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ABSTRACT

Up to December 2000, more than 1700 MOX fuel assemblies have been delivered by Framatome
ANP/Fragema to 20 French , 2 Belgian and 3 German PWRs.
More than 1000 MOX fuel assemblies have been delivered by Framatome ANP GmbH (formerly
Siemens) to 11 German PWRs and BWRs and to 3 Swiss PWRs.
Operating MOX fuel up to discharge burnups of about 45,000 MWd/tM is done without any penalty on
core operating conditions and fuel reliability.
Performance data for fuel and materials have been obtained from an outstanding surveillance program.
The examinations have concluded that there have been no significant differences in MOX fuel assembly
characteristics relative to UO2 fuel. The data from these examinations, combined with a comprehensive
out-of-core and in-core analytical test program on the current fuel products, are being used to confirm and
upgrade the design models necessary for the continuing improvement of the MOX product.

As MOX fuel has reached a sufficient maturity level, the short term step is the achievement of the parity
between UO2 and MOX fuels in the EdF French reactors. This involves a single operating scheme for both
fuels with an annual quarter core reload type and an assembly discharge burnup goal of 52,000 MWd/tM.
That "MOX parity" product will use the AFA-3G assembly structure which will increase the fuel rod
design margins with regards to the end-of-life internal pressure criteria.
But the fuel development objective is not limited to the parity between the current MOX and UO2

products: that parity must remain guaranteed and the MOX fuel managements must evolve in the same
way as the UO2 ones. The goal of the MOX product development program underway in France is the
demonstration over the next ten years of a fuel capable of reaching assembly burnups of 70,000 MWd/tM.

INTRODUCTION

Since the first loading of MOX fuel in a French 900 MWe PWR in 1987, the number of EdF units
recycling plutonium has increased progressively (20 in 2000).
About 1400 MOX assemblies have been irradiated in French PWRs at the end of 2000, about 700 having
achieved three irradiation cycles, and a few assemblies have been irradiated to four and five cycles for
experimental purposes.
In Belgium and Germany, the number of fuel assemblies delivered by Framatome/Fragema and having
completed 4 irradiation cycles amounts to 55 with burnup up to 46 GWd/tM.



In Germany, the first MOX fuel was loaded in 1966 and today 12 out of 19 plants are licensed for MOX
usage. On the German market, the licenses are characterized by a significant variation of allowed
plutonium concentration and number of MOX fuel assemblies1. Several reactors are using their licenses to
the limit and are operated with a ratio of > 30% of MOX fuel assemblies in the core. Presently, the
maximum fuel assembly averaged plutonium concentration amounts to 4.8 w/o Puflss (about 7.1 w/o Pu).
These MOX assemblies are equivalent to an uranium enrichment of 4.3 w/o. In Germany and Switzerland,
a total of about 1000 fuel assemblies, designed by Framatome ANP GmbH, have been irradiated in both
PWRs and BWRs at burnup of again, around 45,000 MWd/tM in the years since 1966. Today, individual
assemblies have reached levels of up to 54,000 MWd/tM.A further burnup increase is possible on the
basis of the existing mechanical design, which is largely similar to that of uranium fuel assemblies.
However, reactor specific constraints, arising e. g. from corrosion, fission gas release, and transient
accident conditions, have to be considered.

In France, the « hybrid » fuel management scheme with 28 UO2 fuel assemblies (3.7% enriched) irradiated
for four annual cycles and 16 MOX assemblies (Pu content equivalent to 3.25 % U235) for three annual
cycles has been used for all « moxified » reactors since 1994, with load follow conditions authorized for
all the plants since 1995. Recently the maximum average plutonium content of MOX fuel assemblies was
increased from 5.3 % to 7.08 % to allow the use of plutonium coming from reprocessing of highly
irradiated fuel.
The product AFA-2G MOX, designed for an assembly burnup of 43-45,000 MWd/tM, integrated the
improvement in the current UO2 product with a modified fuel rod design (mainly lower initial helium
pressure and a slightly increased free volume).
Since the use of MOX fuel in French PWRs has now reached its industrial maturity, the main challenge
remains to follow UO2 performance in terms of discharge burnup and maneuverability (the authorization
was given in 1999 to operate UO2 fuel up to 52,000 MWd/tM). The parity between UO2 and MOX fuel in
terms of fuel management and burnup is an objective to be achieved in 2004. The new AFA 3G assembly
design is being implemented for the MOX product allowing design margins increase for burnup extension.
However, this equality must be established on a long-term basis and the management of MOX must
develop in the same way as for that of UO2. The main objective of the MOX development programs being
run by the French R&D partners is to prove, over the next 10 years, that MOX fuel is capable of achieving
the target burnups of UO2, i.e 70,000 MWd/t.
For this reason the understanding of MOX fuel behavior at high burnup must be continuously
improved by:
- Using surveillance programs of standard as well as advanced fuel rods irradiated in PWR plants and
associated hot-cell examinations,
- Using ongoing R&D programs based on analytical out-of-pile tests or on irradiation in experimental
reactors, under nominal and transient conditions.

MOX FUEL PERFORMANCE

The operational performance of the MOX fuel rods and assemblies has been assessed by a great number of
inspection and measurement campaigns performed in the storage pools of the power plants and in hot
laboratories.

The highlights of the important MOX European experience feedback are:

- Any technical problems resulting from the MOX fuel have been encountered.



- The reliability of MOX assemblies is as good as for UO2 fuel; no rod has ever failed for MOX-specific
reasons. Moreover, the release rates of fission products in the primary coolant were similar to those
observed with defective UO2 fuel2.

Surveillance Programs and Hot-cell Examinations.

Up to now, in France more than 55 fuel rods with different burnups, different plutonium contents and
different fabrication processes have been examined in hot cells.
The examination of three-cycle rods irradiated in St Laurent Bl and St Laurent B2 was reported several
years ago3 showing a higher fractional fission gas release as the main difference with UO2 fuel. This
behavior was mainly explained by the linear heat rates of the MOX rods, which are higher than in UO2
rods at the same burnup and to a lesser extent, by specific physical properties of MOX fuel (thermal
conductivity, microstructure).
Afterwards, a later paper4 reported the first hot-cell examination results on the Gravelines 4 four-cycle
rods (52,000 MWd/tM average rod burnup). The results did not show any enhancement of the fractional
gas release between the third and the fourth cycle. This was attributed to the low heat rate the rods were
subjected to during the last irradiation cycle.
Comparison with UO2 rods in terms of fuel rod growth, cladding waterside corrosion and fuel density were
also drawn as a function of burnup, without showing any particularity in four-cycle MOX fuel behavior.
More recently, additional examinations were performed on fuel rods also irradiated for a fourth cycle in
Gravelines 4 (53,000 MWd/tM rod average burnup) but at a higher heat rate (170W/cm as opposed to
130W/cm)5.
The measured fractional gas releases were similar to those observed on fuel rods with a lower heat rate at
the end of irradiation. All the results available up to now on the fission gas release data of commercial
MOX fuel rods are gathered in Figure 1 and compared to some UO2 data.
The conclusion is that no fission gas release enhancement occurs due solely to the burnup effect, the two
sets of 4-cycle rods have been irradiated under the fission gas release threshold.
Other destructive examinations did not reveal any other differences with the previous rods.
The first fuel rods having experienced a fifth irradiation cycle have been shipped to hot-cells for
examination (average rod burnup of 61,000 MWd/tM).

Fractional Fission Gas Release
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Fig. 1: Fractional fission gas release vs. burnup Fig. 2: Fractional fission gas release vs. rod power
(burnup < 40,000 MWd/tM)



German post irradiation examinations on a large number of MOX fuel rods with different geometries than
the 17 X 17 one and irradiated under more severe thermal conditions have also confirmed an excellent
MOX fuel performance6. In was demonstrated that fission gas release is very sensitive to the irradiation
history, however, normalized on rod power, MOX and UO2 fuel rods behaved largely similar (Fig. 2).

Analytical Programs in Nominal and Transient Conditions.

Within the framework of the R&D conducted in common programs by the French R&D partners, the need
for experimental tests devoted to an improved understanding of MOX fuel behavior, in both normal and
off-normal conditions has been stressed, mainly concerning thermal properties, fission gas release and
mechanical properties.

Thermal behavior of MOX fuel at beginning of life has been studied through out-of-pile thermal
conductivity measurements and in-pile experiments involving the measurement of centerline
temperature of the fuel rod. The recent out-of-pile data7 are consistent with the GRIMOX 2
irradiation results8 and confirm a slightly lower thermal conductivity for MOX fuel.
Experience feedback on fission gas release in nominal conditions is constantly enlarged from
surveillance programs results and, in addition to this, analytical experiments are performed in
order to characterize FGR in transient conditions8. The existence of a thermal threshold beyond
which release is accelerated, is confirmed for MOX fuel as it has been for UO2 but with a higher
level of release. Studies are now underway to examine thoroughly the links between the
heterogeneity of the MOX microstructure (size and Pu content of (U,Pu)O2 particles,
microstructure of the UO2 matrix) and the mechanisms and kinetics of fission gas release in
normal and transient conditions9. An important test program is performed consisting in local and
global thermal annealing of several fuel samples with different manufacturing processes, different
burnups and plutonium contents in order to improve and validate the understanding and modeling
of fission gas release mechanisms.
Though it has been proved by ramp tests that MOX fuel behaves particularly well from the pellet-
cladding interaction, and therefore from the power plant maneuverability standpoint4, studies are
still in progress to understand and characterize this effect attributed to a higher MOX pellet creep
in comparison to the UO2 pellet during power transients. For that purpose two kinds of tests were
performed: ongoing mechanical property measurements on fresh fuel and the in-pile program
DEFORMOX which is devoted to intrinsic UO2 and MOX thermal-mechanical behavior studies
on fresh and irradiated fuels8. Recent results on irradiated fuel confirmed the results of the first
DEFORMOX tests on fresh fuel i. e. a higher creep rate of the MOX pellets under PCI conditions
compared to UO2 fuel.
In-pile densification is an important parameter to be assessed for the thermal-mechanical
evaluation of the fuel behavior, mainly at beginning of life10 . Experimental irradiation have been
carried out aiming to study the fuel densification of MOX products obtained with different UO2

powders, through the measurement of the pellet stack shortening during irradiation: using neutron
radiography measurements in the DENSIMOX/Siloe tests8 or fuel stack elongation detectors in
experiments carried out in the framework of the Halden Reactor Project.
Instrumented MOX fuel segments, re-fabricated from commercial EdF fuel rods (25,000 and
50,000 MWd/tM), are used in the joint experimental program carried out at the Halden Reactor
Project" . The scope of the program includes the acquisition of data on the basic thermal
properties at different burnups, on the fission gas release and release kinetics, on the PCMI
behavior and, on the rod overpressure/clad lift-off effects. Moreover, high burnup MOX fuel (>
60,000 MWd/tM) has been produced through irradiation in the Halden reactor under PWR
conditions to provide performance data for this high burnup.



The evolution of the fuel management strategy in the French PWRs with the increase of the fuel
discharge burnup created the need for new investigations of such fuel behavior under Reactivity
Initiated Accident (RIAs) as resulting from control rod ejection. The French Safety Protection
Institute (DPSN) initiated a research program in 1992 called CABRI REP Na Program. The main
objectives were to study the potential high burnup effects on UO2 fuel behavior, analyse the MOX
fuel behavior and verify the adequacy or modify the present safety criteria previously defined for
low burnup fuel. Four tests were performed on different burnups MOX fuel segments. One
resulted in a clad rupture. Though being at a much more higher enthalpy level than expected in
reactor from theoretical physics calculations, this rupture gave a suspicion on fission gas effect
enhanced in MOX with regard to UO2 fuel, leading to a cladding over-pressure loading12.

MOX DEVELOPMENT PROGRAMS

« Parity MOX »

The current hybrid management with quarter core UO2 and third core MOX reloads leads to an average
discharge burnup of 37,000 MWd/tM for the MOX fuel and 43,000 MWd/tM for the UO2fuel, compared
with an average 45,000 MWd/tM for UO2 quarter core reload management.
Since the next goal is to achieve parity between MOX and UO2 fuel performance, the « MOX parity »
project has been launched13. The reference fuel management is of an annual quarter reload type, in which
each reload is made up of 28 UO2 assemblies (3.7%) and 12 MOX assemblies (equivalent 3.7%) with a
maximum assembly discharge burnup of 52,000 MWd/tM for UO2and for MOX.
The preparatory phase, which started in 1997, is now completed. This phase has made it possible to
analyze the effects of this new management on:
- the operating conditions,
- the NSSS systems,
- the worst-case accident events,
- the design of the MOX assembly,
- the reactivity injection accident (RIA)

The main accident events under analysis are:
- reactivity control in the various cold and hot shutdown states during the spurious dilution and RCCA
ejection accident,
- cool-down accidents (large and small secondary breaks),
- loss of coolant accident.

The addition of four additional shutdown RCCAs and the increase in boron concentration, particularly in
the refueling water storage tank, allow the safety criteria to be met.
The reference fuel product for this management strategy is AFA-3G MOX. The AFA-3G structure allows
the design of a fuel rod with increased margin to end-of-life internal pressure.
The detailed design phase for a gradual introduction of this new UO2-MOX fuel management in 900
MWe PWRs is underway.

High Burnup MOX Fuel Assembly Development.



To reach the target of 70,000 MWd/tM for the MOX, it is necessary to improve the current fuel product
technology. The modifications under consideration concern both oxide (U, Pu)O2 and the design of the
fuel rod and assembly structure.

Improving oxide performance:

The oxide-related investigations mainly focus on a better retention of the fission products in the fuel
matrix and thus a reduction of fission gas release. At the same time, checks must be carried out to ensure
that the other properties of oxide (mechanical creep properties, etc) are not unfavorably changed with
regard to overall behavior, satisfactory for MOX at high burnup (pellet/cladding interaction,
physical/chemical and thermal properties). To this end, three types of improvement are being studied:

- A reduction in the size of the PuO2 rich-particles. Today, it is thought that this parameter may influence
the retention and/or the release of fission gases, although this effect has not yet been precisely quantified.

- An enlargement of the fuel matrix grain size, while at the same time keeping a reduced agglomeration
size. The desired optimum has not yet been defined, and will depend once again on the modifications to be
made to the manufacturing process.

- The use of additives, in the form of different oxides, added in small quantities (in the range of 500-2000
ppm) to oxide (U,Pu)O2. In the case of UO2j it has been proved that such additions can reduce the release
of fission gases, both by enlarging the grain and by causing the gases to diffuse more slowly. The choice
of oxide used will depend on the experience acquired with UO2, in particular with chromium oxide. Lead-
assemblies containing this type of fuel are currently undergoing irradiation in an EDF reactor14.

Improving the fuel rod and assembly design:

In addition to the studies made to reduce fission gas release, the design of the assemblies, particularly the
structures, developed by Framatome has been improved in order to enhance their performance at high
burnup. After the change of the AFA-2G product to AFA-3G, the new reference, the Alliance™ product15

already aims at a burnup of at least 70,000 MWd/tM for UO2. Two notable improvements have been
made:

(1) The use of the M5 cladding material with a high corrosion resistance and also with low diametric creep
and axial growth properties (fuel rod clad creep-down about two times weaker than it is when using
Zircaloy-4 in the same operating conditions). The potential gain in the case of MOX is significant, in view
of:
- an improvement in acceptable pressure at end-of-life,
- a reduced pre-pressurization of the fuel rod.

(2) An increase in the plenum volume, made possible by an increase in the distance between nozzles.

Since the 70,000 MWd/tM objectives is both very ambitious and long term, the corresponding project has
been broken up into two broad phases:

- Improving the current product by 2005 through a significant fission gas retention improvement:



For this phase, the current MIMAS process, used in particular in the MELOX factory at Marcoule, has not
been significantly modified.
The desired objective was to obtain a microstructure with a reduced agglomeration size, by reducing the
total amount of plutonium present in the largest agglomerates (> 30 um). This was obtained by means of
an optimization of the sieving operation of the primary blend. In the current MOX MIMAS fuel, about
25% of the total plutonium content of the pellet is contained in the Pu-rich particles above 30 (im size; it
was reduced to less than 10 % in the optimized microstructure.
Lead fuel rods, using M5 cladding, have been fabricated and should be irradiated from this year in an EdF
power reactor for at least 5 cycles. The gain on fission gas retention should be evaluated through PEE after
3 irradiation cycles in 2004.

- Developing the MOX 70,000 MWd/tMproduct:

This program includes three phases:

(1) Understanding and choosing the microstructure (1999-2004). The program's key date concerns the
choice of microstructure. This will require:
- understanding and modeling R&D,
- preparing and irradiating different programmed solutions (oxide additions, plutonium homogeneity,
grain size etc.); twelve instrumented fuel rodlets are currently being irradiated, since 2000, in the
HALDEN reactor; another experimental irradiation in the OSIRIS reactor started beginning of 2001,
- an industrial feasibility study of the different solutions envisaged with regard to the manufacturing
process.

(2) Demonstration irradiations and analytical programs. After choosing the microstructure, a
demonstration irradiation, up to the desired burnup of 70,000 MWd/tM, is envisaged in a power reactor
(2005-2010). At the same time, an analytical program, for modeling the behavior of the new product
(FGR, PCI, RIA etc.) should be carried out, in order to prepare its licensing.

(3) Industrial implementation. The scope of this phase will obviously depend on the choice of
microstructure. The designated time period will allow the industrial manufacturing process to be perfected
and qualified.

CONCLUSION

With an increasing experience feedback, the use of MOX fuel in the European LWRs has now reached
industrial maturity. Besides the constant accumulation of surveillance program results, an extensive R&D
is ongoing to better understand, model and validate high burnup fuel behavior in nominal and transient
conditions, especially regarding fission gas release, which constitutes the main obstacle in reaching very
high burnups.
In France, beyond the objective of achieving parity between UO2 and MOX at a burnup of
52,000 MWd/tM an important program involving consequent R&D begins with the first objective of
current product improvement in 2005 and a second goal of developing a new product qualified for 70,000
MWd/tM around 2010.
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