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Transmutation of plutonium in mixed oxid&OX)
fuel is the first step, which is currently taken on a rather
The technical and economic aspects of the use dérge scale. However, transmutation in LWRs does not sig-
molybdenum depleted in the isotopidlo (DepMo) for  nificantly decrease the Pu stocks because of the presence
the transmutation of actinides in a light water reactor are of uranium in the MOX and the fact that in most LWRs
discussed. DepMo has a low neutron absorption crossnly aboutone-third of the core contains MOX, while two-
section and good physical and chemical properties. Therdhirds contains U@fuel. To try to significantly reduce the
fore, DepMo is expected to be a good inert matrix inPu stocks, several concepts are studied currently. Com-
ceramic-metal fuel. The costs of the use of DepMo havmissariat a I'Energie Atomique in France investigates the
been assessed, and it was concluded that these costs cassemblage plutonium advanced concephijch is based
be justified for the transmutation of the actinides neptu-on heterogeneous fuel elements containing, among oth-
nium, americium, and plutonium. ers, Pu-containing ceramic-metdéerMets, shaped in
the form of an annulus or a cross. These shapes allow in-
creasing the moderattuel ratio, which improves the
safety characteristics of the reactor. Another innovative
conceptis theembined mnfertile and wanium(CONFU)
I. INTRODUCTION fuel assembly concept, where20% of the uranium fuel
rods are replaced by fuel rods containing Transuranic
Radioactive waste of spent fuel represents a radio-TRU) elementg. In this concept the CONFU assembly
logical risk for a long period of timé&>100000 yj. The  can be designed to achieve an equilibrium state in terms
long-term radiotoxicity of this waste is mainly deter- of net generation of TRU nuclides and at the same time
mined by the actinides plutonium and americium. Transhave acceptable reactivity control and thermal-hydraulic
mutation of these actinides offers a possibility for thecharacteristics. Several institutes are studying the use of
reduction of the radiotoxiciy of nuclear waste. Dedicatecceramic(oxide) materials as inert matrix, given the high
advanced systems, such as accelerator driven systems arelting points, low neutron absorption cross sections, and
suitable for the transmutation of actinides. However, begood chemical stability of some oxides. However, cur-
cause of the current unavailability of these systems ancently no single candidate has been identified that has
their relatively high development costs, these systemgroven to be able to fulfill all requirements in an econom-
cannot be seen as short-term options for transmutation @fally viable manner in an LWR. The most promising
plutonium and americium. Because of the large numbeceramic-cerami¢CERCER candidate for plutonium
of light water reactor§LWRs) worldwide, the use of transmutation is so-called rocklike oxid®OX) fuel,
LWRs might be a short-term option for the transmutationwhich is based on a Zrmatrix3

of Np, Pu, and Am. The transmutation of americium puts more severe
demands on the fuel concept because of the large helium
*E-mail: k.bakker@nrg-nl.com production, which can have the adverse effect of inducing
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large swelling of the fuet. Because of this additional For LWR application a metal with a low neutron

complexity, no matrix has yet been identified that is suit-cross section is required by the safety coefficié Btspp-

able for the transmutation of americium. ler coefficient, moderator coefficient, and void coeffi-
The use of a metal inert matrix might be an option tocien?).® However, the low cross-section metéésg., Al,

find a suitable concept for the transmutation of ameriZr) have the disadvantages of low melting temperatures

cium and plutonium in LWRs. The advantages of CerMetand/or a low chemical stability. Molybdenum depleted

fuel® lie in the fact that the metallic matrix is a potential in the high neutron absorption cross-section isoftivo

supplementary barrier to fission-gas release and ensurésalled DepM9 is suggested as a suitable metal to be

excellent thermal conductivity, as well as forms a metalused in CerMet fuel for the transmutation of americium

to-metal contact for the cladding and the matrix, whichor plutonium in an LWR. The technical and economic

makes pellet-cladding interaction highly improbable. aspects of the use of DepMo are discussed in Secs. Il
The main candidates to be used as the metal phaseamd I11.

an LWR can be groupetddepending on their neutron

absorption cross section, as follows:

1. metals with a low neutron capture cross sectionll. TECHNICAL ASPECTS
e.g., zirconium and silumiri88% Al, 12% S

(Ref. 6
Il.A. Isotopic Composition
2. metals with an intermediate neutron capture cross
section, e.g., INCONER Molybdenum has seven stable isotopes. Two

. . 2 9.
3. metals with a high neutron capture cross sectlon'sc’wpesg Mo and **Mo, are lighter tharn®*Mo, while
e.g., Mo and stainless steel. four isotopes®Mo, 97M0 %Mo, and1°°Mo, are heavier

than®*Mo. Because of this, DepMo can be produced and
A collection of the main properties of candidate materi-enriched in the light isotop%zMo and in the heavy iso-
als is given in Table I. topes®®Mo and*°°Mo. To reduce the production costs of
The candidate metals to be used in an LWR and in &epMo, both a light and a heavy fraction can be obtained
fast reactor are different. For fast reactor application thérom the same batch of starting material. These two frac-
thermal neutron absorption cross section is less impotions can thereafter be combined into a so-called “mixed
tant, and therefore, metals with relatively high thermalfraction,” which is enriched in bot¥°Mo and °®Mo.
neutron absorption cross sections and high melting tenFhe isotopic compositions of natural Mo, the light frac-
peraturesCr, W, V) are proposed in additionto ZRefs. 7 tion, the heavy fraction, and the mixed fraction are sche-
and 8. Since the difference between DepMo and naturamatically shown in Fig. 1 and Table Il. It should be
Mo is mainly the thermal neutron absorption cross secremarked that the isotopic compositions of the various
tion, it can be concluded that using DepMo instead otypes of DepMo are only shown as typical examples
natural Mo has only a marginal impact on the neutronimbtained from the tests made by Urenco. The exact com-
conditions in a fast reactor. Therefore, this paper disposition of DepMo depends on the number of enrichment
cusses only the application of DepMo under thermal consteps, which will be directly influenced by economic

ditions such as in an LWR. aspects.
TABLE |
Some Characteristics of Uand of Candidate Metals to be Used in an LWR*
Melting Thermal Thermal
Temperature Density Conductivity Cross Section
Material (°C) (kg/m?3 at 20C) (W/m-K at 400C) (b)
Natural Mo 2600 10200 123 2.65
Aluminum 660 2710 228 0.23
Silumin 2260 180 0.22
Zircaloy-4 1845 6570 21.4 0.19
Type 304 stainless steel 1400 7820 20.8 3
uo, 2800 11000 4 12
*Most data originate from Porta et &.
aFor a23%U enrichment of 5%.
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Fig. 1. Approximate isotopic compositions of natural Mo and of Deplght, heavy, and mixed fraction

TABLE I

The Abundance of the Mo Isotopes in Natural Mo
and in the Various Types of DepMo

Isotopic Compositiorfat.%)
Molybdenum Mixed Light
Isotope Natural| Light| Heavy + Heavy
92 14.84 | 93 0 56
94 9.25 6 0 6
95 15.92 1.0 0.03 0.6
96 16.68 0.07 0.3 0.14
97 9.55 0 2 0.7
98 24.13 0 34 13
100 9.63 0 63 23

I1.B. The Neutronic Aspects of DepMo

The relatively high neutron cross section of natural
Mo (due to%*Mo) has the drawback that a high concen-

typical conditions. Since the cross sections are energy
dependent, a typical LWR spectrumin 172 energy groups
was used to study this impact. Table Il shows the fluxes
of the 172 energy groups summed in three energy groups
(thermal, epithermal, and fasThe energy-averaged neu-
tron absorption cross sections have been computed in the
three energy groups. These computations have been done
by multiplying the 172 energy group fluxes with the ab-
sorption cross sections and normalizing with the flux in
the various LWR energy groups. For these computations
neutron absorption cross-section data from JEF-2.2
(Ref. 10 have been used. No self-shielding has been
taken into account. The resulting energy-averaged neu-
tron absorption cross sections are shown in Fig. 2 and
Table IV.

The neutron absorption cross sections shown in
Table 1V for the thermal range are somewhat different
from those on the Karlsruhe Nuclide m&pThis is be-
cause the data shown in Table IV are integrated over the

TABLE Il

tration of fissile atoms has to be used to obtain sufficient

LWR-Typical Fluxes for Three Energy Groups

reactivity. Putting these high concentrations into the fu
might have several adverse effects on the neutronics pp-
rameters such as Doppler coefficient, moderator coeffi

cient, and void coefficient.In this section the influence
of using DepMo instead of natural Mo on the cross sect
tion of the molybdenum is studied.

The impact of the isotopic composition on the neu-
tron absorption cross sections has been studied for LW

Flux
. Energy Range (m2s71)
Thermal(10~° eV < E < 0.625 e\) 2.34x 107
Epithermal(0.625 eV< E < 0.1 MeV) 3.25x% 107
Fast(E > 0.1 MeV) 3.15% 107
Total (107% eV < E < 20 MeV) 8.74x 107
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Fig. 2. The absorption cross section for thermal neutrons of the Mo isotopes. The neutron absorption cross Seletoin dfie
thermal energy group is 7.51 b, which lies outside the figure.

complete thermal energy gro(f0 °eV < E< 0.625€\),  sorption rates for the three neutron energy groups. The
while the Karlsruhe Nuclide map shows the value for ongsotopic average of the cross sections for natural, light,
specific energy(2200 nys). heavy, and mixed Mo are shown in Table V. These data
Table IV and Fig. 2 show that the neutron absorptiorshow that natural Mo has a much higher cross section
cross sections of°Mo in the thermal and epithermal than the light, the heavy, and the mixed Mo.
energy group are significantly higher than those of the  Table V shows that under LWR conditions the neu-
other Mo isotopes. In the fast energy group the differiron absorption in the light DepMo is about ten times
ences are less pronounced. The importance of the nesmaller than in natural Mo. For heavy DepMo the neu-
tron absorption cross sections in the various energtron absorption cross section is about seven times smaller,
groups is dependent on the isotopic composition of thend in mixed DepMo the absorption is about nine times
molybdenum and the neutron fluxes in these groupssmaller. Table V also shows that for natural Mo the neutron
Combining the isotopic abundan¢&able Il), the neu- absorption in the thermal energy group is much larger
tron absorption cross sectiofiBable V), and the fluxes than in the other energy groups, while for the three types
in the three groupgTable lll), yields the neutron ab- of DepMo, this difference is much smaller.

TABLE IV
The Neutron Absorption Cross Sections of the Mo Isotopes in the Thermal, Epithermal, and Fast Energy Groups
Neutron Absorption Cross Sectigh)

Molybdenum Thermal Range Epithermal Range Fast Range
Isotope (107°eV < E < 0.625 eV (0.625 eV< E < 0.1 MeV) (E> 0.1 MeV)
92 0.01 0.02 0.03
94 0.01 0.03 0.05
95 7.51 0.40 0.10
96 0.25 0.08 0.04
97 1.08 0.23 0.10
98 0.06 0.06 0.04
100 0.10 0.05 0.03
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TABLE V
Isotopic Average of the Cross Sections for Natural, Light, Heavy, and Mixed Mo in the Three Energy Groups*

Molybdenum Thermal Range Epithermal Range Fast Range Sum of the
Composition (1075eV < E < 0.625¢eV) (0.625 eV< E < 0.1 MeV) (E> 0.1 MeV) Energy Ranges

Natural 1.000 0.128 0.054 1.182
Light 0.062 0.026 0.035 0.123
Heavy 0.079 0.058 0.034 0.171
Mixed 0.065 0.038 0.035 0.138

*The data have been normalized to the value for natural Mo in the thermal energy group.

Because of the low cross sections of DepMo, whictstability, it can be expected that the maximum burnup
are similar to those of silicon and zirconium, the use ofthat can be achieved with a Mo-based CerMet is very
DepMo is expected to largely overcome the neutronicéigh.
problems of CerMets based on natural Mo. The exact
consequences of the use of DepMo on the neutronids$.C.2. Behavior During Accident Conditions
behavior will depend strongly on the layout of the fuel . ,
and the reactor in which this fuel is used and will there-  For the introduction of CerMet fuel, the good behav-
fore require detailed neutronics computations. ior of the fuel during accident conditions is crucial. An

An aspect in the use of molybdenum that require9Verview o_fthe paramgters_oﬂmportance to the behavior
some attention is the production of the long-lived radio-Under accident conditions is given by Porta etaor
toxic isotope®®Tc (half-life is 2.1x 10° yr), due to neu- natural monbde.num and other metals. I'g is ofllmpo'r-
tron capture in®®Mo. Production of one radioisotope tance to ascertain that_ the fuel keeps sufficient integrity
during the transmutation of the other isotope is of cours€uring accident conditions, such as loss-of-coolant acci-
an unfortunate side effect. Simple neutronics computade”ts and reactivity initiated accidents. The high melting
tions show that for a typical DepMo-based f@ebntain-  €mperature and the low thermal expansion of Mo are
ing the mixed fractiopy the amount o°Tc produced important safety fe_atures of Mo-bas'ed CerMet;.
from fission of the Pu present in the fuel is one to two __ Bonnetetak*discussed that having a ceramic phase
orders of magnitude larger than the amoun®®&ic pro-  With a higher density(g/cm®) than the metal phase in
duced from neutron capture #Mo. This shows thatthe CerMet has adverse safety consequences in case of a
production of°®Tc from neutron capture iFBMo is only meltdown. Such a density distribution would for instance
of minor importance. Using solely the molybdenum iso-P€ present in a PufjZircaloy CerMet. Because of the

topic fraction enriched in the light isotojfévio prevents  difference in density, there exists a serious risk of recrit-
the formation of°9Tc but will increase the costs of the icality during a meltdown accident since all fissile ma-

DepMo somewhat. terial might collect at the bottom of the reactor vessel
with a metal phase present on top of the fissile phase. In
I.C. Fuel Behavior of Mo-Based CerMet case the density of the ceramic phase is similar to that of
nel behavior of Wo-Based Lerfiets the metal phasée.g., MOX/DepMo) or lower (ROX/
II.C.1. Behavior During Normal Operation DepMo), this risk would be much smaller.

Another important safety aspect is the compatibility

The behavior of natural molybdenum-based CerMebf Mo with the water coolant in the case of failure of the
fuels during neutron irradiation in the SILOE experimen-cladding of the fuel pin, both during normal irradiation
tal reactor has been studied by Dehaudt ét@he fissile  and during accident conditions. This corrosion aspect
phase in these CerMets was W@articles(36 vol%, and other safety aspects of Mo-based fuel should be stud-
19.6%2%°U) with a typical size of 100 to 15@m. The jed in more detail and will be strongly dependent on
irradiation duration was 104.5 full-power days, causing @arameters such as the fraction of the reactor core loaded
burnup of 55.4 MWdkg U. The CerMet fuel stack was with this type of fuel.
equipped with central thermocouples, which showed that
the high thermal conductivity of molybdenum caused §; p_ fyel Concept
low fuel temperature. This low fuel temperature de-
creases the fission-gas release. The dimensional stability To be able to make an assessment of the economic
of the aforementioned M@AJO, fuel is observed to be aspects of the use of DepMo, a fuel rod and a fuel assembly
very good. The CerMet microstructure did not changelesign should be proposed. For the fuel assembly the
during the irradiation. Given the low fission-gas releaseCONFU desigA is assumed in which 80% of the fuel
the high thermal conductivity, and the good dimensionatods contains U@pellets and 20% of the rods contains
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TRU-based pellets. The fraction of TRU oxides ineurogm. Assuming a typical burnup of 50MW#g UO,
the TRU pellets is 12 vol%, from which a CerMet canand athermal-to-electrical conversion of 33%, the cost con-
be proposed as containing DepM@O0 vol%) and tribution of DepMo to the electricity costs amountto 0.003
(TRUg 36,E¥9.03,Y0.07,.Zr0.54) O2. fissile particles(30 euro/kW-h. The costs of electricity produced by a stan-
vol%). From an economic point of view, the above as-dard LWR using UQ are~0.04 eurgkW-h (Ref. 15.
sumption that 70 vol% of the fuel rod contains DepMo  The production of molybdenum-based CerMet fuel
might be conservative, but detailed fuel behavior studiess relatively simplé® since molybdenumis ductile and not
are required to determine the lower limit of the DepMovery sensitive to oxygen, which allows fuel fabrication
fraction, which still gives reliable fuel behavior. The fuel using the standard technique of powder mixing and sin-
structure and the fuel behavior are expected to be similaering. Therefore, when large-scale production is made of
to that of the UQ/Mo fuel described by Dehaudt.The = DepMo-based fuels, it is likely that the production costs
pellets are assumed to be solid and to have an outare not much higher than those of the production of other
diameter of 8 mm. The aim of introducing the aforemen-ypes of plutonium- or americium-containing fuels. Since
tioned fuel characteristics is only to compare the costs dahe fuel behavior of DepMo-based fuel is expected to be
DepMo with the total costs of electricity generation. Thebetter than that of UQ MOX, or CERCER-based trans-
authors do not suggest that this concept is the optimummutation fuels, part of the additional costs of 0.01 guro
concept for the use of DepMo in an LWR. kW -h might be compensated for by better fuel behavior,
which would allow higher fuel powers and higher burnups.
From this discussion we conclude that the costs of

IIl. ECONOMIC ASPECTS DepMo are not excessively high and justify further study
into the technical details of the use of DepMo for the
IIlLA. The Costs of Depletion of Mo transmutation of Pu or Am in for instance LWRS.

Several techniques exist for the enrichm/eletpletion
of isotopes. Atechnique to deplete relatively large amount
of medium- and heavy-weight isotopes is gas uItracenﬁ" CONCLUSIONS
trifuge. This technique is used for the enrichment and

depletion of uranium and several stable isotofesg., ! fus . fuel i
zinc and iridium. The main producers of stable isotopes2nd €conomic aspects of using DepMo in CerMet fuel in

are some companies located in Russia, and Urenco in tif WWR. Itis concluded that DepMo might be a suitable
Netherlands. The depletion of Mo, using Mgds a pro- metal in CerMet fuel with plutonium- or americium-
cess gas, has been studied by Urenco. Apart from ecofontaining ceramics. More detailed studies will be re-

omies of scale, the costs are determined by two paramete%.’ire_d on aspects such as corrosion rates of molybdenum,
o ) etailed fuel rod layout, neutronics, and irradiation
1. The degree of depletion in the isotop@o. I penavior.

this paper a depletion between 9o (heavy fraction

and 1%°°Mo (light fraction) is used since this gives a

strong decrease in absorption cross section at reasonable REFERENCES
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