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Increasing competition in the electricity market sets up a corresponding competition
between the different electricity producing technologies. This makes further
improvements in the economics of nuclear power generation a vital item for the future
of nuclear energy. Though the costs for development, design and fabrication of fuel
assemblies contribute only about 10% to the fuel cycle costs, the design and the
performance of the fuel assemblies considerably influences total electricity
generation cost.

By the recent creation of Framatome ANP the nuclear activities of Framatome and
Siemens were combined into one company. In the past, both had made considerable
achievements in the development of fuel assemblies and related services supporting
the goal of safe and economic electricity generation by light water reactors. The
examples described in this paper cover former Siemens products and experience. In
the future, our combined experience bases will be an ideal platform to offer further
substantial improvements to our customers.

INCENTIVES OF FUEL ASSEMBLY DEVELOPMENT
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Figure 1: Example of the distribution of power generation costs



oooo
The main incentive for the development of advanced fuel assemblies is the reduction
of the fuel cycle costs. Figure 1 shows the fuel cycle costs as a portion of the total
power generation costs for a partly depreciated German 1300 MWe PWR as an
example.

About 30% of the total costs for power generation are fuel cycle costs. Looking at the
structure of the fuel cycle costs, it can be seen that only about 10% of the fuel cycle
costs or about 3% of the total power generation costs are attributed to the fabrication
of fuel assemblies. However, in spite of this small share of the total specific power
generation costs, the influence of the fuel assembly on the overall economy of
nuclear power production is considerable. Advanced fuel assembly designs can lead
to:

• a reduction of the fuel cycle costs
• a reduction of the specific investment or specific operation costs and maintenance

costs by improved load factor gained by increased reliability and operational
flexibility of the fuel assemblies.

In order to achieve the objective of reducing fuel cycle costs, important technical
targets are:

• the improvement of fuel utilization
• the increase of discharge burnup.

The improvement of fuel utilization affects natural uranium and separative work
requirements and thus about 20% of the total fuel cycle costs are influenced by
corresponding technical measures.

With respect to discharge burnup, technical progress has direct influence on the
share of the fuel cycle costs due to fuel assembly fabrication and, most important, on
the share for fuel assembly disposal when disposal costs are quoted per kgU or per
fuel assembly. For the example of German boundary conditions, these two factors
together correspond up to about 80% of the total fuel cycle costs. In the German
market, the increase of the discharge burnup has been the predominate effect driving
the fuel cycle economy, due to high disposal cost quoted per kgU.

RELIABILITY

Failed fuel assemblies could cause considerable problems and costs from the
consequences of increased offgas activity, necessity of repair, revision of the tiel
cycle management, power reduction, and prolonged or unplanned outages.

In recent years, the main causes of the very small number of fuel failures in PWR
have been debris fretting, other fretting events and, to a small extent, fabrication
related. In BWR, mainly debris fretting and, to a small extent, pellet cladding
interaction have contributed to the occurred failures.

To achieve minimum power generation cost, a further reduction of the number of
failures is required. This at the same time with required improvement of fuel



OGO©
utilization and burnup increase which results in elevated performance demands on
the fuel assembly components.

OPERATIONAL FLEXIBILITY

A power plant that is able to adapt its production schedule flexibly and quickly to the
changing requirements of the electricity market will achieve the best prices for the
electricity produced.

As a consequence, nuclear fuel has to be able to withstand fast load changes that
result from load follow operation due to night/day or weekend changes of the
electricity demands or from plant operation in frequency support mode. Resistance
against fuel failures due to pellet-cladding interaction is therefore a must for all
modern fuel designs. Additionally enhanced margins to thermal limits are useful in
order to support an operation of the plant without restrictions, even during the xenon
transients resulting from load following operation.

On the other hand, it might be necessary to reschedule the gross plant production
plan in a time frame which is short against the lead time necessary to produce
nuclear fuel. For instance it might be necessary to run a short fuel cycle with fuel
designed to be best suited for long cycles. Especially in BWR, where the design of
the burnable absorber incorporated in the fuel is optimized for the cycle boundary
conditions, this means an essential demand for the fuel design.

REDUCTION OF FUEL CYCLE COST

IMPROVEMENT OF FUEL UTILIZATION

The basic neutronic effects - moderation, absorption and leakage - in a reactor core
must be considered in order to optimize fuel utilization. That means, to generate a
maximum amount of burnup from a given amount of uranium.

In BWR fuel assemblies, the distribution of fuel and moderator has been
homogenized considerably by the use of an internal water structure. ATRIUM fuel
assemblies are characterized by a square internal water channel in the center of the
fuel assembly, which flattens the thermal neutron flux. Thus, a flat radial distribution
of U-235 can be achieved which results in significantly improved fuel utilization.

In a PWR, the inherently more homogeneous distribution of fuel and moderator
reduces the possibility for optimization to the best choice for the fuel rod diameter,
except for MOX fuel assemblies for which the use of four water rods is favorable due
to the harder neutron spectrum.

Parasitic absorption of neutrons has been reduced in PWR and BWR fuel
assemblies. Guide tubes made of stainless steel, as well as Inconel spacers in PWR
fuel assemblies were replaced by corresponding parts of Zircaloy. Compared to
earlier fuel, the wall thickness of fuel rods has also been reduced in spite of - and
totally fulfilling - the considerably increased requirements regarding the integrity of
fuel rods. In addition, for BWR fuel assemblies the amount of Zircaloy contained in
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the fuel channels was decreased by the introduction of advanced corner-reinforced
channels with improved characteristics.

A certain portion of neutrons is lost by radial and axial leakage from the core. To
improve fuel utilization, reducing the power production in the peripheral zones of the
reactor core can decrease this portion. For this purpose, burnt fuel assemblies are
loaded into the outermost row, fresh fuel assemblies are loaded into the interior:
"in-out" core loading in PWR. This type of core loading increases the power of the
fresh fuel assemblies compared to the former "out-in" loading patterns, where fresh
fuel was loaded in the outer core region. In case of full low leakage core loading,
gadolinium as a burnable neutron absorber may be needed to control the power
density distribution. Full low leakage PWR cores with Siemens fuel assemblies have
been realized since 1984.

In BWR, gadolinium has been applied since about 1970 for shutdown margin
requirements and, therefore, fresh fuel assemblies did not have to be loaded into the
outermost row of the core. Low leakage core loading schemes became more and
more optimized by keeping the second and eventually third row from the periphery
free of fresh fuel assemblies. Also the loading of highly burnt fuel was extended from
the peripheral to the second row.

To reduce axial leakage, blankets of natural uranium are used especially in BWR if
enough margin for the enriched zone is available.

INCREASE OF DISCHARGE BURNUP
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Figure 2: Development of the average
PWR fuel burnup versus time

Figure 3: Development of the average
BWR fuel burnup versus time

The progress in increasing discharge burnup in the past may be representatively
demonstrated by a look at the corresponding numbers for Siemens fuel assemblies.
The average discharge burnup of all PWR fuel assemblies plotted versus the year of
discharge is shown by the lower curve in Figure 2. The value increased in the last
two decades by about 35%. t has to be considered that this average value contains



fuel assemblies from power plants where burnup increase has not been strongly
pursued due to lacking attractiveness and technical or licensing limitations.

Cases where technically feasible increases have been licensed and realized are
represented by the upper curve of Figure 2. It shows the average discharge burnup
of the leading complete reload batch, which increased by almost 60% in two
decades. Fuel assemblies which will be discharged in the coming years are already
inserted today or are under detailed planning. Thus the further increase of this curve
is easily predictable. The burnup will reach 55 MWd/kgU by the year 2005.

The corresponding diagram for boiling water reactors is shown in Figure 3. The
average burnup was at rather low values around 1980 but increased strongly since
then and today almost reached the PWR level. The value of the leading batch,
however, is still well behind the corresponding PWR value. The burnup increases
shown in Figure 2 and Figure 3 have reduced the reload batch sizes considerably
and have created annual savings for a large PWR or BWR in the order of magnitude
of up to 40 millions Euro in the corresponding period of time assuming present
German boundary conditions.
Increased discharge burnup results in increased loads and more demanding
requirements for the fuel assemblies, which in principle could also raise the risk of
fuel failures. Considerable research and development expenses have been made to
achieve the technical standard of today's fuel assembly designs and the necessary
methods to reliably describe the behavior of these fuel assemblies in the range of
high burnup [1]. A level has been reached where the economic advantages
described above can be utilized along with significantly reduced failure rates
compared to fuel assemblies of former generations.

Also for the future there seems to be further technical potential to continue the
increase of discharge burnup. Advanced fuel assemblies offer sufficient margins b
be used with higher enrichments in smaller batch sizes and with increasingly
heterogeneous core loading schemes. Cladding and structure materials have been
developed and irradiated to burnups far above today's average values.

Though it is not possible b quantify exactly the enrichment and the corresponding
burnup which appear to be feasible based on presently available technical solutions,
it is very likely, that this limit is above 5 w/o U-235. This enrichment level, on the
other hand, represents a world wide established limit for fabrication, transport and
storage of nuclear fuel for light water reactors. Considerable effort seems to be
necessary to exceed this limit. Therefore, it seems to be reasonable to assume 5 w/o
U-235 as a long-term target for further burnup increases.

Depending on detailed conditions, this enrichment is equivalent to about
67 MWd/kgU batch average discharge burnup for a large PWR operated in annual
cycles. Operation at increased cycle length of 18 or even 24 months of course results
in considerable bumup reduction.

In a BWR, the more heterogeneous distribution of moderator and thermal neutron
flux requires a radial and possibly axial distribution of U-235. The maximum average
fuel assembly enrichment consistent with the 5 w/o U-235 limit, therefore, results in a
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value of about 4.7 w/o U-235. The corresponding batch average burnup in a large
BWR is around 65 MWd/kgU for annual cycles.

The "target burnups" derived under the described assumptions are about 15 to
20 MWd/kgU above the burnups reached to date with full reload batches. Assuming
about the same increase of the "leading batch" burnup with time as in the past, it
would take about another 15 years until a complete reload batch would be
discharged with the "target burnup" mentioned above.

Fuel cycle cost calculations show considerable potential savings when the burnup
levels reached to date are increased to the achievable "target burnup". Depending on
the assumptions of expected disposal costs, these savings might be in the range
between 10 and 20 millions Euro per year for a 1300 MWe LWR.

ADVANCED FOCUS X5 AND HTP X5 FUEL ASSEMBLIES

The advanced PWR fuel assembly types FOCUS X5 and HTP X5 ("X5" stands for
"extended to 5 w/o U-235") permit enrichments of up to 5 w/o U-235. This leads to
fuel assembly burnups of up to 70 MWd/kgU to be achieved while maintaining
excellent operational reliability and in-core performance.

The major components of these new fuel assemblies - fue l rods and spacers- as
well as their other structural components have been specifically optimized to meet
the demands of modern, advanced reactor operation to high burnup levels.

A low level of irradiation - and corrosion-induced spacer growth together with
adequate resistance to creep are prerequisites for safe and reliable operation of high-
burnup fuel assemblies. Only if these requirements are met can increased spacer
growth be reliably prevented in high-burnup fuel. Material and lead test programs
performed in advance of commercial deployment serve to verify knowledge of
material properties to such an extent that unpleasant surprises can be ruled out.

The proven FOCUS spacer is used in the FOCUS X5 high-bumup fuel assembly.
This spacer employs a conventional spring-and-dimple fuel rod support configuration,
which is supported by extensive operating experience. A few minor modifications to
this successful design allow the range of burnup to be extended to above
70 MWd/kgU. Another beneficial feature of this spacer is the design of its corners,
which prevent fuel assembly hang-up during insertion into or removal from the core.

The unique innovative technology of the all-zirconium HTP spacer combines superior
rod support and coolant mixing capabilities in a single design. The fuel rods are
supported along four pairs of lines, providing a large grid-to-rod contact surface and
thus ensuring optimal resistance to fuel rod fretting. The curved internal flow
channels inside each strip doublet improve coolant mixing and enhance
thermal-hydraulic performance. A modified geometry at the strip intersections
together with the use of a material optimized in terms of corrosion performance
enable burnups of above 70 MWd/kgU to be achieved.
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In both, the FOCUS X5 and the HTP X5 fuel assembly, the lowermost spacer
- which is subjected to especially severe operating conditions - comprises an
innovative fretting-resistant spacer made of Inconel in which the fuel rods are
supported along four pairs of lines like in the HTP spacer. This fuel rod support
configuration provides the high degree of resistance to grid-to-rod fretting particularly
required at this spacer location.

Figure 4: Principle of fuel rod support in a high mechanical performance spacer

CLADDING MATERIALS

Siemens has been using DUPLEX (DX) cladding tubes since 1989 to supplement its
range of Zircaloy throughwall cladding tubes. This successful dual-option approach is
being continued for the FOCUS X5 and HTP X5 fuel assemblies, enabling both
throughwall and DUPLEX cladding tubes to be used for this fuel, depending on
specific requirements.

One of the advantages of the DUPLEX design is that the properties of the base
material used for the tube and those of the outer layer bonded to it can be separately
optimized. This means that the extensive experience already gained with Zircaloy-4
as a cladding material can be utilized to optimize the base material with respect to
safety-related properties such as LOCA behavior and creep resistance. The outer
layer can be optimized in terms of its resistance to corrosion and hydrogen pickup.

The in-core performance of DUPLEX cladding tubes has been extensively validated,
meaning that all material data of significance for fuel design are now available [2].
Fuel rod burnups above 90 MWd/kgU have been reached under demanding
operational conditions. So far the dimensional and corrosion behavior of 1300 fuel
rods from nine PWR has been investigated. On 35 of these fuel rods, detailed
measurements have also been taken for hydrogen pickup and hydride distribution in
hot-cell examinations, enabling reliable predictions to be made regarding operational
behavior.

The DUPLEX cladding material DX D4 is currently being used for fuel assemblies
with an initial enrichment of up to 4.6w/oU-235. The alloy Zr1Nb is available for
even higher enrichments. A lead program currently completes existing irradiation
experience. Further investigations are being performed for the DUPLEX variants
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DX Zr2.5Nb and DX HPA-4. Niobium-alloy cladding materials exhibit very high
corrosion resistance coupled with very low hydrogen pickup. The behavior of such
materials under demanding reactor operating conditions is currently verified to obtain
a statistically relevant volume of data. The DUPLEX variant DX HPA-4 is additionally
being qualified as a backup option. The burnup potential of the different cladding
types is depicted in Figure 5.
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Figure 5: Burnup potential of PWR cladding materials

OPERATIONAL EXPERIENCE, RELIABILITY

HTP reload batches have been loaded in 15 PWR in the US, Belgium, France, Great
Britain, Japan and Germany. As of December 2000 the number of HTP fuel
assemblies irradiated in 20 reactors exceeds 3000. A maximum assembly average
burnup of 54 MWd/kgU has been reached by these assemblies.

The reliability of Siemens PWR fuel has been excellent, with an average annual rod
failure rate of 1.5-10"5. The average annual fuel rod failure rate for HTP fuel
assemblies has been as small as 510"6 over the past few years. In total there are
seven defective rods in seven HTP fuel assemblies in two reactors. None of these
fuel rods became defective within the range of the HTP spacer. On the contrary, HTP
fuel assemblies are being successfully used at core positions where rod failures had
repeatedly occurred in fuel assemblies with conventional spring-and-dimple spacers.

FOCUS reload batches have been loaded in 15 PWR in Switzerland, Spain, the
Netherlands, Sweden and Germany. As of November 2000 the number of FOCUS
fuel assemblies irradiated in 17 reactors exceeds 3200. A maximum assembly
average burnup of 62 MWd/kgU has been reached by these assemblies.

From 1995 to 1997 a number of grid-to-rod fretting failures in the bottom bi-metallic
grids occurred in 16x16 FOCUS assemblies irradiated in three German PWR. The
cause of the failures was partly traced to improperly heat treated Inconel springs in
the spacer, which caused the spring to have an increased susceptibility to stress
corrosion cracking (SCC). Except for these failures the FOCUS fuel assemblies have
exhibited an average annual fuel rod failure rate of about 1-10"5, with debris fretting as
the main failure cause.
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The lower tie plates of PWR fuel assemblies can be equipped either with an
integrated debris filter (IDF) or, for even more demanding requirements, with a
FUELGUARD™ debris filter. The latter is also used in BWR fuel assemblies. Both
filters guarantee high debris retention, thereby preventing fuel damage from
debris-induced fretting. As shown in Figure 6, fuel failures due to debris-induced
fretting have dropped significantly since these filters were introduced [3].

Proportion of fuel assemblies
equipped with debris filter

Fuel rod failures caused
by debris-induced fretting
(normalized)

88 89 90 91 92 93 94 95 96 97 98 99 Year

Figure 6: Debris filters reduce significantly the fuel rod failures by debris fretting

OPTIMIZED AND FLEXIBLE OPERATION

Supporting the goal to minimize fuel cycle costs the role of in-core fuel management
consists in the development of more demanding core loading strategies, i.e. more
advanced low leakage loading patterns. A prerequisite for this type of loading pattern
is the use of an optimized burnable absorber design. Gadolinia as integrated
burnable absorber is very effective in limiting the critical boron concentration and
power peaking factors. Siemens has accumulated extensive experience with PWR
gadolinia fuel in the last 20 years. More than 67000 Gd-fuel rods have been
delivered. Recent development efforts have been focused on the reduction of the
inherent penalties of Gd-designs, as there are reduced average fuel assemblies
enrichment and heavy metal content as well as the residual reactivity binding. The
most effective way to overcome these drawbacks is the reduction of the Gd2C>3
concentration to values of approximately 2 w/o. The Siemens "Low Gd Concept" can
be considered as an evolutionary development step on the basis of the conventional
Gd-design. The main improvement besides the reduction of the Gd2O3 concentration
is the possibility to use an identical U-235 enrichment for U- and U/Gd-fuel rods. For
reactors limited in maximum reload enrichment, this design offers the possibility to
make optimum use of the licensed limits and the related burnup potential.

The Siemens built PWR at Gosgen in Switzerland is a very good example for a
power plant where the operational efficiency has been continuously increased.
Advanced loading strategies like full low leakage have been introduced early in plant
life time in combination with a reduced number of reload fuel assemblies and
increased discharge burnup. Today the reactor is operated with uranium and mixed
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oxide fuel assemblies as a four region core. The operation of tie core has been
accompanied by various material testing programs and the insertion of lead
assemblies studying the in-pile behaviour of new materials supposed to be adequate
for the upgraded boundary conditions. As latest step of this development it is planned
to change to a five region low leakage core loading strategy [4].

Reactor core calculations for an annual cycle equilibrium core with a reload
enrichment of 5 w/o U-235 lead to a reload batch size close to 20% and a batch
average discharge burnup of about 65 MWd/kgU. The maximum fuel assembly
burnup will reach values of about 70 MWd/kgU and the maximum fuel rod burnup
73 MWd/kgU.

The safety evaluation for this equilibrium core shows that all key safety parameters
are within their verified range. Fuel rod burnups of up to 75 MWd/kgU require further
thermo-mechanical investigations applying advanced design methodology to cope
with the demanding power histories which result from the planned loading strategy.
The fuel rod design is based on our state-of-the-art fuel performance code which
considers all known high burnup effects like for example burnup dependent fuel
thermal conductivity or the Rim effect. The applied code has been validated for high
enriched fuel up to a fuel rod burnup of about 90 MWd/kgU [1].

In order to verify the expected operational behaviour, four HTP lead assemblies with
5 w/o U-235 enrichment are going to be inserted in Gosgen during the outage in
summer 2001. As cladding material, Duplex cladding will be used with HPA-4 for the
outer liner. It combines the required high corrosion resistance with low hydrogen
pickup rate. This material will also be used for the HTP spacer grids. The operation of
these assemblies will be accompanied by a detailed measurement program providing
feedback on fuel assembly and fuel behaviour.

ADVANCED ATRIUM 10 FUEL ASSEMBLIES

ATRIUM 10 lead assemblies were first inserted in 1992. The design is based on the
well proven ATRIUM 9 fuel generation using a square internal water channel as
characteristic feature of all ATRIUM fuel assemblies. With the extension to a 10 x 10
lattice, the inner water channel assumed the load bearing function of the tie rods. The
very efficient ULTRAFLOW™ spacer has been introduced along with eight part
length fuel rods and a small hole design lower tie plate.
ATRIUM 10 fuel assemblies offer excellent fuel utilization and large margins in linear
heat generation rate and minimum critical power ratio, as well as large shutdown
margin and very good stability behavior. Along with advanced cladding and structural
material, this fuel assembly design has a large potential for high burnup and thus for
very advantageous fuel cycle costs.

The large flexibility of the modular ATRIUM 10 design could be impressively proven
by the fulfillment of a specific customer requirement for very low fuel assembly
pressure drop. A special version, ATRIUM 10P, was developed with about 15% lower
pressure drop by applying, for example, Inconel spacers, larger inside channel width
and increased number of part length fuel rods. Lead assemblies of ATRIUM 10P
have been inserted in a German BWR in 1996.



Presently the ATRIUM 10 design is further optimized by taking appropriate measures
to minimize fuel cycle costs. The market requirement of increased thermalhydraulic
and stability margins while at the same time increasing uranium weight can only be
fulfilled if measures are taken which significantly reduce pressure drop. In case of
ATRIUM 10, such measures were investigated in detail during the development of
ATRIUM 10P. The next generation ATRIUM 10 fuel assembly design will therefore
be based on experience gained during the development of ATRIUM 10P.

CLADDING AND STRUCTURAL MATERIALS

ATRIUM 10 has been developed to be a reliable and very cost effective fuel
assembly design. In order to guarantee this advantageous performance, reliable
materials for cladding and structural parts are required, especially considering
continuously increasing burnup.

Therefore special emphasis is put on the improvement of materials through extensive
research and development programs [2]. As early as 1984 an experimental program
was initiated to investigate the effect of second phase particle size on corrosion
resistance under BWR conditions. The test results led to the definition cf the Low
Temperature Process (LTP) for our BWR cladding that precludes both uniform and
nodular corrosion. The present data base with this cladding extends to an assembly
burnup of 61 MWd/kgU without showing any accelerated uniform corrosion.
Extended irradiation to about 70 MWd/kgU is underway to check the burnup
capability of Zry-2 LTP cladding. For an even higher burnup, the intermetallic particle
size was adjusted: Zircaloy PGP+ exhibits slightly larger particles to compensate for
particle dissolution by irradiation.

Zry-2 LTP is used as the base material for our Fe-enhanced Zr-liner cladding. This
cladding type combines excellent corrosion behavior with PCI resistance and
resistance against secondary degradation. It therefore gives margin in BWR
operation and maneuvering. A large number of alternative Zr materials have been
tested in BWR. Based on these results, among others a ZrNbSn alloy without any
intermetallic particles, which has the potential for very high burnup, has been
selected for extended irradiation testing. Experimental fuel rods with ZrNbSn cladding
have been under irradiation since 1999.This lead program is comprised of eight fuel
assemblies with a high lattice average enrichment of about 4.6 w/o U-235. The fuel
assemblies are expected to achieve about a 70 MWd/kgU assembly average burnup
within eight annual cycles. Extensive pool inspection campaigns are planned as well
as ramp testing and hot cell examination campaigns. Points of specific interest are
nodular, uniform and shadow corrosion, hydrogen pick-up, geometric behavior,
fission gas release, and handling properties.

OPERATIONAL EXPERIENCE, RELIABILITY

As of December 2000, more than 3000 ATRIUM 10 fuel assemblies have been
inserted in 17 different boiling water reactors in Europe, the United States and the
Far East. The maximum fuel assembly average discharge burnup amounts to
70 MWd/kgU.
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ATRIUM 10 fuel assemblies have completed more than 300 000 "fuel rod cycles"
with only five fuel rod failures. In three cases debris fretting was identified as the
failure cause. For the other two rods the fuel examination is not yet completed. The
FUELGUARD lower tie plate, which is now introduced with increasing frequency in
ATRIUM 10 reloads, will further reduce the probability that debris enters a fuel
assembly and causes a fuel rod failure. Therefore, there is a good reason to expect
an even further decrease in the excellent failure statistics of ATRIUM fuel assemblies

OPTIMIZED AND FLEXIBLE OPERATION

Cores with ATRIUM 10 fuel have large cold shutdown and hot excess reactivity
margins. This is the key ingredient for a high cycle planning flexibility. When
designed for a certain cycle length, ATRIUM 10 reload fuel can thus be operated in
cycles that are several months longer or shorter than originally scheduled, without
restrictions on full power operation.

The excellent performance of ATRIUM 10 allows the operation of high power density
BWR-cores that are pushed to the present limits of enrichment. When approaching
this limit with BWR fuel, there are several thresholds to overcome. Up to a certain
discharge burnup, the enrichment of all different enrichment levels present in the
BWR assembly can be increased proportionally, providing an optimum flat rod power
distribution within the bundle. When the top enrichment reaches 5 w/o U-235, only
the lower enrichment levels can be raised further, yielding higher power peaking
factors. Due to operation penalties related to this power peaking increase, the ratio of
burnup increase to enrichment increase that is essential for improvement of fuel
utilization and the resulting effect on fuel cycle costs becomes smaller, see Figure 7.
When the power peaking reaches an upper limit that depends on the thermal margins
available, no further enrichment increase of the enriched lattices is possible.
However by removing the natural uranium blankets, the discharge burnup of the
assemblies can be further increased at the expense of higher neutron leakage and
further reduced fuel utilization. Careful studies of the fuel cycle costs indicate that the
economic optimum is somewhere below the enrichment threshold determined by the
maximum affordable power peaking.
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Figure 7: Reduction of BWR fuel cycle costs by burnup increase (schematic)
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This behavior renews the incentive for further design optimizations with respect to
thermal margins. Since a better optimized design allows for higher power peaking
factors, the maximum allowable enrichment will be higher. This effect plus the higher
uranium weight of the above mentioned next generation ATRIUM 10 fuel yields a
further reduction of fuel cycle costs on the order of 5%.
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