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Abstract

This overview looks at the historical background to the design, performance and testing of
LWR MOX fuel over the last 30 to 40 years. It briefly examines the scenarios which encouraged the
development of MOX fuel for utilisation in LWRs and looks at the design changes required on
moving from UO2 to MOX fuel. The paper summarises the national irradiation testing programmes,
the commercial developments and performance data obtained throughout this period, highlighting
those aspects which have had an impact on manufacturing and design choices. The paper thus
provides the historical background information for the contributed papers in Session 3 (Fuel Design,
Performance and Testing) of the symposium.

1. INTRODUCTION

It has always been recognised that recycled plutonium is most effectively and efficiently
utilised in Fast Breeder Reactors (FBRs). However, in the 1950's it was generally accepted that
available reprocessing capacity would exceed the requirements of the FBR prototypes planned at that
time and a number of countries developed strategies which involved utilisation of the excess
available plutonium in Light Water Reactors (LWRs) over an intermediate period of 10 to 20 years
prior to deployment of FBRs. This led to the instigation of a programme of R&D work conducted
within the framework of the US Atomic Energy Commission (AEC) -Euratom Joint Programme to
promote nuclear energy.

The USAEC began plutonium recycling studies in 1956. The work was concentrated in two
programmes, 'Plutonium Utilisation Programme' (PUP), carried out at Hanford National Laboratory
using test reactor irradiations and the 'Saxton Programme' which was managed by Westinghouse and
demonstrated recycle in a small PWR with MOX loadings starting in 1965. US MOX development
had, by 1975, progressed to the commercial demonstration stage but commercial utilisation was
delayed by the preparation of the "Generic Environmental Statement on the Use of Mixed Oxides"
(GESMO) which US AEC organised to facilitate the industrial application of plutonium recycle [1]
and by the availability of Pu from commercial reprocessing plants. With President Carter's
Executive Order on non-proliferation in 1977 which indefinitely postponed commercial reprocessing

203



in the US, all research on MOX fuel in the US was abandoned by 1980 and the data gathered in
earlier years has now been largely overtaken by experience in Europe where commercial MOX use is
a reality.

In Europe, the Euratom sponsored work was carried out by Belgonucleaire (BN) and the
Belgian National Laboratory (CEN/SCK) at Mol and the world's first LWR MOX assembly was
loaded into BR-3 in 1963 followed by a MOX loading in the German BWR at VAK (Kahl) in 1966.

In the 1960's, as interest in plutonium recycle grew, an increasing number of development
programmes were initiated in various European countries to investigate MOX utilisation in LWRs.
Germany, Switzerland, France, UK, Italy, the Netherlands and Sweden all, to a greater or lesser
extent, began work in this area. In the early 1970's, in parallel with the US AEC's 'GESMO'
preparation, the Commission of the European Communities sponsored a "Research Programme for
Plutonium Recycling in LWRs" to complement and co-ordinate the development programmes being
pursued at national level.

Germany led the way in the 1970's in terms of introducing MOX fuel into commercial LWR
power stations with Switzerland following closely behind. Today 12 of the 19 operating plants in
Germany have been licensed for MOX loadings and Switzerland and Belgium have between them 5
PWRs licensed for MOX usage.

In France a full Reprocessing-Conditioning-Recycling strategy was chosen in the 1970's and
studies performed between 1980 and 1985 confirmed the feasibility of recycling plutonium in PWRs.
In 1985 EdF decided to recycle MOX in their PWRs and the Safety Authorities, having studied the
Safety Report submitted in early 1987, gave permission in October 1987 for the first MOX reload
which was then introduced to the St Laurent Bl core. Today 20 of the 28 available 900 MWe PWRs
in France are licensed for MOX and 17 have MOX fuel loadings. Moreover, since 1991 two reactors
containing MOX fuel assemblies have been operated under load follow and frequency control
conditions for several cycles and as a result all reactors licensed for MOX in France have, since 1995,
been authorised to operate in the hybrid mode and under load following conditions.

In the UK, thermal reactor development concentrated on MAGNOX reactors, which are
based on metal fuel, and Advanced Gas-cooled Reactors (AGRs) which utilise UO2 fuel. The UK's
strategy on plutonium recycle concentrated on the FBR and only a very small programme of MOX
fuel development for use in thermal reactors was carried out in the 1960's and 70's with irradiations
in Windscale AGR and SGHWR. However, with the government decision in 1987 to abandon FBR
development, the UK, through BNFL, decided to build on its experience in manufacturing MOX fuel
for FBRs and enter the thermal MOX fabrication business. Consequently, this has led to a major
involvement in LWR MOX design, performance and testing over the last 10 years as the company
demonstrates the viability of its MOX fuel to the industry.

In Japan MOX use in LWRs has been actively pursued since the late 1980's with the
irradiation of a number of lead test assemblies in Mihama 1 reactor in the period 1988 to 1991 [2].
Prior to this, plutonium fuel research in Japan concentrated on FBR fuel and fuel for the Advanced
Thermal Reactor (ATR). The ATR is a heavy water moderated, light water cooled, pressure tube
reactor designed by PNC (now JNC) and data on fuel for this reactor is applicable to LWR MOX
utilisation. Various irradiation tests of MOX fuel have been carried out in ATR as well as transient
tests in the Halden Boiling Water Reactor (HBWR) to study performance under reactivity initiated
accident conditions [3,4]. Japan continues with its policy of implementing thermal MOX usage and
plans to construct new advanced reactors which will be fuelled with full-MOX cores.

2. FUEL DESIGN

MOX fuel assembly design has been universally based on the UO2 design with only two
minor modifications relating to the neutronic and thermal mechanical properties of the MOX fuel
itself.
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The neutronic design of the MOX assemblies is based on the simple principle that the
assemblies must be equivalent (or as near as possible) to assemblies containing UO2 fuel in terms of
dissipated power, total reactivity and accumulated burn-up. This equivalence is not completely
satisfied because of the differences in neutronic properties of U235 and Pu239/Pu241 isotopes. The
design of the MOX assemblies has therefore been optimised to reduce the power peaking at the UO2
and MOX interface and thus obtain the lowest possible shape factor - this is achieved by zoning the
assembly using three different plutonium enrichments in a concentric distribution in the case of
PWRs and up to seven in the case of BWRs.

The second design change, viz. increasing plenum volume in the rods, is sometimes applied
to accommodate the higher fission gas release expected of MOX fuel. Because of the neutronic
properties of the Pu isotopes in MOX fuel, the reactivity decreases less rapidly with burn-up than in
UO2 fuel and thus MOX fuel dissipates more power later in life releasing more fission gas; in
addition, the thermal conductivity of MOX is known to be lower by a few percent than that of UO2

which may give rise to higher fuel temperatures and thus slightly higher fission gas release.

With these exceptions, the fuel rod and assembly design are essentially unchanged from that
of the equivalent UO2 assembly. It is generally the case that if a modification is applied to UO2 then
the same change will be incorporated in MOX some time later.

3. IRRADIATION TEST PROGRAMMES

The world's first LWR MOX fuel irradiation began in 1963 in the Belgian BR3 PWR; the
fuel was manufactured by BN. From 1963 to 1986 the reactor was used extensively to test and
qualify successive MOX fuel types. Variations in feed material characteristics, fabrication processes,
U235 and Pu contents, cladding materials, rod diameters and assembly geometries were among the
parameters tested; unpressurised and pressurised rods were also tested. BR3, which was shutdown in
1987, offered a broad range of operating conditions and together with the test reactors at Petten and
Halden, provided an important data base in support of LWR MOX utilisation.

For more than 18 years BN and CEN/SCK have jointly managed a set of international
programmes designed to provide fuel validation and licensing data in support of MOX utilisation in
LWRs [5,6]. Organisations involved have included fuel designers and manufacturers, research
laboratories, utilities and other nuclear service providers. Such international programmes are
mutually beneficial in terms of information and cost sharing. Table 1 lists the most recent of the
MOX fuel programmes which are designed to give information on fuel behaviour.

TABLE 1. RECENT INTERNATIONAL TEST IRRADIATION PROGRAMMES

Experiment Fuel Type

PRIMO PWR
CALLISTO PWR
DOMO BWR
FIGARO PWR
NOK-M109 PWR
NOK - M308 PWR
GERONTMO BWR

The PRTMO and DOMO programmes were completed in 1994 and 1996 respectively. Both
focused on fission gas release and fuel microstructure at high burn-ups in PWR and BWR
environments. From these experiments the MOX rod failure threshold has been shown to be similar
to that of UO2 rods [7,8]. The CALLISTO programme was in effect, an extension of the PRTMO
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programme in that selected rods from that experiment werZ subsequently ramp tested in the Callisto
loop of BR2 reactor. The results of this experiment indicated that the behaviour of MOX fuel under
transient conditions is equivalent to or even better than that of UO2 fuel [9],

The FIGARO programme, which is now nearing completion, was designed to evaluate the
thermal behaviour of MOX fuel at a bum-up of around 50 GWd/t HM and to compare the fission gas
release threshold of MOX and UO2. Two rods were extracted from assembly NOK - M109 which
was irradiated in the Beznau-1 reactor to high bum-up and the irradiation continued in the Halden test
reactor (with on line instrumentation) under PWR conditions. On-line pressure measurements
indicated that the temperature threshold for fission gas release in MOX is close to that of UO2 and
the PIE results showed that fuel conductivity degradation with bum-up follows the same trend in both
MOXandUO2.[10].

The NOK - M 109 programme took advantage of the rod extraction required for the FIGARO
programme and an additional 8 rods were extracted at the same time. A PIE programme was then
proposed which would extend the available irradiation performance data of MOX fuel. The fuel was
irradiated for 5 cycles (approx 50 GWd/t HM) and the PIE carried out focused on fission gas release;
this work has recently been completed.

The NOK -M308 (PWR) and GERONIMO (BWR) programmes are also designed to extend
the MOX fuel performance database. The M308 assembly was irradiated in Beznau - 1 to a peak
pellet bum-up of 58 GWd/t HM while the fuel in the GERONIMO programme which is still being
irradiated in Gundremmingen BWR, will reach 65 GWd/t HM when finally discharged. These
international programmes have only recently been established and will involve PIE and ramp testing.

In France the LWR MOX feasibility studies relied mainly on results from international test
irradiation programmes - see Table 2. Of particular value was the programme supported by the
Commission of European Communities (CEC) during 1974 to 1986 which concentrated mainly on
PIE and isotopic analysis of MOX fuels. The fuel assemblies tested covered a range of designs and
fabrication routes and were irradiated in several PWRs throughout Europe - BR3 in Belgium,
Dodewaard in Netherlands, Garigliano in Italy, Lingen in Germany and CNA in France. In addition,
some MOX fuel rods were irradiated in the CEA experimental reactor, CAP IV between October
1985 and early 1987. These programmes together with the international PRIMO programme which
ran between 1987 and 1994 provided physics data to verify core design codes for MOX fuel and to
develop specific MOX fuel performance models.

TABLE 2. MAIN IRRADIATION TEST PROGRAMMES USED BY FRANCE TO SUPPORT
LWR MOX UTILISATION

Time Period Scope of Work Description

1974 - 1986 Irradiation + PIE

1987-1991 Irradiation + PIE

1987 - 1994 International
PRIMO
programme

CEE Programme: investigation of
MOX fuel performance (10
contracts) Rod Bum-up - 48 GWd/t

Irradiation of MOX fuel rods in the
small CAP PWR under load
following conditions
Rod Bum-up - 20 GWd/t
Examination of 15 rods irradiated in
BR3 + ramp test
Rod Bum-up - 55 GWd/t

Purpose

Demonstration,
Fuel
Performance,
Modelling
Fuel
Performance,
Modelling

Core physics data,
Fuel
Performance,
Modelling
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In Germany two sets of test irradiation programmes in support of thermal MOX were carried
out. The first, in the 1970's utilised MOX fuel fabricated using a process which resulted in poor
homogeneity giving rise to solubility problems. The second set of test irradiations, carried out during
the 1980's and early 1990's, concentrated on the irradiation verification of modern MOX fabricated
using the OCOM process [11]. Table 3 lists the main irradiations carried out under the first set of
test programmes and Table 4 summarises those carried out during the second phase.

TABLE 3. SIEMENS IRRADIATION TEST PROGRAMME FOR GERMAN 'FORMER
STANDARD FUEL' IN SUPPORT OF LWR MOX UTILISATION

Reactor

KWO

Scope of Work Description

Power Transients

HFR Petten Power Transients

Halden Instrumented Irradiation to
BWR determine fuel temperature

and fuel densification

14 short test rods
Max powers between 260 and 417 W/cm
Rod Burn-ups - 9 to 27 GWd/t HM
10 short rods pre-irradiated in KWO
Ramp terminal powers - 480 to 560 W/cm
Rods Burn-ups - 9 to 32 GWd/t HM
IFA 4271428

TABLE 4. SIEMENS IRRADIATION TEST PROGRAMME FOR GERMAN 'MODERN' MOX
FUEL IN SUPPORT OF LWR UTILISATION

Year Rod/FA Number Type of Fuel

1980 Segmented rods
1981 Reactor A/FA 1
1984 Reactor A/FA 2
1986 Reactor A/FA 3

AUPuC
OCOM/AUPuC
OCOM
OCOM-30 & -15

Rod Burn-up
GWd/t HM

2 3 - 3 9
6-42
9-34
8-41

Transient Testing

HFR Petten

HFR Petten

For the first test of this second phase programme, 15 segmented long rods with 7 short rods
in each case were irradiated for up to 4 cycles. The short rods were axially reduced rods modified in
length to match the thermal flux field of the HFR pool facility at Petten and thus allow simultaneous
power increase of the whole rod. In total 12 short rods with modem MOX fuel have been transient
tested to date. MOX fuel manufactured using both the OCOM and AUPuC processes have also been
included in this programme and thus a comparison between PuO2 powder and liquid Pu nitrate from
different reprocessing plants has been carried out. This has shown that despite different powder
properties, the fact that both manufacturing processes were optimised with respect to Pu
homogeneity, resulted in comparable behaviour. In addition to the segmented rods, demonstration
fuel assemblies (FA 1, 2, 3) were manufactured and extensively characterised before irradiation.
Included in one of these assemblies was some experimental fuel which had a reduced Pu content of
15% in the agglomerates; this was irradiated to a local burn-up of 45 GWd/t and was designed to
study the influence of Pu homogeneity on irradiation behaviour [ 12],

Such test irradiations provided the data necessary to compare MOX fuel behaviour with that
of UO2, to develop specific MOX fuel performance models and to verify core design codes. Work
continues in this area today with a number of international collaborative programmes as well as
national studies being carried out in the Halden test reactor [13], Such programmes are of particular
importance to the UK (i.e. BNFL) who, as a late entrant to the thermal MOX arena, has to rapidly
demonstrate the viability of its fuel under all operating conditions and as such is involved in several
major national and international test programmes.
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4. COMMERCIAL IRRADIATIONS

Commercial irradiations of MOX fuel began in earnest in the mid 1980's and today 12 out of
19 plants in Germany are licensed for MOX usage, while in France, 20 reactors are authorised to load

MOX; Switzerland and Belgium have between them 5 PWRs licensed for MOX usage.

Table 5 summarises the commercial irradiations of MOX fuel which have been carried out in
European reactors since the 1960's.

TABLE 5 . EUROPEAN NATIONAL EXPERIENCE WITH MOX FUEL IN COMMERCIAL
LWRs SINCE 1960's

Reactor
(Type)

GERMANY

BWR reactors

PWR reactors
(French manufactured

MOX)

ITALY
Garigliano

(BWR)
Trino

(PWR)

FRANCE
17 x900MWe

(PWR)

NETHERLANDS
Dodewaard

(BWR)

SWEDEN
OKG- 1, Oskarshamm
(BWR)

SWITZERLAND
Beznau-1,2 and Goesgen
(PWR)

BELGIUM
Doel 3 & Tihange
(PWR)

Initial
Year of
Loading

1966

1972

1968

1975

1987

1971
1988

1974

1978

1995

Total
Number of

Assemblies*

177 + (1)

502 (0)
124 (0)

24 (46)

8(0)

1032

7(0)
5(0)

3

168 (0)

72

Total
Number

of Rods

3389

91248
28768

2072

272448

25seg

51

>21500

19008

Max Assembly
Burn-up Achieved

(GWd/t HM)
**

21 (34)

45(14)

approx 25

(approx 3 5)

51

(47)
(58)

(19)

51

45

Figure in parenthesis denotes number of MOX island assemblies loaded
Figure in parenthesis denotes peak pellet burn-up
This figure includes some MOX island assemblies
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In Germany a total of 768 MOX fuel assemblies, manufactured by Siemens, have been
irradiated in LWRs at burn-ups up to 45 GWd/t HM in the years since 1966. In France, 1032
assemblies have been loaded into EdF stations since 1987 with similar maximum burn-ups; 476
assemblies have successfully completed 3 irradiation cycles. In Belgium 64 assemblies have been
loaded into 2 PWRs and 16 of these have been irradiated for 3 cycles. In Switzerland MOX fuel was
first loaded into Beznau-l in 1978 and since then a total of 168 assemblies have been irradiated in the
Beznau-l and 2 and Goesgen reactors. The assembly bum-ups are again around 45 GWd/t HM but,
as in the case of Germany and France, individual assemblies have reached levels of around 51 GWd/t
HM.

5. PIE PROGRAMMES AND FUEL PERFORMANCE

Post Irradiation Examination programmes including poolside inspection, non-destructive and
destructive hot cell examinations, have been incorporated into the MOX utilisation studies from the
very beginning and the data base is now fairly extensive, although still well behind that of UO2 in
quantitative terms.

In Germany approximately 200 fuel assemblies with modern MOX fuel have undergone
under-water poolside inspection as part of the normal fuel assembly and control rod inspection
programmes which are carried out during reactor reloads. In addition 170 MOX fuel rods have been
withdrawn from various assemblies and oxide thickness, length and diameter measurements carried
out prior to re-insertion and continued irradiation.

Table 6 summarises the major hot cell campaigns which were carried out to verify the
irradiation behaviour of MOX fuel in Germany. The first phase concentrated on the irradiation
behaviour of the original inhomogeneous fuel. The second phase delivered base irradiation data on
the improved fuel; this included data on fuel which had experienced different power histories and
fuel which had undergone transient tests. The third phase has recently started with MOX fuel
irradiated at high power ratings to burn-ups in excess of 60 GWd/t HM.

TABLE 6. PIE PROGRAMMES ON GERMAN MOX FUEL MANUFACTURED BY SIEMENS

Time

1976

1982

1987

1999

Period

-1978

-1993

-1989

-2003

Reactor/No
of Rods

A/ 12

A / 1 2 + 1 5
segmented

B / 4

C

Objective

Basic irradiation data
for rod design &
neutron physics
(former standard fuel)
Basic irradiation data
for modern fuel

Data base extension
for different power
histories at increased
burn-up
Verification of high
rated MOX fuel to
high burn-up

Rod Bum-
up
MWd/t
HM
8-37

6-42

35-41

1 to 4 cycles
>60

Result/Comment

Rod behaviour
comparable to UO2 in
spite of 100% Pu
agglomerates
Rod behaviour
comparable to UO2, no
significant influence of
Pu inhomogeneity
Fission gas release will
be sensitive to the
power history of the
later cycles
Rods under irradiation

The results from these PEE programmes indicate that heterogeneous Pu distribution (and
hence burn-up and fission product distributions) in MOX fuel does not adversely affect the
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irradiation performance compared with UOZ fuel. This is demonstrated for fission gas release, fuel
density and transient behaviour in that:

• Most of the MOX fuel fission gas release data match that of UO2; the higher values can
be attributed to variations in cladding/fuel gap or differences in irradiation history.

• MOX fuel density measurements lie in the middle of the UO2 data range.
• Under transient conditions all MOX rods tested have remained intact even under

conditions above the UO2 defect threshold.

In France a rigorous MOX fuel qualification programme has been underway since 1974.
Poolside examinations performed on irradiated assemblies after 1, 2, 3 and 4 cycles have not revealed
any abnormal mechanical behaviour and have confirmed the overall good condition of the MOX
assemblies. No differences in operational characteristics (bow, growth etc.) have been observed
compared with UO2 fuel.

45 fuel rods at burn-ups up to 52 GWd/t HM and covering a range of Pu contents have been
examined in hot cells. The PIE results indicate that MOX rods behave similarly to UO2 rods in terms
of waterside corrosion and rod dimensional effects; in addition, MOX assemblies irradiated under
load following conditions behave similarly to reference rods operated under base load conditions.

Experience in France with respect to fission gas release and performance under transient
conditions is very similar to that observed in Germany

• Under the operating conditions applied, fission gas release in MOX fuel is slightly higher
than that in UO2 fuel. This is due mainly to higher heat ratings experienced in the MOX
rods, particularly at high burn-up.

• The behaviour of MOX fuel under transient conditions has been shown to be equivalent to
or even better than that of UO2 fuel. End of Life ramp levels up to 480 W/cm have been
reached without clad failure, indicating that MOX fuel has an inherent resistance to
Pellet/Clad Interaction (PCI) which allows greater flexibility in terms of core
management.

The R&D programmes organised by BELGONUCLEAIRE have included PIE of fuel
irradiated under normal and transient conditions and at burn-ups close to 60 GWd/t HM. The main
findings of these programmes are supported by those carried out independently in France and
Germany and can be summarised as follows:

• Thermal conductivity decreases with burn-up in the same manner as in UO2 fuel.

• Any Pellet/Clad Mechanical Interaction observed under steady state conditions is similar
to that observed in UO2 fuel. The power failure threshold in transient conditions is higher
than in UO2. Overpower transients up to 500 W/cm have been achieved and sustained
without failure in fuel at burn-up close to 60 GWd/t HM.

• In-reactor fuel central temperature and segment inner pressure measurements confirm that
temperature threshold for fission gas release is close to 1200°C when approaching
50 GWd/t HM, i.e. a value similar to UO2.

• Helium production is significantly higher than in UO2 fuel, due mainly to production and
a-decay of Cm242. This leads to an increase in rod internal pressure, which is more easily
detected in unpressurised, highly rated rods.

• Radial distributions of actinides and fission products determined by EPMA and SIMS
techniques have provided numerous data on thermal flux depression, and local Pu content
versus burn-up, thus allowing accurate calculation of radial power distributions during
life.
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The microstructure of fuel has been extensively investigated. The fragmentation pattern is
similar to that observed in UO2 fuel. MIMAS fuel, with a pre-irradiation structure
consisting of a fine dispersion of Pu, is characterised after irradiation at low temperature
(< 1000°C) by agglomerates of fine porosity resulting from fission gas associated with
high burn-up in Pu rich-zones. These zones represent a small fraction only of burn-up

The microstructure of fuel has been extensively investigated. The fragmentation
pattern is similar to that observed in UO2 fuel. MIMAS fuel, with a pre-
irradiation structure consisting of a fine dispersion of Pu, is characterised after
irradiation at low temperature (<1000°C) by agglomerates of fine porosity
resulting from fission gas associated with high burn-up in Pu rich-zones. These
zones represent a small fraction only of burn-up accumulated in the pellet. With
temperature increase, the structure progressively became more uniform with grain
growth and intergranular porosity, as observed in UO2 fuel operating under the
same conditions.

Any increase in FGR (Fission Gas Releas) observed in MOX fuel can be
attributed to differences in power histories as well as differences in thermal
performance as indicated above.

6. CONCLUSIONS

The fuel rod and assembly design for MOX fuel has been universally based on UO2
design with only two minor modifications relating to the neutronic and thermal mechanical
properties of the MOX fuel itself. It is generally the case that if a modification is applied to
UO2 then the same change will be incorporated in MOX some time later.

National and collaborative test irradiations on LWR MOX fuel have been carried out
in Europe over a period of 35 years. These programmes, which are still ongoing, are
providing the data necessary to compare MOX fuel behaviour with that of UO2, and to
develop specific MOX fuel performance models and verify core design codes. A wide range
of variables has been investigated in these test irradiations e.g. fabrication processes,
cladding materials, rod geometries, operating conditions.

In the same period, over 2000 MOX fuel assemblies have been irradiated in
European commercial PWRs and BWRs with failure statistics indicating that the reliability of
MOX fuel is at least as good as that of UO2.

The PIE prog-rammes accompanying both the test programmes and commercial
irradiations all indicate that the overall performance of the MOX fuel has proved to be as
good as that of equivalent UO2 fuel but with the added benefit of improved resistance to PCI.
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