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The civil and military utilization of nuclear power results in stockpiles of spent fuel and
separated plutonium. Recycling of the recovered plutonium in Light Water Reactors (LWR) is one
way of its peaceful use. Plutonium recycling in thermal reactors is reality in Belgium, France,
Germany, and Switzerland, in Japan it is in preparation. This paper describes the experience
gained and the status reached in almost 30 years of neutronic MOX fuel assembly and core design.

For first approaches to the MOX technology, the experience gained with the description of
depleted uranium fuel was extrapolated. This was a reasonable approach, since the plutonium
isotopes 239Pu and 241Pu produce more than 50 % of the energy in high exposure uranium fuel.

First explicit qualification steps for MOX fuel were performed in the 1960s and early 1970s
in zero power critical facilities. These experiments were especially planned for the basic
qualification of cross section data and design codes. Typical average concentrations of fissile
plutonium at that time were in the range of 2 to 3 w/o. The experiments were designed to represent
the physical and neutronic conditions of PWRs and BWRs as closely as possible. Investigated
were effects of varying plutonium compositions and the temperature dependence of the reactivity
of the investigated cores. Measurements of pinwise fission rate distributions in configurations with
central MOX fuel assemblies surrounded by uranium fuel assemblies was another aspect of the
experiments.

Since then, routinely performed startup and core follow measurements as well as especially
defined experimental programs for the verification of specific aspects of the neutronic MOX fuel
characteristics contributed to the verification of the design codes and are the basis for
improvements of cross section data and nuclear design codes.

The nuclear characteristic of MOX fuel is a result of the neutronic properties of the different
plutonium isotopes. The fission and capture cross sections for thermal neutrons of the fissile
plutonium isotopes are about a factor of 2 larger than for 215U. The absorption cross sections of the
fertile plutonium isotopes 240Pu and 242Pu show strong resonance peaks in the near thermal region.
As a result, the neutron spectrum in MOX fuel is hardened, i.e. at the same power level the thermal
neutron flux is much lower than in uranium fuel.

The neutronic MOX fuel assembly design for thermal reactors has to face large gradients of
the thermal flux at the interface of MOX and uranium fuel assemblies. The fact of an increasing
thermal flux in the direction of the adjacent uranium fuel assembly is addressed by a gradation of
the plutonium content in the fuel rods at the fuel assembly edge. Two to 3 rod types are typical for
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PWR MOX fuel assemblies. Optimized BWR fuel assemblies are more heterogeneous. Larger
water gaps and water structures within the fuel assembly result in MOX fuel assembly designs
with 4 to 7 different rod types. Actual MOX fuel is mainly fabricated with tails uranium as carrier.
For PWRs, MOX fuel assemblies are currently optimized without burnable absorbers. BWR MOX
bundles are designed with a limited number of uranium/gadolinium rods and a minimum of
different rod types to gain the maximum economic advantages.

Many reactors worldwide are licensed for enrichments of 4.0 w/o "5U and higher. In
conjunction with low leakage loadings utilizing burnable absorbers, batch averaged exposures of
46 MWd/kg in PWRs and 43 MWd/kg in BWRs have been realized. MOX fuel assemblies had to
follow that trend. Today, MOX fuel assemblies with an average fissile plutonium content of up to
4.8 w/o (7 w/o Pu) are part of reloads for PWRs in Belgium and Switzerland. For BWR, the
average fissile plutonium content in actual reloads in Germany is 3.0 w/o (4.3 w/o Pu). BWR
MOX bundles of the 10x10 type with an average fissile plutonium content of 3.6 w/o to be
reloaded in that plants in 1999 are in fabrication. The maximum fuel assembly averaged discharge
exposures reached today is 51000 MWd/t in PWR and 32000 MWd/t in BWR.

The design target of neutronic fuel assembly design studies was either a matching discharge
burnup of MOX and uranium fuel assemblies (burnup equivalence) or a minimum of fabricated
MOX fuel assemblies with a plutonium content as high as reasonable. These design criteria were
complemented by more general demands. MOX fuel assemblies should be compatible to uranium
assemblies with respect to loading strategies and the number of possible in-core cycles without
additional restraints for their operation. This aspects are essential for a safe and economic reactor
operation.

For PWR the exposure dependent reactivity characteristics of MOX fuel allow to substitute
fresh uranium fuel assemblies with burnable absorbers by MOX assemblies. In BWR, with an
adequate fuel bundle design, recycling cores don't require significant adjustments of the reload
strategy in comparison to all uranium core designs.

Recycling cores have to meet the same safety criteria as uranium cores. This has to be
demonstrated for each designed core or in cycle independent safety analyses. The safety criteria
are determined for normal operation and operational or design basis transients (e.g. main steam
line break accident, LOCA, ATWS or external events).

In-core fuel management with MOX assemblies is common practice in a large number of
nuclear power plants in several countries. A ratio of about 30 % (50 % in some plants) of MOX
fuel assemblies in the core is possible while meeting applicable safety criteria. Experience with
such core loadings confirms the reliability of the applied modern design codes. The applicability of
methods used for neutronic fuel assembly and core design has been proven for actual plutonium
concentrations and compositions used.

Plans for a further increase of plutonium concentrations and the use of degraded or weapons
grade plutonium qualities should be accompanied by a continuous verification of the utilized
nuclear data and design methods. This verification can be based on post irradiation examinations,
isotopic measurements on highly depleted MOX fuel and, if possible, critical experiments with
depleted fuel.

Conceptual studies for reloads of advanced MOX assemblies in LWRs demonstrate the
feasibility of a future development of the thermal plutonium recycling. Hence, new concepts for
the utilization of plutonium are under consideration or investigation and reveal an attractive
potential for further developments on the plutonium exploitation sector.


