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Abstract

This paper compares different types of TRU burners, sub-critical (as Accelerator Driven Systems and Fusion Fission Hybrids) but also critical, low conversion ratio, fast reactors. To make a significant comparison, it is specified for which objective and within which strategy these systems can be envisaged. Beside intrinsic cost parameters, the associated fuel cycle issues can prove to be crucial for their deployment.
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1. Introduction
Options for TRU management in advanced fuel cycles vary according to different objectives. A common objective of all strategies is the waste minimisation, but this objective can open the way to different strategies, if the main associated objective is the development of a sustainable nuclear power, or if the main associated objective is the use of Uranium in standard LWRs, or even the progressive phasing out of the nuclear options.
In all strategies, a special option is the use of “dedicated” transmuters, to reduce the radioactive waste inventories, that can include Pu or not.

It is the common wisdom that if one wants to maximise the effectiveness of TRU transmutation, sub-critical fission “cores” should be used, to allow the elimination of Uranium, preventing in that way the production of new TRU. It will be shown that, even if in principle that statement is obviously correct, it is wise to investigate carefully the physics features of burner cores with increasingly larger TRU fraction in the fuel. 
Moreover, sub-critical cores to be kept stationary should be driven by an external neutron source. Many options have been studied in that respect, but the Fusion Fission Hybrid (originally proposed by Bethe (Bethe 1978), to breed fissile material) and the Accelerator Driven Systems (originally proposed by Lawrence, Status of MTA Process 1954, in the early 50s also to breed fissile material), have been the most investigated. 
Recent revival of interest for the Fusion Fission Hybrid has motivated the analysis of the present paper, in order to establish a simple but hopefully robust framework of comparison of the different options.   
2. Waste management and fuel cycles
Different options for waste management should be compared, both in terms of “transmuter” type but in particular in terms of fuel cycle features and issues. As for fuel cycles, different options have been promoted, mainly open or close fuel cycle or the so-called Partitioning and Transmutation ( P&T) strategy.
The open cycle option has been associated historically to LWR, which use only ~1% of Uranium.

The close fuel cycle has been historically associated to enhanced resource utilization, fuel reprocessing and Pu recovery.

As for P&T, it has been historically associated to the waste minimization goal, and has been mostly discussed in the last two decades as an option “per se”.

Partitioning and transmutation (P&T) is considered as a means of reducing the burden on a geological disposal. As plutonium and MA are mainly responsible for the long‑term radiotoxicity, when these nuclides are first removed from the irradiated fuel (partitioning) and then fragmented by fission (transmutation), the remaining waste loses most of its long-term radiotoxicity.  Moreover, the P&T strategy allows in principle a combined drastic reduction of the radionuclide masses to be stored, their associated residual heat, and, as a potential consequence, the volume and the cost of the repository.

As far as the objective in terms e.g. of waste inventory reduction, it should be defined consistently with the overall strategy with respect to nuclear energy (further growth, stagnation, phase out etc.).
In fact, different P&T scenarios can be envisaged, ranging from the TRU management for a sustainable deployment of nuclear energy with waste minimization and reduced proliferation risk, to the (legacy) TRU or MA stocks reduction. All these scenarios imply fuel reprocessing and recycling of actinides in a fission reactor (as for long-lived fission products, we will not consider explicitly their transmutation in the present paper).
 Moreover, different reactor types have been investigated in order to find the optimum system to meet the objectives, i.e. drastic waste reduction or the combined requirement of sustainability and waste minimisation. In particular, external neutron source-driven systems have been proposed as a potentially powerful alternative to critical fission reactors, although often without a clear indication of the objective pursued.
Finally, more innovative systems have also been proposed, based on the Molten Salts Reactor concept, with no explicit recycling but minimizing wastes (Slessarev et al, 2004)
3- P&T Objectives 

The P&T approach has been developed within radioactive waste management strategy studies in terms a) of reduction of potential source of radiotoxicity, as a potential mitigation to the consequences of accidental scenarios (e.g. human intrusion) in the repository evolution with time, b) of reduction of heat load in the repository and c) reduction of the volume of the repository itself. However, despite this common generic interest for P&T, different objectives and policies are pursued in different countries, that can be gathered into three categories:

Sustainable development of nuclear energy and waste minimization
For this objective it is needed to multi-recycle in FRs the TRU as unloaded from LWRs and, successively, as unloaded from FRs, if a transition from a LWR fleet to a FR fleet is foreseen. This objective should also be compatible with an increased proliferation resistance of the fuel cycle.

Reduction (elimination) of MA inventory
This objective is compatible both with the use of Pu (as a resource) in LWRs for a limited period of time, in the hypothesis of a delayed deployment of fast reactors, and with a sustainable development of nuclear energy, based on the deployment of fast reactors at a later stage.
Reduction (elimination) of TRU inventory as unloaded from LWRs

This objective is related to the management of spent fuel inventories, as a legacy of previous operation of nuclear power plants. This objective is common to a strategy of continuation of nuclear energy, based only on LWR reactors, and to the perspective of nuclear energy phase out.
In all cases, the underlying strategic requirement is for a drastic reduction of the burden on a geological repository (i.e. reduction of the waste inventory and in particular of Plutonium in a repository, reduction of the potential source of radiotoxicity and heat load associated to wastes, drastic reduction of the repository volume and improvement of its acceptability by the public). 
It has to be noted that in all cases it is necessary, to meet the objective, to deploy a sizable reprocessing capability at a local or at a regional level.
4- Advanced Fuel Cycles with P&T and Implementation Scenarios
According to the transmutation objectives, fast neutron spectrum reactors (critical or subcritical) offer flexible options for P&T implementation, since a fast reactor core can be designed with the objective of breeding or burning fissile material, i.e. within a wide range of conversion ratio values and for practically any TRU composition. This is due to a fundamental physics characteristic of fast neutron spectrum reactors, i.e. their very favourable neutron balance (see e.g. Salvatores et al., 1994). 
As far as the objectives indicated above, the three following generic scenarios can be defined. All three scenarios go beyond the strategy of the “once-through” (“open”) fuel cycle (i.e. final storage of once irradiated fuel) and imply fuel reprocessing. Their specific characteristics are summarized below:

4.1 Scenario a): Sustainable development of nuclear energy and waste minimization

 In this case the multi-recycle of TRU in FRs is considered as the most appropriate strategy, due to the possibility to increase by a factor >50 the U utilisation and accounting for the very favourable neutron balance of fast neutron spectrum systems as originally pointed out by Fermi himself. 
Two options can be foreseen:

Option 1:  homogenous TRU recycling in a critical fast reactor. The fuels could be rather standard mixed oxide or dense fuels (metal, nitride, carbide), with MA content of the order of a few percent (e.g. definitely < 5-10%). For this type of fuels a few (successful) experimental demonstrations (e.g. the SUPERFACT, Prunier et al., 1993, and METAPHIX , Breton et al., 2007, experiments in the PHENIX reactor, respectively for oxide and metal fuel loaded with variable amounts of MA) have been performed and other demonstrations are foreseen in the frame of Generation-IV (GACID project, Nakashima et al., 2009). As for reprocessing, it is possible to consider a grouped TRU recovery chemical process without separation of Pu from MA, possibly with enhanced proliferation resistance. The corresponding chemical processes are being studied e.g. in France (GANEX process, Miquirditchian et al., 2007) or in Japan.

Within this option, the flexibility offered by the Fast Reactor neutronics, allows to tune the core Conversion Ratio (CR), e.g. to enhance TRU burning if required at any moment in time. We will come back on that interesting feature later on.

Option 2: Heterogeneous recycle (Buiron et al, 2007). MA targets, preferably on an inert matrix support (with or without moderator in the sub-assembly, S/A), can be fabricated and successively loaded (e.g. at the core periphery) in critical Pu-fuelled fast reactors. The MA content should be defined according to reactor core design, mass reduction criteria and fuel cycle requirements. Multiple target recycle or once-through options are available in principle.  

 The use of a U-matrix for the MA targets would provide an easier way to multi-recycle the targets. As for reprocessing, the separation of Pu from MA (which can be kept together, or implementing a process of separation of Cm from Am, with e.g. Cm storage in a specific installation) is required for this option, with potential drawbacks in terms of proliferation resistance. 

For both options, the objective is a stabilisation of the TRU inventory in the reactors and in the fuel cycle, together with the minimisation of the masses sent to the repository (in practice to be limited to the losses at reprocessing). Potential advantages and disadvantages of both options are currently investigated within major R&D programs on TRU recycle and within an OECD-NEA Expert Group.

The scheme in Figure 1 summarizes the features of this scenario, where some of the most outstanding issues at each step of the fuel cycle are indicated. Moreover, both homogeneous and heterogeneous recycle options can be implemented in this scenario:
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Figure 1 Sustainable development of nuclear energy and waste minimization

It has been shown that this scenario allows reducing the waste radiotoxicity in the repository down to the level of the radiotoxicity of the ore used to produce energy after 2-300 years (von Lensa et al, 2007).

4.2 Scenario b): Reduction (elimination) of MA inventory

This is the case of a strategy driven by the decision to reduce drastically the MA inventories, while Pu is still considered a resource. With respect to scenario a), the hypothesis is that the implementation of fast reactors is somewhat delayed in time and a transition scenario has to be envisaged, in order to avoid a build up of MA, that could e.g. jeopardize the successive implementation of FRs.

With respect to option 1 of scenario a) and similarly to option 2, the chemical separation process should allow the separation of Pu from MA (which can be kept together, or implementing a process of separation of Cm from Am, with Cm storage in a specific installation). 

To implement this scenario, the so-called “double strata” strategy can be envisaged: MA fuels should be transmuted in external neutron source-driven (like ADS or FFH). In the case of ADS, the MA-loaded fuels should contain some Pu and a ratio Pu/MA~1 is considered an optimum value, according to numerous previous studies, see e.g. Accelerator-Driven Systems, 2002. The main reason behind the use of “some” Pu, is the requirement to keep as constant as possible the reactivity of the sub-critical core. In fact, that feature allows keeping the accelerator current constant during the cycle, with both safety and economic advantages. If Inert Matrix Fuel (IMF) is envisaged, the conversion ratio CR of the sub-critical fast spectrum core is equal to zero. However, a U-matrix can be considered as alternative to U-free IMF fuels, opening the way to a possible use of a “critical” burner FR with very low CR, as it will be discussed later on. 
Pu from LWRs is considered an asset and it should be recycled in MOX-LWRs. Multiple recycle can be envisaged, if appropriate measures are taken (see e.g. Taiwo et al. 2006). The scheme for this scenario is represented in Figure 2: 

[image: image2.emf]Repository

Reprocessing

UOX-PWR

Pu

Multi-recycling

MOX-PWR

Fuel Fabrication

Reprocessing

Pu

Pu

Multi-recycling

MOX-PWR

Fuel Fabrication

Reprocessing

Pu

Pu+MA

Multi-recycling

Fuel

Fabrication

Dedicated

Transmuter

Reprocessing

Pu+MA

Multi-recycling

Fuel

Fabrication

Dedicated

Transmuter

Reprocessing

- Neutron Source

- Decay Heat

- Process control (Am 

Volatility, MA 

miscibility, etc.)

- Decontamination 

factor

- Secondary waste

- Criticality

MA

MA

Pu

FP, Losses at

reprocessing

FP, Losses at

reprocessing

FP, Losses at

reprocessing


Figure 2 Reduction of MA inventory
The main objective of this scenario is to keep the management of MA in a separate cycle, independent from the commercial fuel cycle, where Pu is multi-recycled, essentially for economical reasons and not to endanger the high availability required by utilities for the “commercial” cycle. The expected reduction of radiotoxicity is very significant also in this case, and close to that expected in scenario a) above, if the chemical separation performance (e.g. losses during reprocessing, or TRU recovery rate) is approximately the same in the two scenarios (von Lensa et al, 2007). As indicated above, the “dedicated” transmuter can be either an external neutron source-driven sub-critical fast spectrum reactor, or a critical fast reactor with a low CR (see below).

4.3 Scenario c):  Reduction (elimination) of TRU inventory as unloaded from LWRs

This is the case of, e.g., the reduction of TRU stockpiles as a legacy of previous operation of LWRs.

The ratio Pu/MA in the spent fuel is ~8-10, depending on the burn-up and if some Pu recycle has been done or not. As for reprocessing, a grouped TRU recovery without separation of Pu from MA should be in principle envisaged. To maximise consumption, a U-free fuel (inert matrix) in a fast neutron spectrum device (essentially an external neutron source-driven system, ADS or FFH) with conversion ratio CR=0, can be envisaged. However, a conversion ratio CR ~ 0.5 (which corresponds to a ratio U/TRU ~ 1) or less, that allows ~75% (or more) of the maximum theoretical TRU consumption, can also be envisaged as it will be shown later. 

This means that also in this case, an alternative to U-free fuels is the use of a U-matrix, i.e. a mixed oxide or metal fuel, opening the way once more to the possible use of a “critical” burner FR.

The scheme of this scenario is presented in Figure 3:
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Figure 3 Reduction of TRU inventory as unloaded from LWRs

This scenario offers a potential mean of reducing drastically the stockpiles of Pu and MA in spent fuel, both in the case of continuous use of LWR-only nuclear power or in the case of a phase-out policy of nuclear power plants. 

In this last case however, the scenario, if implemented by a country in isolation, implies a substantial deployment of new installations (fuel reprocessing and fabrication, ADS, etc), as shown in Salvatores et al, 2004a. Moreover, after a ~100 years of operation, ~20% of the initial TRU inventory would be left in the wastes (Ref. 12). It has been shown that a better approach to reach the objective as stated above would be to conceive “regional” P&T scenarios (Salvatores et al, 2008).

As for the case of continuous use of LWR-only nuclear power, the issue of limiting the number of new (and potentially costly) installations is an obvious objective. It has been claimed (see Kotschenreuther et al, 2009) that a potentially more effective strategy would be to transmute at first the largest TRU amount possible in a “deep-burn” light water reactor and to send the “leftovers” to the dedicated transmuters. This option can be represented schematically as follows (Figure 4): 
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Figure 4 Deep burn first and dedicated transmuters
We will come back later on some features of this option and in particular on the IMF issue.

5- “Dedicated” transmuters: the external neutron source-driven systems

5.1 Effective transmutation means “fission”

We have seen that dedicated transmuters are essential components of scenarios b) and c), as described above. A dedicated transmuter should be able to burn as much as possible of TRU or MA, according to the chosen strategy. “Transmutation” in this case means essentially “fission”. This is a very important point, since it has to be realized that, to compare the “transmutation” effectiveness of different systems, one has to compare the system performance at the same power (i.e. accounting for the same number of fissions). Then, what really matters is the fuel loaded in the “transmuter”, since it determines which isotopes will be fissioned. A pure MA fuelled core (if feasible) obviously maximises (if the power density can be kept high enough) the MA destruction, as a pure TRU (no U) fuelled core maximises (if the power density can be kept high enough) the TRU destruction. In principle, since for each actinide, ~1 g is burnt (by fission) for 1 MWd, the total mass MF,i (in Kg) of isotope i burnt by fission in a year is given by:
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where y is the load factor and 
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 is the ratio of the total number of fissions in the system (all isotopes, all regions) to the fissions in the core due to isotope i.

MTot,I is the total mass of isotope I, consumed both by fission and by capture:
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where 
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is the capture-to-fission ratio of isotope i.
A good transmutation effectiveness indicator is the following:
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  should be as close as possible to zero (i.e. αi as small as possible), since the mass of isotope i transformed in higher mass isotopes is highly undesirable, if full destruction of TRU or MA is the objective. This is another way to appreciate the benefits of a fast neutron spectrum with respect to a more thermalized spectrum, where the 
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values are much higher.

5.2 Role of external neutron source-driven systems

Accelerator Driven Systems (ADS) and Fusion/Fission Hybrids (FFH) have been initially considered in the frame of transmutation studies in order to cope with the potential safety problems of a critical system loaded with a full MA fuel and, at a slightly lesser extent, with a full TRU (no U) fuel. In fact, a critical system loaded with pure MA (and at a lesser extent, with pure TRU) fuel, has two major drawbacks from a safety point of view: 
1) a very low delayed neutron fraction (~0.1-0.15% ΔK/K), as illustrated by the data in Table I below, and 
2) a very low Doppler coefficient. Both problems are essentially due to the absence of U-238 in the fuel.
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Table I Delayed neutron fraction of some actinides
These characteristics have been the motivation to explore external source driven systems in the early 80s and that motivation has been again recalled very recently in a survey on FFH (Stacey, 2007).

Beside the exploration of the features and potential of (sub-critical) external source driven systems (SESDS), it is important to answer the legitimate question to explore the transmutation potential of critical systems with a limited amount of U in the fuel, to avoid the difficulties indicated above. In particular low conversion ratio fast critical reactors should be investigated to assess their feasibility and to assess their transmutation potential.

We will start the analysis focussing first on some important features of SESDS.

5.3 The composition of the “transmutation” fuel

Most of the studies performed on ADS have shown that the loading in the sub-critical core of a pure MA fuel is not the true objective. In fact, in scenario c) the full TRU inventory as unloaded from LWRs should be burnt to get rid of the spent fuel legacy. In that spent fuel the presence of Pu is dominating over MA (the ratio Pu/ (Pu+MA) is ~8-10 in most cases). In the case of the so-called “double strata” strategy (scenario b)), feasibility studies have shown that a pure MA composition would give rise to a substantial increase of the reactivity during the irradiation cycle, since when burning the original MA isotopes, new isotopes are built up, and in general these isotopes have a better reactivity than the burnt isotope. This can be easily seen from the inspection of Table II:
	Isotope 
	ω 
	Isotope 
	ω 

	U234 
	0.07927 
	Am241 
	-0.23926 

	U235 
	0.69437 
	Am243 
	-0.21188 

	U236 
	0.03910 
	Am242m 
	1.91061 

	Np237 
	0.13883 
	Cm242 
	0.39934 

	U238 
	0.00000 
	Cm243 
	2.28949 

	Pu238 
	0.63936 
	Cm244 
	0.25463 

	Pu239 
	1.00000 
	Cm245 
	2.13110 

	Pu240 
	0.15959 
	Cm246 
	0.23735 

	Pu241 
	1.30222 
	Cm247 
	1.68765 

	Pu242 
	0.11339 
	Cm248 
	0.27001 


Table II ωi values for actinides in a fast neutron spectrum
The ωi are normalized reactivity values, defined (Adkins, 1972) for any fissile or fertile isotope i as:
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(3)
where « 8 » and « 9 » refer to U-238 and Pu-239. This is in a sense a “relative reactivity scale” where ω8=0 and ω9=1
The data of the table show that, if e.g. Am-241 is replaced by Am-242, Am-243 by Cm-244, Np-237 by Pu-238, Cm-244 by Cm-245 a global increase of reactivity should be expected. On the contrary, since the global replacement of Pu-239 by Pu-240, Pu-240 by Pu-241 and Pu-241 by Pu-242 (or by Am-241 by decay) result in a net loss of reactivity, the addition of Pu to a MA fuel can end-up in an optimized (i.e. close to zero) overall reactivity loss during irradiation. As it will be seen later, a close-to-zero reactivity variation during irradiation (corresponding to a Pu/MA ratio ~1), allows the use of a nearly constant external neutron source, without e.g. the need to increase it, avoiding in that way the cost associated to the extra power needs to keep the system stationary during all the irradiation time.
5.4 ADS and FFH comparison criteria 
A comparison of the two types of external source driven systems, namely ADS and HFF, can be made on two important characteristics:

1) Power spent to feed neutrons to the sub-critical system. This comparison can give indications on the comparative “cost” of the external source driven transmutation.
2) Neutron features of the subcritical system. This comparison can give indications on the transmutation potential of each system and their reactivity control.

5.4.1 “Cost” of the external neutrons

A comparison can be made on the power needed to feed the sub-critical system. This power value will depend strongly on the level of sub-criticality chosen for the sub-critical system.
In the case of a FFH one can write (Stacey, 2007):
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Where Ef is the energy released per fission (~200 MeV), Efusion=17.6 MeV and W is the power in the sub-critical system. ν is the average number of neutrons emitted per fission.

The previous equation can be somewhat improved to account a) for the neutron losses in the wall by means of the ratio αW between the total number of neutrons produced by fusion and the number of neutrons actually entering the sub-critical core and b) for the ratio m of the electric energy consumed to the total energy output of the fusion neutron source (Slessarev and Bokov, 2003).

One can re-write the previous equation as:
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In the case of ADS one can write (Salvatores et al, 1994):
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(6)
Г is the number of spallation neutrons/fission that can be generated if the energy of one fission is transformed into proton beam. “f” is the fraction of the energy produced by fission in the subcritical core that is used to feed the accelerator. I is the current of the accelerator of protons of energy Ep and Z is the number of neutrons produced by the protons on a spallation target. As for the power ratio we have the following expression:
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(7)
Finally
[image: image19.wmf]e

a

h

h

 is the product of the accelerator efficiency (~0.4) and of the energy production efficiency (also taken equal to approximately 0.4).

Finally, to improve both equations (5) and (7), one has to account for the fact that the external source neutrons and the neutrons produced by fission in the sub-critical core have not the same energy distribution. To account for that, one has to introduce (Gandini and Salvatores, 2002) in both the external source-driven cases (i.e. FFH and ADS) the appropriate relative neutron source importance φ* defined as the ratio of the average external source importance to averaged fission neutron importance:
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where 
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 and ФS is the solution of the inhomogeneous Boltzmann equation with external source S:
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where A and F are respectively the absorption and production operators related to the sub-critical core.
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 is the solution of the homogeneous Boltzmann equation:
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In summary, the following two relations should be compared:
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and:
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In the case of protons of E=1GeV producing Z=30 n/p, and 
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Wfusion/W, in the (favourable) hypothesis of m=1, αW=1 and 
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  ) and in the case of a (d, T) fusion reaction, is given by:
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To allow the stationary operation of a subcritical system with keff=0.95, the external source power needs are as follows:
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These are very rough estimates, since one can optimise the ADS design in terms of proton energy and target neutron output. Moreover the values taken for m and αW in the case of FFH are rather optimistic. However, there is the indication of a potential advantage of FFH over ADS in terms of external neutron source cost. This indication is consistent with the results of Slessarev and Bokov, 2003. 
5.4.2 Transmutation potential and neutron balance 

As for the transmutation potential, as discussed above, one does not expect any significant difference in the transmutation potential, whatever the external neutron source, if the same type of fuel is loaded and the same fission power is considered. The transmutation effectiveness tef, as defined above, can still be different if there are spectral effects that would affect the value of α. The harder the spectrum, the lower will be α and as a result a better tef value will be obtained. On the other hand, if the fuel is not a pure TRU fuel but some U-238 is loaded in it, the transmutation potential will decrease, due to the share of fissions between TRU and U-238. We will come back on this point later.
As for the neutron balance one should consider the total neutron production (consumption) of the fuel families, the parasitic captures of other core components (Cpar) and of the accumulated fission products (CFP) and neutron leakage (Lcore). The general equation for the Neutron Surplus (NScore) then becomes (Salvatores et al, 2004b):

- Dfuel - Cpar - CFP - Lcore = NScore
where Dfuel is the fuel neutron consumption/fission and can be defined (Salvatores et al, 2004b) as (where negative values mean “production): 
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Harder spectra will in principle favor a better neutron surplus due to higher 
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 values and lower 
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 values. However, the possible increase of Lcore should also be accounted for. In this respect, it is hard to make a general statement as for the neutron balance comparison of the fissile subcritical cores of an ADS and of a FFH.
In fact, if the spectrum in the FFH fissile zone would be the 14 MeV fusion neutron spectrum of the source, the –Dfuel value would be approximately a factor of 2 higher than the corresponding –Dfuel value of the same composition in a standard fission spectrum. However, from one side it has been shown experimentally (Salvatores et al, 1996) that after ~one mean free path, the source neutrons “forget” their original energy distribution, to become distributed as in a standard fission spectrum, and, on the other side, the potentially much higher leakage in a FFH fissile zone (due essentially to geometrical considerations) will further reduce the potentially higher neutron surplus, see equation 7 above.
5.4.3 Sub-criticality level
Deep sub criticality should be avoided in both ADS and FFH cases: the ratio Ws/W (or WFus/W) can in fact become very large (economic penalty). Moreover, in the subcritical fission core the flux gradient becomes difficult to manage (the transmutation rate and heat distribution become very much radially dependent with large “form factors”, and this means potentially cooling complexity and very steep damage rate gradients etc.). Also, the reactivity variation during the irradiation cycle should be kept as low as possible (both to avoid excessive external source tuning to keep stationary the subcritical core and to allow a more effective reactivity control).
6- “Dedicated” transmuters: low conversion ratio critical fast reactors


6.1 U-free fuels (Inert Matrix Fuels, IMF)

Inert matrix fuels (IMF) have been initially proposed with the purpose to enhance the performances of a weapon-Pu burning core (see e.g. Yamashita et al, 2002 and Paratte and Chawla, 1995). As for the support matrix, rock-like materials (like the ROX concept in Yamashuta et al, 2002) were envisaged, in order to provide a very stable matrix that would allow the final disposition of the spent fuel after a deep burn-up. Successively, the IMF concept has been extended to the TRU burner concepts. In particular, several studies have been performed in order to identify the best matrix materials to be used as support to a high loading of TRU in a fuel. The required properties (e.g. high melting temperature, high thermal conductivity, low neutron absorption etc) and required performance under irradiation (low swelling due e.g. to He build-up and low damage due to fission products) and under transient conditions, have very much restricted the number of potential candidates. 
As an example, in Europe the research has been focused on oxide (Pu,MA)O2 type of fuel and on MgO for a CERCER and Mo for a CERMET type of fuel. Recently, safety related studies have put in evidence potential drawbacks of the MgO matrix (i.e. unfavorable evaporation behavior) and the preference is presently given to Mo. However in that last case, it seems that, to avoid excessive neutron captures in pure Mo due to the characteristics of several Mo isotopes (e.g. Mo-95), a mono-isotope (Mo-92) has to be considered (Struwe and Somers, 2008). 
Other fuel types are under investigation in the US (metal fuels of the type Pu-MA-40Zr) and zirconia based fuels are also investigated in Europe, mostly for Pu (or TRU) disposition. The matrix in that case is required to be very stable and not soluble to allow disposition after deep burn (Degueldre, 2007). However, stabilized zirconia has a major disadvantage, namely its low thermal conductivity that would limit any MA loading.  
In Japan, nitride fuels of the type Pu-MA-Zr-N, have been studied since several years. The choice of a nitride fuel in that case derives from the perceived advantage of the mutual miscibility among actinide mono-nitrides, that apparently cannot be guaranteed in other fuel forms with potential impact on fuel performance (Oigawa, 2005). 
It is also to be taken into account that, in the case of the need to reprocess the irradiated IMF fuel, the chosen matrix and the fuel type should not prevent reprocessing, as it could be the case of rock-like matrix or the stabilized zirconia mentioned above. In fact, any once-through (i.e. very long irradiation) option can be limited by cladding material damage, and successive reprocessing should be envisaged. Moreover, if a “deep-burn at first” strategy is envisaged, followed by source-driven system transmutation (Kotschenreuther, 2009), the irradiated IMF fuel has to be reprocessed to recover the residual TRUs to be further transmuted. At present very little is known about the reprocessing properties of practically any IMF. 
Despite the relatively large effort made internationally, no definite conclusion has been drawn up to now on the best candidate(s), both from the point of view of fabrication and performance under irradiation and from the point of view of its reprocessing behavior.
A point that has not yet widely explored is the consequences on any further operation in the cycle of the irradiated IMF fuel characteristics, in particular the very high buid-up of Cm, Bk and Cf isotopes, that will have a very strong impact on any further fabrication step (Salvatores et al, 2005). It should be reminded that this very point has suggested abandoning any transmutation strategy based on LWRs.
Finally it is interesting to note that, since the absence of a Doppler reactivity coefficient is a very critical point of any IMF loaded core, it has been suggested to (re)-introduce in the core some U-238, in order to recover a Doppler effect, without practically any effect on the burning potential of that core.

6.2 A Uranium matrix?

In this context a very legitimate question is related to the amount of Uranium that can be added to the fuel without spoiling in an unacceptable way the transmutation performance of the fissile core. Studies have been performed (Fazio et al, 2007, Hoffman et al, 2007 and Yang, 2008) that have shown that critical, very low conversion ratio cores can be envisaged with acceptable safety features (Yang, 2008) and within a wide range of fuel types (oxide, metal, ….) and within a wide range of MA/TRU content ratios (e.g. from 10% to 50%).

As for the transmutation potential, it has been shown that the addition of approximately 50% of U reduces the maximum theoretical TRU consumption rate by only ~20%. Figure 5, from Fazio et al, 2007, illustrates that feature: 
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Figure 5. TRU consumption vs. TRU fraction eTRU in the fuel as function of fuel type and MA content

This behavior can be easily explained on the basis of simple physics arguments. Let’s consider a fuel made up of Pu-239 and U-238 only. We have already seen previously the simple expression for the fissile isotope consumption by fission only or by absorption (equations 1 and 2). These expressions give the actual Pu consumption in a pure Pu-fuelled core. In presence of U-238 the net Pu balance between burning and “breeding” can be expressed using the IBG definition:
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where the ωi have been defined before in equation 3, and:
[image: image42.png]F =7 F" is the total fission rate in the core
A;‘ is the total absorption rate of fissile isotope i in core region n
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The net consumption of Pu-239 in the two-isotope case is given by:
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(12)
where “e” is the Pu-239 fraction in the fuel. One can evaluate the fraction of the maximum theoretical consumption rate of Pu-239 (corresponding to “e”=1) as a function of “e”:
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This expression (where k1, k2 and k3 are close to constant values when the TRU fraction varies) accounts for the behaviour shown in figure1, as it can be seen from figure 6, where the case of the Pu-239/U-238 fuel (corresponding to equation 13) is shown.
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Figure 6 Pu consomption vs. Pu fraction « e »
 It can be shown that a similar expression holds in the general case of any TRU fuel and, as a consequence, a similar dependence of the ratio of the TRU mass consumption to the maximum theoretical consumption as a function of the TRU fraction in the fuel is expected, whatever the PU/MA ratio in the fuel. This point has been verified in Fazio et al, 2007.

 This means that, as a general rule, the introduction in a TRU fuel of up to 50% U-238 does not decrease more than ~20% the maximum theoretical TRU consumption. This is a potentially very important result, since it opens the perspective of using critical fast reactors with a relatively standard fuel in order to burn TRUs, e.g. as required in scenarios b) and c). In fact, the TRU consumption reduction by ~20% can be a modest price to pay in front of the need for a combined development and validation cost of new IMF fuels and of an external neutron source driven system.
A detailed cost/risk and benefits analysis should then be made in order to evaluate the need, if any, to develop sub-critical system, of the FFH or ADS type.
7. Impact on the fuel cycle

As far as practical implementation, it should be underlined that potential difficulties towards the implementation of any effective transmutation strategy are mostly coming from fuel cycle aspects (see Salvatores et al, 2009), and these difficulties will be very comparable whatever the “transmuter” envisaged (critical or sub-critical, FFH or ADS) and will be mostly associated to the TRU content in the fuel, in particular its Cm and higher mass actinides.

In Table 3, we have summarized the range of potential variation of the multiplication factors, with respect to a reference case, for two important parameters of the fuel cycle, namely the decay heat and the neutron source of the unloaded fuel. Six typical cases have been considered:

· Standard Pu recycle in a LWR. This case is taken as reference, since the related fuel fabrication plants and handling systems are standard industrial practice today and their cost is in principle well known. 
· Full TRU recycle in a standard MOX-PWR (see e.g. Taiwo et al, 2006)

· Pu recycle in a Fast Reactor with CR=1. The MA fraction in the fuel is taken equal to the MA fraction in the fuel unloaded from a MOX-PWR.
· Full TRU recycle in the same FR as above.

· The burner reactors considered in the present paper are treated together, and the figures in Table 3 give a range of values. In fact the FFH and ADS have IMF fuel (i.e. CR=0.0) and two different MA/TRU ratios: MA/TRU=0.1 as in the fuel unloaded from a LWR, or MA/TRU=0.5, representative both of a fuel already deep burned and of fuels presently considered in ADS studies. 
	Type of Reactor
	LWR
	FR (CR=1)
	FFH/ADS/ FR (CR~0.25)

	           Recycle of:

Parameter
	Pu only
	TRU
	Pu only
	TRU (MA/TRU=0.1)
	TRU (MA/TRU=0.1)
	TRU (MA/TRU=0.5)

	Decay heat (W/g)
	1
	x2-3
	x0.5
	x2-3
	x20-50
	x60-200

	Neutron Source (n/(s.g)
	1
	x5000-10000
	~1
	x100-200
	x1000-4000
	x4000-15000


Table III Impact on some fuel cycle parameters of different transmutation strategies.
The values of Table 3 (mostly derived from Delpech et al, 1998, Taiwo et al, 2006; Salvatores et al, 2005 and Salvatores et al, 2009) show the very strong impact of MA-loaded fuels in all types of scenario. It is important to underline that the very high increase of the neutron source in the case of the full TRU homogeneous recycle in LWRs (mostly due to the build-up of Cf-252, see e.g. Taiwo et al, 2006), did suggest to drop this option.  The case of full TRU homogeneous recycle in FRs does also show a significant increase of the neutron source (due to Cm-244, Pu-238 and Am-241) e.g. at fuel fabrication but decay heat stays manageable, and major advanced fuel cycles program consider that option feasible (see e.g. Ohki et al, 2008). On the contrary, burner reactors (FFH, ADS, and low CR fast reactors) have a very significant impact on the fuel cycle both in terms of decay heat  and of neutron sources (due to Cm-244, Cm-242, Pu-238 and Am-241), even if that fuel cycle can be kept separated from the main fuel cycle associated to electricity production (see Section 4). For example, decay heat can be very much higher than the 20W/Kg HM, considered often as a practical upper limit (Ohki et al, 2008)
8. Conclusions

Any sound attempt to optimize a fuel cycle strategy, should first clarify the objectives, in order to allow a fair comparison with other options, possibly more adapted to other (sometimes opposite) strategies.
TRU burner reactors can be considered in very different fuel cycle strategies; however the comparison of the effectiveness of the different systems should be made as much as possible on the basis of simple physics principles and system features. If this is done, one has to reconsider carefully the motivations for developing a sub critical, external source driven system, loaded with an exotic fuel. In fact, in most cases, physics considerations underline the comparable role of critical fast reactors with rather standard fuel and with a low conversion ratio.
As for the sub critical systems, their respective physics characteristics allow to understand the potential relative extra cost of the neutrons that they can supply.

The impact of any transmutation strategy on the fuel cycle (reprocessing process, fuel fabrication, secondary wastes etc.) is likely to be the most challenging issue to be solved, and these issues are comparable for all types of transmuter since they are related to the TRU content (and the associated Pu/MA ratio) of the transmutation dedicated fuels.
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