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For the operator of a nuclear power plant the
most important requirements concerning fuel
assembly supply are

- reliability and flexibility
- operational safety and
- optimum economy.

In order to achieve this the fuel assembly
supplier has to harmonize the individual func-
tions in his organization, i.e. R&D efforts,
design and manufacturing as well as quality con-
trol and assurance measurements, in-core fuel
management and fuel assembly services. In this
sense a fuel assembly is rather a complex sys-
tem than a simple product and is subject to a
steady technical progress in order to achieve
the targets just mentioned. This is underlined
by the fact that where fuel assembly suppliers
are in competition in the market the technical
aspects are decisive for the supplier's success.

The status of the technical progress regarding
modern KWU fuel assemblies for LWRs can be sum-
marized as follows (starting with PWR fuel
assemblies):

Most important for the fuel cycle economy was
and still is a steady and stepwise increase of
the fuel discharge burnup. Whether a desired
discharge burnup achievablely depends on the
technical limitations to be observed. These li-
mitations are not primarily dictated by the
nuclear burnup itself but by the thermal power
rate versus time history during the fuel rod
lifetime. A general discharge burnup limitation
does not exist due to the variety of limiting
effects which vary from plant to plant and de-
pend on the applied in-core fuel management stra-
tegy. The most important limitations are fission
gas release and waterside corrosion. The present
burnup level for KWU PWR reload fuel assemblies
can be characterized by the value of 35MWd/kgU.

The use of structural materials with low para-
sitic neutron absorption resulted into anappre-
ciable gain in burnup without additional fis-
sile material requirement. The possibility to

add the burnable neutron absorber Oadolinia to
the fuel of some rods of some reload fuel assem-
blies paves the way for advanced incore manage-
ment strategies: fresh reload fuel assemblies
are inserted in the central parts of the core
whereas high-burned fuel assemblies are placed
into outer core regions thus allowing remarkaDle
fuel savings by reducing neutron losses and pres-
sure vessel fluence. Through the application of
such low leakage loading patterns, the enrich-
ment requirements of a 1300 MWe PWR at annual
cycle can be reduced by up to 0.15% ^35(j. The
specific Gd concentration, the number of burn-
able poison rods per FA and the distribution of
the fuel assemblies with Gadolinia poisoned rods
in the core depend on the details of the fuel
management and physics design. Up to 9% Gadoli-
nia has been used by KWU in complete fuel bat-
ches and up to 12% in test fuel rods. This in-
cludes first core and reload designs.

Plutonium recycling in PWRs has become reality,
at least in the Federal Republic of Germany. I
will refer to this in more detail somewhat later.

The introduction of reconstitutable top nozzles
for KWU PWR fuel assemblies facilitates easy fuel
rod exchange for repair and the reconstitution
of bundles including the advantageous option of
rod consolidation for spent fuel transport and
storage.

For BWR fuel assemblies concerning discharge
burnup the same is valid as mentioned for PWR
fuel assemblies. The achieved burnup level for
KWU BWR reload fuel assemblies can be character-
ized by the value of 30 MWd/kg U."

In addition to the standard design with a 8x8
fuel rod array KWU has developed a design with
a 9x9 fuel rod array which, due to their lower
fuel rod linear heat generation rate, provides
higher operational flexibility and better use of
design margins. The introduction of a central
water structure like water rods or water channels
with non-boiling water flow improve considerably
the moderation within this fuel assembly type
resulting into substantial burnup gains.
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Fuel cladding tubes with an inner protective layer
of zirconium, so called zirconium liner or bar-
rier tubes, remove limitations for quick reactor
power increases during certain operational si-
tuations. Furthermore, barrier tubes allow a
more favourable use of design margins.

The operational experience with LWR fuel assem-
blies is bated on 36 nuclear power plants (24
?WRs and 12 BWRs), both KWU and non-KWU plants,
[t is summarized in Fig. 1 and 2 which are self
2xplanatory. The KWU experiences cover a broad
range both regarding geometry and various coo-
lant and operational parameters at different
linear heat generation rates.

The 18x18-24 PWR fuel assembly design vill be
used for the 3 German Konvoi plants (1300 MWe
PWR plants) presently under construction. The
lower linear heat generation rate of this fuel
type allows burnup increase and higher flexi-
bility for operation and incore fuel manage-
ment.

For similar reasons as valid for the PWR we de-
veloped the 9x9 fuel assembly design. In con-
trast to the PWR each BWR can be fuelled with
fuel assembly types having different than the
initially used fuel rod arrays. Each operator
has the option to choose the optimum design
for his plant. Advantageous is the flexibility
in the central water structure design - whether
water rods of varying number are used or a cen-
tral quadratic water channel as used in our
most advanced 9xQ-9Q design (where the central
9 rod positions are replaced by a thin walled
Zircaloy channel).

The operational reliability of KWU fuel assem-
blies of modern design is excellent. More than
90% of all reactor cycles with KWU fuel assem-
blies were operated with zero defects or very
low defect rates (lower than 0.01% defect rate).
Excluding defects not resulting from fuel assem-
bly effects (e.g. foreign parts fretting, baffle
jetting) the average failure rate during recent
years was about 2 failures out of 100,000 in-
serted fuel rods which underline1, the good ope-
rational fuel assembly behaviour. In spite of
this very good fuel rod integrity KWU continu-
ously carries out detailed fuel inspection pro-
grammes and hot cell examinations to obtain
additional data and informations necessary for
the development and further improvements of the
fuel assemblies.

The so far achieved status with respect to safe
and reliable operation of fuel assemblies allows
to concentrate the targets for their further
development on economic improvements. The moti-
vation valid especially of European utilitiese
to aim at as high as justifiable discharge burn-
ups for their reload fuel assemblies is enormous.
The increase of the burnup level from 35 to
45 MWd/kg U results into a total fuel cycle cost
reduction of 8-10"' which is equivalent to an

annual saving of 15 million DM (for a large PWR
plant).

The main objective regarding further improve-
ments of KWU fuel assemblies are:

- Extension of discharge burnups; we believe
that average batch burnups of 50 MWd/kg U for
PWR and 45 MWd/kg U for BWR fuel assemblies
are realistically achievable within the medium
term future as can be seen from Fig. 3 which
shows the current status concerning the in-
crease of the discharge burnup by comparing
the design burnup of operating LWR reload fuel
with the technical design targets and with KWU's
current experience.

- Improved use of the nuclear fuel by optimum in-
core fuel management strategies including re-
cycling of ü and Pu.

- Further rationalization and standardization
of fuel manufacture as a measure against cost
increase whether it is due to the general in-
flation or due to more sophisticated and thus
more expensive fuel designs.

Our strategy for the realization of these tar-
gets is their reasonably stepwise introduction
according to the then available technical ex-
perience in order not to jeopardize the basis
of safe and reliable operation of the fuel
assemblies.

This is also true for the improvements of RBU's
fuel assembly manufacturing technology (Fig. 4).
RBU has developed an advanced process for the
sintering of UO2-pellets which allows sintering
at lower temperature and shorter sintering times
by special process control to produce fuel with
improved high burnup capability especially con-
cerning stability of dimensions and fission gas
release.

Our manufacturing plant for Zircaloy tubes NRG
has introduced the manfuacture of the already
mentioned zirconium liner tubes.

And last but not least the tendency in manufac-
turing technology is directed to more mechani-
zation and automatization including the use of
computer systems, both for manufacturing and
quality control. The aim is to use all possi-
bilities for cost reductions on one hand and
higher reproductivity and higher product qua-
lity on the other hand without loosing the
necessary flexibility to meet market require-
ments .

The use of Uranium-Plutonium-Mixed-Oxide (MOX)
fuel assemblies %n LWRs need special conside-
ration.
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Plutonium becomes available under existing repro-
cessing contracts in Europe well in excess of
the plutonium demand for the fast breeder pro-
grammes. Facing the remarkable plutonium quan-
tities and their high storage cost it became
uandatory for economic reasons to use plutonium
by recycling it into LWRs.

Recycling of plutonium into thermal reactors in
the FRG stated under a demonstration programme
as early as in the second half of the 60ies
and was continued since 1981 by support of the
German utilities (Fig. 5). Our manufacturing
plant for Pu bearing fuel rods Alkem produced
more than 18000 MOX fuel rods for more than
80 PWR fuel assemblies for power reactors, in-
cluding fuel rods for 16 MOX fuel assemblies
•vhich were loaded into the Swiss nuclear power
plant Beznau-2 during 1984 through 1986.

Experience has also been gained by the recyc-
ling of reprocessed uranium, which was recon-
verted into UFfi reenriched using the centri-
fuge uranium enrichment technique by Urenco
and subsequent manufacture of reenriched ura-
nium fuel assemblies by RBU. In 1983 one such
fuel assembly was manufactured by RBU for the
German nuclear power plant KWO and in 1986 RBU
manfuactured 8 fuel assemblies containing 3-8%
235IJ reenriched reprocessed uranium for the'
German PWR plant GKN-1. These activities demon-
strated the industrial scale feasibility of re-
cycling of reprocessed uranium and resulted in-
to valueable experiences for design , manufac-
ture and operational behaviour of such fuel
assemblies.

In this context it will be of interest to see
how much natural uranium can be substituted by
recycling of plutonium and of uranium. Fig. 6
shows the possibilities of subsequent use of
the products gained by reprocessing of one PWR
reload originally containing enriched uranium.

The recovsred plutonium can be used to produce
MOX fuel assemblies in a number of 18% of a
respective reload quantity. The recovered
uranium after its reenrichment can be repro-
cessed into ERU reload fuel assemblies in a
number of 13% of a respective reload. After
operation of these recycling fuel assemblies
and their reprocessing — in this theoretic case
we assumed separated reprocessing of MOX and
ERU fuel assemblies — the recovered plutonium
can again be used for MOX fuel assemblies in a
number of 11% of a reload and subsequently in
the 3rd generation still for roughly 4%.

The 2nd generation reprocessed uranium has only
a potential for 2% of a reload arid in conside-
ration of the build-up of unwantla uranium-iso-
topes we would not propose to use ERU in a 2nd
generation.

In total, the potential saving of natural
uranium by reprocessing of one reload and re-
cycling the recovered uranium and plutonium
amounts to appr. 45% of the natural uranium
demand for one reload.

Although the fuel assembly technology has
reached an advanced status with respect to
reliability, operational safety and in terms
of economy the future will see further activi-
ties in R&D with the target of further improve-
ments. However, future development of fuel
assembly technology will require very strong
efforts because presently valid technical design
limits have been moved and more sophisticated use
of an extended data-base will be necessary to
achieve this target. Therefore, in many cases
international cooperation in this field and
especially in R&D for the fuel assembly tech-
nology may in many cases be helpful to come to
satisfying results in a most effective way.
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Operational experience with KWU PWR fuel assemblies of various designs
Fig. 1
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Operational experience with KWU BWR fuel assemblies of various designs
Fig. 2 5 8
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Manufacture of U-Pu-mixed-oiide fuel assemblies for thermal Pu-recycling

at ALKEM

• Fuel rod manufacture by resistance welding

• UO] fuel with improved high bumup capability by low temperstun)
short time sintering (Niedrigtemperatur-Kurzzeit-Sintem, NIKUSI)

• Separate manufacture line for Gadolinia fuel rods (BWR and PWR)

• Improved U-Pu fuel, eap. regarding solvability

v> Manufacture of BWR cladding tubes with internal zirconium linor

• Automatic manufacturing steps (e.g. sceleton welding, PWR Zry
cpacer grid welding)

• A.'Jtanatic quality control steps (o.g. measuring of UO, pellets,
control of PWR spacor grids)

• S'jpport of quality control and manufacture by computer systems
(».g. DOM system at RBU)

LWR fuel asattnbry minutoture
ImprovenMirtt of mwrfactura and quality assurance
F i g . 1

3" Ganaratiwi

FA - Fual a»M(nbty
MOX - U-Pu-miiad-oufa
ERU - Enrichad Raprocnud Uranium

Recycling principle:
Schanatic onh;

Total saving potential:
By nprocaaaing tht natural Uranium
ia<)uiraMiit C M bt raducadbr ape«. 45%

Uranium and Plutonium recycling:
(issue material supplied via 3 recycling generations

F i g . 6

483


