for actinide burning in a fuel without uranium or thorium support;

· a scenario based on MSR allowing homogeneous recycling of fuel (thorium or uranium based), while minimising the production of radioactive wastes.

What promising may be the emphasized MSR performances, and before starting any more detailed studies of recent MSR concepts, key-points mainly concerning the chemical aspects of the molten salt technology, such as corrosion of materials or salt stability, must be deeply analysed. A large amount of research work was performed between the 60’s and 80’s in the USA (ORNL), in Japan (Furukawa), in Europe and in the former Soviet Union. This resulted in some knowledge already available in the open literature and in the laboratories. Today, there is a need to analyse all the available data and experiments in the light of the new objectives set for innovative systems.

The objectives of the MOST project are the evaluation of recent MSR concepts on the basis of comprehensive understanding of their physical and chemical characteristics, and to identify the requirements for models and calculation tools. The project is largely based on the assessment of the state of the art in Europe and in others countries in order to establish future R&D programs.

The main outcomes are thus:

· the evaluation and inter-comparison of MSR concepts,

· the review of existing knowledge, based on a compilation of the data and methods,

· the identification of weak points,

· the adaptation of existing models, if needed, to complete the evaluation of the MSR concepts,

· the evaluation of the MSRs and ways of improvement and optimisation, and proposals for a R(D program for future orientation.

2.2 Organization of the project

The first stage (6 months) of the project aimed at reviewing MSR concepts and making a scenario analysis, in order to choose the salts to be used, and to list the characteristics and the data needed for more specific analyses. This was the purpose of the WP1 (Systems and Scenarios).

The second stage (1 year) was a review of the state of the art in each technical area, in order to determine the gaps: chemistry, reactor physics, thermohydraulics, reprocessing, economy, safety analysis. This was the purpose of WP2 (Reactor Physics - Non-proliferation Issues), WP3 (Design and Nominal Operating Conditions), WP4 (Systems and Components - Economical Aspects), WP5 (Structural Materials), WP6 (Chemical Aspects of Molten Salt Reactor Fuel and Coolant), WP7 (Fuel Processing and Waste Form Studies) and WP8 (Safety of Molten Salt Reactors). The work performed in each WP was concluded by the edition of a review report.

The third stage (6 months) consisted in the compilation of data, a common assessment of feasibility, proposals and future orientations, if of interest. This was the purpose of WP9.

3 Scientific and technical assessment

This scientific and technical assessment has been organised according to the WPs defined at the start of the project. In the present section, a summary of the work done and the work still to be done compared to the task description of the project and the objectives. The description of the status takes into account some changes and additional actions needed in order to validate the results and the analysis.
3.1 Systems and Scenarios

Four scenarios of nuclear electricity production using Molten Salt Reactors (MSR) were compared to a reference one. The reference scenario is a standard open cycle scenario (scenario 0) based on PWR using enriched uranium fuel (60 GWd/tHM – ¼ - 4.9% 235U/U).

Compared to this reference, 4 MSR scenarios at equilibrium state have been studied for transmutation purpose or for breeding.

These 4 scenarios can be divided into two main types:

· Double component scenarios in which MSRs are used as TRU (TransUranian) burner systems of the LWR long lived radioactive wastes:

· TRU burner without fertile material

· Scenario 1 : Once-through recycling based on  a MSR core in thermal neutron spectrum  (graphite blocks as moderator in the reactor)

· Scenario 2 : Multiple recycling based on a MSR core with epithermal neutron spectrum (no moderator in the reactor)

· Scenario 3 : TRU burner with thorium support in a MSR with thermal neutron spectrum (graphite as moderator)

· One component scenario,

Scenario 4 : self-sustainable system, based on a thorium breeder in thermal neutron spectrum

These scenarios are shown schematically in the following figures.

Scenario 1 : Two-component scenario - once-through MSR TRU burner and direct disposal
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Scenario 2 : Two-component scenario – MSR TRU burner without thorium support (inert support)
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Scenario 3 : Two-component scenario - MSR TRU burner with thorium support


Scenario 4 : One component scenario – MSR breeder
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For each scenario, mass and inventory in Heavy Nuclides were calculated. In order to compare all scenarios, the normalisation is done for a production of electricity of 1 TWhe. For the two-component scenarios, all the TRU (Np, Pu, Am, Cm) produced by PWRs are burnt in MSRs. The MSR fraction in the nuclear park is such that equilibrium between production and consumption is reached. For fuel salt processing, the rate of losses for the heavy nuclides is fixed at 10-3.

The concept characteristics and the main results are described in deliverable D1. All the data concerning fuel compositions, mass fluxes, main schemes for fuel processing also are provided in D1.

A summary of these results is given in the following table :

	
	once-through
	recycling

	
	open cycle
	one recycling
	burner (epithermal spectrum)
	burner (thermal spectrum)
	breeder

	
	scenario 0
	scenario 1
	scenario 2
	scenario 3
	scenario 4

	PWR fraction (%)
	100
	73.8
	72
	43
	0

	MSR fraction (%)
	0
	26.2
	28
	57
	100

	Wastes (kg/TWhe)

Pu

Np

Am

Cm

F.P.
	25.75

1.8

1.6

0.26

127
	830 10-3
3 10-3
45 10-3
23 10-3
111
	237 10-3
5.78 10-3
22.2 10-3
52.2 10-3
125
	80 10-3
11 10-3
22 10-3
94 10-3
112
	2.8 10-3
2 10-3
0.2 10-3
1 10-3
100


One can observe the impact, on the waste mass, of the closed cycle (actinide recycling) and of the low inventory of actinides in the MSR.

D1 also provides a short description of the MSR based on the previous experience of the MSRE and MSBR project. The system is a two loops circuit without pressurization : 

· the primary circuit which contains the reactor vessel (core with or without  graphite blocks), the pump, the fission product extraction system by He bubbling at the pump (gas and some noble metals: Xe, Kr, He, H3, Mo, Se, Te, Tc, Ru, Pd, Ag, Nb), a salt-salt heat exchanger, a refuelling system, a system for control and purification of the fuel salt, a system for Redox measurement and control, a fuel salt extraction for fuel salt processing (small batch or continuous extraction).

· the secondary circuit which contains a pump, a salt-salt heat exchanger, a salt-water or salt-gas heat exchanger, a system to control tritium permeation. The objective of the secondary circuit is to be a barrier between the radioactive fuel salt and the energy production system (turbine, alternator). The choice of the secondary loop salt also is a key point. This salt must be chemically inert with the fuel salt and with the coolant of the third circuit (water or gas).

· the third circuit with a heat exchanger, a turbine and a current generator to produce the electricity.

The main materials used are the graphite for the thorium breeder as moderator in the core, and the modified Hastelloy N (containing a fraction of titanium and niobium) as structural material (vessel, circuit, heat exchangers,…). Others materials can be foreseen: ceramics, refractory metals, high Mo Ni-base alloys (e.g. INOR8), Hastelloy N.

In the frame of WP1, it was also decided to perform a benchmark exercise on these scenarios for comparison of codes and data. This benchmark exercise was done in the frame of WP2-WP3 activities.

Summary of WP1

The reactor physics of MSR allows a flexible system, offering the potential to be operated both as a burner and a breeder, depending of the objective, and optimum resources utilisation. The transmutation of TRU in MSR is efficient and reduces the amount of wastes produced.

D1 document gives the input for the determination of the main characteristics of the salts, the requirements in reprocessing or fuel fabrication, the chemistry stability characteristics,… which have to be evaluated in the WP2, 3, 4, 5, 6, 7 and 8.

3.2 Reactor Physics Study - Non-Proliferation Issues / Design and Nominal Operating Conditions

In order to take into account the close relations between the neutronics and the operating conditions, it was decided to produce a common report for WP2 and WP3 (deliverable D2&3).
The first part of D2&3 presents a benchmark based on the experimental results obtained from the Molten Salt Reactor Experiment (MSRE). The MSRE was operated from 1965 to 1969 (nominal power ~8 MWth) in the Oak Ridge National Laboratory. MSRE was fueled initially with 235U, then with 233U (MSRE was the first reactor ever fueled with 233U). This experimental program produced a lot of well-documented reports which allowed to define a benchmark, concerning as well reactor dynamic behavior (power transient with temperature feedback effect) as basic physical parameters (loss of delayed neutrons due to the fuel salt motion, reactivity coefficients). The MSRE benchmark has allowed the various participants to validate their calculation tools and models. The good agreement generally observed between the calculations and experimental values gives confidence in using the codes for the study of the MSR concepts selected in the D1 deliverable. The results are presented in the second part of D2 & D3.

A list of methods, physical models and calculation tools was firstly established (MOST meeting, January 21-22, 2002):

· for MSR static calculations : MCNP-ORIGEN (NRI), APOLLO2 (EDF and CEA), WIMS (Belgonucleaire) using JEF2.2 or ENDFB6 libraries, REM (MCNP with evolution and interface with NJOY, CNRS). It is worth noting that there is a significant discrepancy (10%) between these 2 evaluations with respect to the 232Th resonance integral value, which is underestimated by JEF2.2 ; 

· for dynamic calculations : NILO (by Polito Torino), DYN1D (by FzR), CINSF1D (by EDF), SIMMER 3D and SIM-ADS (by FzK). All these codes model the neutronic effect of delayed neutron precursors motion, and use point or 1D kinetics, except  SIMMER 3D.

Some benchmark exercises were proposed to compare the response of the different computer tools:

· EDF provided the results of its AMSTER neutronics calculations (scenarios 3 and 4) and all the data needed in order to allow various participants (Belgonucleaire, FzR) to perform their own calculations. The results of this benchmark were presented in a WP2-WP3 meeting (Paris, March 6, 2003).

· It was decided to qualify dynamics calculations against experimental results from MSRE. This “MSRE benchmark”, proposed by FzK jointly with EDF (September 18, 2002 WP2-WP3 meeting), is made of 3 stages: firstly, a static benchmark consisting in the calculation of the reactivity loss due to fuel motion, in case of both 235U and 233U enriched fuel ; secondly, the calculation of pump run-up and pump coast-down transients at zero power. Eventually, the calculation of a natural convection power transient. FzR, Polito Torino and the Budapest University of Technology and Economics participated with EDF and FzK to this benchmark. Preliminary results presented by FzK were quite encouraging. It was also decided to have 3 meetings dedicated to this benchmark in 2003 (January 31, March 7, April 4).

· It was also planned to perform, in continuation of the MSRE benchmark and qualification of calculation tools, another benchmark on industrial sized reactor transients, in order to assess dynamics and reactivity effects on a more realistic reactor basis. The main transients chosen to be simulated were unprotected pump coast-down, unprotected insertion of reactivity, and unprotected overcooling transient, and the systems selected for this study were the MSBR and AMSTER (both incinerator and breeder options). Because of the shortage of time, it was decided, during the 4th April 2003 meeting, that only FzK would perform the calculation and submit the results to EDF for analysis.

Two major applications are foreseen for Molten Salt Reactors : breeding in thorium cycle, or long life nuclear waste incineration. Among the five systems studied in WP2 and 3, three are of the second category : TIER (reactor fed with only TRans-Unanium elements dissolved in NaF-ZrF4 salt and moderated by graphite), SPHINX (TRU burner in fast spectrum) and AMSTER incinerator (TRU burner in thermal spectrum with thorium support). Only two belong to the first category : the AMSTER breeder concept, derived from the MSBR project developed by ORNL in the 70’s, but with a drastic release of the constraints on the reprocessing performance (no 233Pa extraction, limited fission products extraction) ; and the MSBR itself, that was reviewed and considered as a reference concept because of its significant progress and the exhaustive information and data delivered by ORNL.

For the incinerator concepts

The main conclusions drawn from the studies are first that the most rapid way to incinerate the TRans-Uranium elements (TRU) issued from PWR spent fuel is to burn them in a fast neutron spectrum MSR as SPHINX proposed by NRI, thanks to the possibility to load them without any fertile support, and the good fission/capture ratio. Moreover, the problem raised by graphite alteration and activation is eliminated. However, SPHINX requires a large fissile inventory, and its safety is surely a serious issue, that would require a far more accurate model and calculations.

Graphite thermalized burner concepts offer the advantages of both a small fissile inventory and inherent safety features. But they absolutely require the use thorium support like in AMSTER (uranium support is incompatible with a good incineration efficiency), resulting in a far slower speed of TRU incineration if compared to SPHINX, although the TRU reduction factor is of the same order, even better, than the one obtained by SPHINX. TIER, operated with no fertile support, does not work as an efficient incinerator in any configuration (sub-critical system operating in once-through, or critical core with fission products extraction and actinides multi-recycling), and is definitely not a viable concept. 

A last but very important point : whatever the incinerator concept considered, SPHINX or AMSTER type, the amount of minor actinides (and especially 244Cm and 252Cf) is very large (several hundred of kg of 244Cm at equilibrium per 1 Gwe reactor), and would rise very serious safety, criticality and maintenance problems, and surely an awkward complication of the fuel salt reprocessing.
For the breeders

Calculations performed both by EDF and CNRS are very consistent with ORNL results, and confirm that MSBR has the potential to be an excellent Generation IV system, particularly as far as sustainability is concerned. MSBR is outstandingly sober thanks to efficient 233U breeder, and needs hardly more than one ton of fissile uranium isotopes for a 1 GWe power plant, with an excellent doubling time (about 20 years). It is also a very clean reactor, strongly minimizing long life radioactive waste. But MSBR requires high reprocessing performances (the whole core reprocessed in a few days to extract 233Pa as fast as possible), in order to get the maximum breeding factor and minimum doubling time achievable, which may be difficult or impossible to reach in line, and leads to very large thorium losses sent to the waste together with fission products, not compatible with sustainability criterion on good use of natural resources. 

On the other hand, high breeding performance, which was the ultimate goal in the 70’s in the context of competition between the MSBR and the LMFBR, is not so important nowadays. Sustainable development can be satisfied with only self-breeding, a more important effort being made to reduce the long life wastes. That is why EDF proposed its concept of AMSTER breeder, derived from the MSBR, but with a simplified fuel reprocessing scheme, aimed at minimizing the amount of fuel to be processed, and consequently the amount of actinides sent to the final disposal. Furthermore, the abandon of 233Pa extraction eliminates the major proliferating feature of the concept. However, the more recent and accurate calculations presented in D2&3 have shown that AMSTER can not be a breeder because of the non-extraction of 233Pa, but only a high conversion rate system. More recent CNRS studies, whose results are also given in D2&3, have been carried out with the same philosophy and objectives, and have come to the conclusion that this goal of a breeder with a very reduced on-site reprocessing is possible, but requires to lower the neutron flux and power density level by doubling the core size while keeping the same reactor thermal power. 
The third part of D2&3 has been devoted to the calculation of MSR reactivity coefficients, which are of major importance for normal operating condition or accidental transients studies. Reactivity coefficients can be separated in two parts: fuel salt temperature coefficient and graphite temperature coefficient. The fuel salt contribution is negative, assuring the safety of MSR’s thanks to almost instantaneous and efficient feedback response in case of a temperature rise. The graphite contribution is positive, enough to render the total temperature coefficient slightly positive, making the reactor unstable on long term if there is no other intervention (control rod motion to stabilise the power level for instance).

Some discrepancies on the reactivity coefficients (concepts described in D1) have been observed among the partners or with the data provided in the literature. Accurate calculations performed by EDF, with both MCNP and APOLLO2 codes, and by CNRS using MCNP have concluded that, in contrast to ORNL 1970’s calculations, the global temperature coefficient is positive (but not the fuel-salt temperature coefficient, which is strongly negative and is the most important for the safety) due to a strong positive graphite coefficient. It was decided to calculate the MSRE temperature coefficient, which was measured by ORNL, in order to qualify the calculation method, and to research alternative ways (core geometry or/and fuel composition optimisation, use of a poison,...) to get a negative coefficient. 
In order to get an overall negative temperature coefficient or a negative graphite temperature coefficient, solutions exist like erbium addition in the graphite to render the coefficient negative, and there also are options by optimizing the core zoning in alternate fissile and fertile zones. Anyway, unprotected transients calculated by FzK for MSBR and AMSTER showed that, in spite of a global positive temperature coefficient, the initial phase of these transients is always dominated by the negative reactivity coefficient associated with the fuel temperature, and that the resulting sluggish transient behaviour of these reactors provides sufficiently response time for the reactor operators to intervene : these reactors can then be basically characterized as safe.

In the case of SPHINX concept, deprived both of significant Doppler and graphite effects, the temperature coefficient is slightly negative, but the level of calculation uncertainties is high, and more precise model and dynamic transients calculations are needed to be able to conclude if this concept can be accepted as safe. Furthermore, a fast spectrum MSR misses the most outstanding safety feature of graphite thermalized MSR, which is the fact that the fuel salt is very sub-critical outside of the graphite lattice.
Recommendations for further studies are the following ones :

· concerning concept studies and optimization, more precise SPHINX calculations are needed to confirm its viability and safety. CNRS and EDF studies on self-breeder MSR have to be finalized, and the core geometry with the distribution of fissile and fertile zones has to be optimized with respect to breeding factor and temperature reactivity coefficients. The efficiency of the non soluble fission products extraction by helium bubbling, which is really a key-point for the core neutron balance and safety concern, will have to be carefully studied, as well as tritium production and the different ways to reduce it and to trap the tritium in the primary and secondary circuits. The consequence of the in-core helium circulation on reactivity (void effect) should also be examined.

· concerning calculation tools, the MSRE benchmark considered a very large panel of numerical methods, with more or less simple assumptions, going from point kinetics to 3D deterministic and Monte Carlo codes. The objective of a future program should be to develop a more accurate tool, coupling in 3D thermohydraulics and neutronics and enabling to simulate more complex core design, flow pattern, and transients, and to integrate all the methods available in a unique code, allowing simple project analysis with simplified tools, and precise reactor 3D computation, if an MSR demonstrator is built. It is also crucial to develop tools aimed at the evaluation of the uncertainties to be associated with the calculation of the main physical parameters, such as breeding factor or temperature feedback coefficients.

- concerning the non-proliferation issue, which was included in WP2, only a few considerations have been given in D2&3 at such a preliminary stage of the studies. This important problem should be more deeply addressed.

3.3 Systems and Components - Economical Aspects

The review of systems and components was subdivided into subsections focused on molten salt pumps, general and specific requirements to heat exchangers for high temperature applications, primary heat exchangers, steam generators, component configuration concepts, control instrumentation problems, fuel salt and heat carrier purification systems, fuel salt chemistry systems, candidate heat carriers on fluoride salt basis, chloride salt basis and nitride basis, further on gaseous fission product treatments and economical aspects.

In the section devoted to molten salt pumps, ALPHA pump (USA), MSRE pumps (USA), pump for experimental loop SOLARIS (Russia), considered pumps for MSBR (USA), graphite pump for  a molten salt loop (France) and molten salt pump EVM (Czech Republic) design concepts are described and design data as well as operating data summarized.

Concepts of heat exchanger for high temperature applications are analyzed from the viewpoint of cost, fabricability, controllability, reliability, vibrations, maintainability, pumping power, safety characteristics and overall conditions for a MSR system in the next section.

Design concept analysis of primary heat exchangers for MSBR and MSRE were performed and characteristic data summarized.

Next section provides knowledge on boiler design concepts proposed for molten salt reactor systems and convential shell-and-tube heat exchangers. Specific data have been collected to the proposed once-through steam generator for the MSBR.

No specific operating experience with molten salt heated steam generators is available.

Concepts of component configuration have been demonstrated on the proposed Russia reactor facility with MSR – burner. This Russian proposal considered loop as well as integral configuration of components. 

Characteristics of candidate heat carries and molten salt used in experimental loops have been collected and evaluated. The factors determining the choice of the heat carrier are chemical stability, susceptibility to radiation damage, compatibility with structural materials, thermal and transport properties, temperature of melting and evaporation and costs.

Economical aspects of the MSR systems have been reviewed from published information. Costs of heat exchangers for high temperature applications are primarily a function of the surface and of the material of construction. Summary of performance parameters for some typical high temperature heat exchangers was done. To keep the cost per unit of surface area to low level as possible, it is desirable to employ an inexpensive structural material as can be used after allowances are made for corrosion considerations and pressure stresses.

Russian estimates of economic parameters of two molten salt reactors and American cost estimates for the MSBR reactor were summarized. The cost estimates are very influenced by conditions and backgrounds in the country where the estimates were performed (for example differences in annual operational costs etc.).

The most detailed cost estimates provided in MSBR (ORNL) project are implemented into the review.

3.4 Structural Materials

A list of relevant materials for MSRs has been derived from the INIS data base. The materials are reviewed for the reactor and balance of plant components. The main characteristics that are compiled are related to : thermal stability, low neutron absorption (for in-core material), thermal conductivity, in-flux behaviour and stability, cost, manufacturing possibility, weldability,…

For the reactor, the main material to be analysed is graphite. For structure materials (out of neutron flux), the main material studied is Hastelloy N modified, for which physical properties, formability, oxidation resistance, hardness, tensile, rupture and elasticity characteristics are available and gathered. A review of the compatibility of these materials with fluoride salts for primary or secondary circuit has to be studied.

The main criteria leading to the choice of a material are the thermal stability, the low neutron absorption (for in-core material), the thermal conductivity, the in-flux behaviour and stability, the cost, the manufacturing welding ability.

Structural materials studied in the past at ORNL were Hastelloy N standard and modified. Physical properties, formability, oxidation resistance, hardness, tensile rupture and elasticity characteristics were published. But the material is not available on the market in standard.

Characteristics of the nickel base alloy of the type MONICR (Skoda, Plzn) have been summarized in the framework of the MOST project [5].

The main results regarding the experimental work done in Skoda up to now are the following:

· corrosion resistance of the MONICR alloy is said to be satisfactory,

· fracture toughness of the MONICR alloy demonstrated very high reserve of the plasticity,

· the technology of manufacturing of products is a key point.

The performances of MONICR require confirmation by additional data from the ongoing experimental programs and interpretation underway at Skoda.

3.5 Chemical Aspects of Molten Salt Reactor Fuel and Coolant

The current knowledge of the MSR fuel chemistry is based on the Oak Ridge National Laboratory (ORNL) experience on the NaF-ZrF4 fuel carrier in the Aircraft Experiment (ARE), 7LiF-BeF2-ZrF4 in MSRE and the 7LiF-BeF2 for MSBR. MSRE has been operated with 235U, 233U and 239Pu as fissile material. The MSRE experience has demonstrated that the effect of the Tellurium on the nickel based alloy, the measurement and control of the fuel chemistry are major areas for further research.

The main physico-chemical properties of the 7LiF-BeF2 based fuels and especially those of the design compositions for the MSBR fuel have been determined experimentally. The current European research is focused on the evaluation of these past experiments and the development of physico-chemical models to describe the fuel salt properties as a function of its composition. This evaluation has shown that a number of additional measurements are required to complete the data base.

In addition, fluorine potential (redox control) and the effect of fission products on the fuel chemistry must be addressed in future projects, building on the experience from ORNL. The equilibrium concentrations of fission products in the case of batch wise clean up might affect the fluorine potential, physico-chemical properties, corrosion of structural materials and deposition of fission products. Also the maximum permissible oxygen content in the fuel must be defined on the basis of chemical assessments. These goals require laboratory experiments and chemical modeling.

A review of the properties of the compounds LiF, NaF, BeF2, ZrF4, ThF4, UF4, NpF4, PuF3 and AmF3 and their molten binary, ternary and quaternary mixtures was performed. These mixtures are candidates for fuels and/or coolants of molten salt reactors. The main focus is on the systems LiF-BeF2-AnFn and NaF-ZrF4-AnFn (where An denotes actinide). The main properties considered are melting point, heat capacity, density, viscosity and thermal conductivity. Also other thermodynamic properties are discussed. The literature is critically assessed and recommended values are given when sufficient data are available.

Emphasis is given to the following systems, which have been selected: LiF-BeF2-AnFn, NaF-ZrF4-AnFn, LiF-NaF-AnFn, NaF-KF-AnFn, LiF-BeF2, NaF-NaBF4. The first 4 systems are fuel compositions, the last two are coolant compositions.

The activities for this working package performed have focussed on the critical review of the following properties: 

· Density and viscosity. Experimental data for density and viscosity have been collected after a thorough literature search. The experimental data, mainly originating from US and Russian researchers, have been compared and recommended values for the pure compounds have been made. Also experimental data for ternary and quaternary mixtures have been reported on the basis of which recommendation could be made for the MSRE and MSBR fuel composition. In order to give data for other mixtures it has been checked whether additivity rule can be used. 

· Thermal conductivity. The literature sources for the data of relevant salts have been collected. Very little experimental sources have been found. This task will be continued.

· Redox potential. The available data on the redox potentials of actinide couples in FLiBe salt have been collected. The experimental data are restricted to the uranium and thorium compounds, but the origin of these data must still be checked. The redox potentials of the other actinide systems have been estimated from the potentials in aqueous solutions and in chloride melts. 

· Thermodynamic properties. Experimental data on the thermodynamic properties (enthalpy of formation, entropy, heat capacity, melting point) of the actinide compounds ThF4, UF4, NpF4 and PuF3 have been collected. Only for UF4 the data set is complete and extends into the liquid phase. For ThF4 experimental data for the liquid are lacking, for the other systems mainly room temperature data are available.  All experimental data are being analysed at present in order to establish ‘recommended’ values. Where experimental data are lacking, estimation procedures are checked.

· Phase diagrams. A vast amount of information is available on the phase relations in the relevant fluoride systems. The relevant binary phase diagrams have been compiled. Emphasis is given to the candidate coolant/fuel carrier systems, e.g. LiF-BeF2, NaF-BeF2, NaF-ZrF4 and systems with the actinide fluorides ThF4, UF4 and PuF3. Also experimental information on the ternary systems has been collected. All experimental data are being analysed at present.

· Solubility. Data on the solubility of the actinide trifluorides in FLiBe have been collected. They are restricted to the fluorides of thorium, uranium and plutonium. In order to predict the solubility of AmF3 and CmF3, also data for the lanthanide trifluorides have been collected and on the basis of the trends and systematics in the 4f and 5f series  estimates for AmF3 and CmF3 have been obtained.

The properties of most relevant compounds for the carrier and coolant salts (LiF, NaF, BeF2, ZrF4) are well known. The exceptions are the thermal conductivity for which almost no experimental data have been reported and the density and viscosity of liquid ZrF4. For the actinides the situation is considerably worse. Only the properties of UF4 are well established. For ThF4 reliable data on heat capacity and enthalpy of fusion are lacking. For the other actinides the properties are mainly estimates.

Most of the relevant binary systems are well known from equilibrium diagram studies describing the liquidus curves as a function of composition. For the density and viscosity of several binary systems detailed experimental information is available. The density of most binary can be described adequately by the additivity of the molar volumes of the end members (ideal mixture). The viscosity of the binary mixtures on the other hand shows significant deviations from ideality. Also phase diagrams and properties of ternary and quaternary systems are known, though the data are often limited to single studies.

The electrochemical properties of molten fluoride salts are poorly known. The electrode potentials for the actinide couples are mainly based on estimated values. The solubility of inert gases in molten fluorides is reasonably established through experiments, both for LiF-BeF2 and NaF-ZrF4. The solubilities increase linearly with gas pressure and temperature and decrease with increasing atomic weight of the gas atom. Radiation stability of molten fluorides is very good which can be explained by the ionic structure of the liquid. There is no experimental evidence that molten fluorides are instable in radiation fields.

3.6 Fuel Processing and Waste Form Studies

The main separation methods are based on pyrometallurgical and pyrochemical principles. These methods include molten salt/liquid metal extraction, electrochemical separation, volatilization techniques and inert gases (He) bubbling (noble metal particles). These processes are under development in several laboratories in Europe, USA, Asia and Russia. In Europe, this is done at CEA, NRI, ITU, CNRS, and BNFL. There still remains a lack of some basic data and further experiments are necessary to develop a complete scheme for a well adapted reprocessing unit. At the same time, development of computational tools is also of great interest to optimize possible processes.Molten-Salt Reactor fuel processing and reprocessing were evaluated as a preliminary step. One of the main advantages of Molten-Salt Reactor comes from the possibility that this reactor type could be directly connected with the “on-line” reprocessing of circulating liquid fuel. This fuel cleaning is necessary within a long run to keep the reactor in operation. As a matter of principle, it permits to clear away continuously typical reactor poisons like xenon, krypton, and lanthanides etc. from circulating fuel containing plutonium and minor actinides until they are not burned and transmuted.
The objective of the reprocessing processes is to clean up the salt from lanthanides and noble metal particles.

· In the framework of the MSBR project, the main objective was to obtain the best breeding ratio of the system. This was achieved by a very high flow rate of the salt in the reprocessing unit and great losses of actinides.

· In the TMSR project, strong emphasis is put on the FP/An separation factor.

Fuel processing and reprocessing technologies have to be divided from the point of view of their emplacement in the MSR fuel cycle to the “front-end” and “back-end” technologies. Mainly for Molten-Salt Transmutation Reactors (MSTR), this categorization is important, because the LWR spent fuel reprocessing and the subsequent liquid molten salt fuel processing have quite different character in comparison to the “on-line” reprocessing (fuel salt cleaning up) of circulating MSR or MSTR fuel. 

The final part of fuel processing technology should be also placed in the reactor site and tightly attached to the “on-line” reprocessing, because the refilling of the fresh fuel into the reactor has to be carried out in connection with the removal of the burned out fuel and fission products from the primary fuel circuit.

Predominantly fluoride pyrochemical and/or pyrometallurgical separation procedures appear in the foreground of interest among the back-end technologies. For all that, also the hydrometallurgical processes coming out from the industrially employed PUREX process could play important role mainly among the “front-end” technologies.

Hydrometallurgical separation technologies

Improved PUREX process, which is able to separate uranium and plutonium by tributyl phosphate and neptunium by butyraldehydes can be used as the front technology of the PWR spent fuel reprocessing. The new extraction processes should be developed to separate trivalent actinides (americium, curium) from lanthanides. The most important processes, designated for the actinide / lanthanide separation from the high active raffinate coming out from the Improved PUREX process, are DIAMEX, SANEX and SESAME.

Pyrochemical or pyrometallurgical seratation technologies

No pyrochemical (or pyrometallurgical) technology suitable for actinide / lanthanide separation has been deployed to a large industrial scale so far. However several pyro-processes, promising for the partitioning, are under intensive development. The most promising pyrochemical techniques are the molten-salt / liquid metal reductive extraction, electrochemical separation and fluoride volatilization.

· The molten-salt / liquid metal reductive extraction was proposed by ORNL specialists for the on-line reprocessing of MSBR fuel. The process was based on the protactinium extraction by liquid bismuth from the LiF-BeF2 carrier salt and subsequent extraction of rare earth elements in the Molten LiCl / liquid Bi system.

· Electrochemical separation processes suitable for the front-end or back-end emplacement are under development in EU, USA, Japan and Russia. Anodic dissolution method, which can selectively dissolve some individual elements or groups of elements seems to be one of the most promising method.

· Fluoride volatilization techniques can be used either as the front-end technology (fluoride volatility process – originally developed for the FBR spent fuel reprocessing), or as the back-end technology (fluoride volatilization based on bubbling of the fluorine gas into a molten salt in order to remove uranium [in the form of volatile UF6] from the molten carrier salt).

· The only way how to produce anhydrous and oxide free thorium tetrafluoride for MSR fuel processing is a gas-phase hydrofluorination of thorium oxide with anhydrous hydrogen fluoride. This reaction has been mastered quite well and the process is used in the thorium metal production.

Based on the discussed technologies, several flow-sheets were assigned to individual MSR scenarios.

3.7 Safety of Molten Salt Reactors

The favourable feedback experience gained from MSRE operation between 1965-69 encouraged the MSBR program team at ORNL to draw very positive conclusions on the safety attractions of MSBR-like concepts. More generally, MSR have often been presented by their designers as nuclear reactors with a high degree of safety. Since the prematurely termination of the MSBR program in 1975, safety rules for nuclear reactors have changed and the analysis performed in the 70’s is unlikely to have the adequate or comprehensive level that would be required for the licensing of MSR today.

The ORNL estimation of temperature and void reactivity coefficients of the MSBR core indicated favourable behaviour in case of events causing temperature excursions in the primary system or fuel-salt core voiding. Recent analyses of temperature coefficients confirmed the salt negative reactivity effect but indicated a graphite positive effect, resulting into a slightly overall positive effect in some “scenarios”.

ORNL studies were undertaken to systematically identify, categorize and evaluate events of safety significance that can be postulated for molten salt reactor systems. The MSBR design-basis accident postulated by ORNL is a rupture in the fuel system that quickly spills the entire fuel inventory within the primary containment. Preliminary ORNL studies examined the safety significance and potential causes of such an accident. It was concluded that such spills would not lead to failure of the primary containment and the secondary containment would provide additional protection of the public health and safety. More generally, no single events were identified which could lead to unacceptable consequences. However, the simplified analyses realized in the frame of the MOST programme tend to confirm the relatively mild and tolerant behaviour of MSR (MSBR-type design) for a selection of unprotected transients.
Besides, it is shown that the safety of MSR is strongly affected by the degree of coupling between the nuclear reactor and reprocessing unit. The order of magnitude of the processed fuel-salt flux from and into the primary circuit and the fuel salt retrieval procedure appear as major parameters that must be investigated by sensitivity studies. In addition, the processing unit is a potential source of accident initiating events for the nuclear reactor.

However, event sequences depend to a degree on the particular MSR system under study, thus current work is limited to the ORNL reference design MSBR. As a conclusion, ORNL analyses, which provide the bulk matter for the review presented here, should be considered with some caution and significantly updated before application or extrapolation to alternative designs, operating conditions or fuel management scenarios. A special care should be paid to the coupled operation of the nuclear reactor and associated processing plant.

A sound basis for the elaboration of a safety approach for MSR was set, able to meet up to date safety requirements. A preliminary list of accident initiators families is provided. The establishment of a comprehensive, physically well founded list of initiating events classified into categories still has to be realized.

For the analysis of postulated accident sequences, the development of a safety code modelling the coupling between neutronics, thermalhydraulics and physico-chemistry seems necessary.

3.8 Connection with the ISTC-1606 project

From the beginning, the MOST project has been strongly connected to the ISTC-1606 research program conducted in the same area within a network of Russian Laboratories and Universities and also supported by Europe. The link with the ISTC-1606 project is done through the participation of European collaborators to the ISTC project meetings and participation of ISTC project manager to the MOST meetings. The consistency of the two projects is good: new proposals for a fluoride salt were done by Russian laboratories based on the European specifications. New experimental data are acquired by the Russians and a loop is built and will be filled with this salt for corrosion measurement.

4 MS and MSR database

Another output of the project is the European database on Molten Salts (MS) and Molten Salt Reactors (MSR). Two objectives have been assigned to the database:

· storage, consulting and sharing of MS and MSR documents (database of documents),

· establishment of a reference set of technical parameters (“technical” database).

MOST participating institutions can access the database by connecting to the website https://www-most.cea.fr/ (see homepage on Figure 1).
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Fig. 1
MOST Internet environment (homepage)

A significant part of the documents referenced in MOST deliverables has been introduced in the database. Additions are underway in order to reach a better coverage of the numerous documents issued by ORNL. The database also contains the final reports of the ISTC-1606 programme.

The architecture of the technical database is shown in Figure 2. A first set of MS and MSR reference data compiled from MOST deliverables has been input into the technical database.
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Fig. 2
Architecture of the European MS and MSR database

5 List of contractual deliverables

	Deliverable
No
	Deliverable title
	Due delivery 
date
	Status / completion

	D1
	Systems and Scenarios review
	7
	Done

	D2
	Reactor Physics Study - Non Proliferation Issues
	18
	Done

	D3
	Design Review and Nominal Operating Conditions
	18
	

	D4
	Review of Systems and Components – Review of Economical Aspects
	18
	Done

	D5
	Review and Analysis of the Structural Materials
	20
	Done

	D6
	Review of Chemical Aspects of Molten Salt Reactor Fuel and Coolant
	20
	Done

	D7
	Review and Analysis of the Fuel Processing and Waste Form Studies
	18
	Done

	D8
	Safety Review of Molten Salt Reactors (Nuclear Power Plant and Reprocessing Unit)
	20
	Done

	D9
	Recommendations - Proposals
	24
	Done

	D10
	1st Annual Report (all WPs)
	12
	Done

	
	Final Report (long version)
	24
	Present document


A single deliverable was written for WP2 and WP3, as a result of joint analysis and data.

6 List of issued documents

[image: image7.wmf]Document

Deliverable

Reference

MOST kick-off meeting, October 2001

MOST - 10/01–M-1

MOST meeting, January 2002

MOST - 01/02–M-2

MOST meeting, June 2002

MOST - 06/02–M-3

MOST meeting, September 2002

(see WP2&3 meeting)

MOST - 09/02–M-8

(cf. MOST - 09/02–M-14)

MOST meeting, November 2002

MOST - 11/02–M-9

MOST meeting, June 2003

MOST - 06/03–M-10

MOST meeting WP2&3, September 2002

MOST - 09/02–M-14

MOST meeting, December 2003

MOST - 01/04–M-11

MOST meeting WP2&3, January 2003

MOST - 01/03–M-12

MOST meeting WP2&3, March 2003

MOST - 03/03–M-13

MOST meeting, June 2004

MOST - 07/04–M-101

MOST meeting, October 2004

MOST - 10/04–M-102

Six monthly management report, Nov. 2001 – May 

2002

MOST - 07/02-M-4

Six monthly management report, May 2002 – October 

2002

MOST - 11/02-M-5

Six monthly management report, Oct. 2002 – May 

2003

MOST - 07/03-M-6

Six monthly management report, May 2003 – October 

2003

MOST - 11/03-M-7

Systems and Scenarios Review

D1

MOST - 10/02-S/T-1

Reactor Physics Study – Design Review and Nominal 

Conditions - Non Proliferation Issues

D2&3

MOST - 07/03-S/T-2

Review of Systems and Components – Review of 

Economical Aspects

D4

MOST - 07/03-S/T-3

Review and Analysis of the Structural Materials

D5

MOST - 09/03-S/T-4

Review of Chemical Aspects of Molten Salt Reactor 

Fuel and Coolant

D6

MOST - 12/03-S/T-5

Review and Analysis of the Fuel Processing and 

Waste Form Studies

D7

MOST - 08/03-S/T-6

Safety Review of Molten Salt Reactors

D8

MOST - 01/04-S/T-7

Recommendations – Proposals

D9

MOST - 12/03-S/T-8

1

st

 Annual Report – Mid term report

D10

MOST - 11/02–MT-1

Final term report

MOST - 12/03–FT-1

Final report

MOST - 03/05–ST-101


7 Follow-up of the MOST project (FP6 proposal)

In the course of the state-of-the-art review performed in the frame of the MOST FWP5 project, the major key-points of MSR technology requiring investigations, in order to assess the actual feasibility and performances of such concepts for deployment, have been identified.

The main items to focus on are the following:

1.
clean-up techniques and reprocessing flowsheets (Th/Ln and An/Ln separation factors,…),

2.
bubbling efficiency extraction of gaseous fission products and noble metals,

3.
tritium management and control,

4.
integrity of components (mechanical and corrosion behaviour of metallic materials in high temperature molten salt environment, Te interaction with structural materials, graphite life durability,…),

5.
control of the properties and thus quality of salts.

Other essential issues are related to the design and the safety analysis of MSR systems, among which:

6.
re-assessment of reactivity feedback coefficients,

7.
implementation and efficiency of passive safety systems (fuse valve, natural convection heat removal),

8.
elaboration of a safety approach for MSR, able to meet up to date requirements.

Computer tools coupling reactor physics, chemistry and salt thermal-hydraulics, in order to get a fully consistent design for the coupled system (reactor and fuel processing), are not available. One objective of the project is thus:

9.
development and validation of tools for the simulation of MSR operating conditions and accidental situations.

Based on these items, a R&D program addressing the main MSR challenges is being defined by the MOST Group, which will serve as the basis for a MSR proposal to the 2004 call of 6th FWP of European Commission and for the discussion in the Generation IV forum.
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