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Abstract. Deregulation of electricity markets is driving electricity prices downward as well in the
U.S. as in Europe. As a consequence high burnup fuel will be demanded by utilities using either the
storage or the reprocessing option. At a minimum, burnups consistent with the current political
enrichment limit of 5 w/o will be required for both markets. Significant progress has been achieved in
the past by Siemens in meeting the demands of utilities for increased fuel burnup. The technological
challenges posed by the increased burnup are mainly related to the corrosion and hydrogen pickup of
the clad, the high burnup properties of the fuel and the dimensional changes of the fuel assembly
structure. Clad materials with increased corrosion resistance appropriate for high burnup have been
developed. The high burnup behaviour of the fuel has been extensively investigated and the decrease
of thermal conductivity with burnup, the rim effect of the pellet and the increase of fission gas release
with burnup can be described, with good accuracy, in fuel rod computer codes. Advanced statistical
design methods have been developed and introduced. Materials with increased corrosion resistance
are also helpful controlling the dimensional changes of the fuel assembly structure. In summary, most
of the questions about the fuel operational behaviour and reliability in the high burnup range have
been solved -some of them are still in the process of verification- or the solutions are visible. This
fact is largely acknowledged by regulators too. The main licensing challenges for high burnup fuel are
currently seen for accident condition analyses, especially for RIA and LOCA.

1. INTRODUCTION

The contribution of fuel assemblies to safe and economic production of electricity in light
water reactors is focused in two main directions. The first and most important requirement is
the increase of fuel reliability in order to avoid losses in the availability of the power plant as
well as directly and indirectly related cost disadvantages. The second requirement is the
reduction of fuel cycle cost which is most efficiently achieved by increasing the fuel assembly
burnup.

In this contribution at first the present status of discharge burnups will be described and the
technical potential and the incentives for further increases will be discussed. In the main part
selected technical and licensing challenges are dealt with in detail.

2. PRESENTLY ACHIEVED DISCHARGE BURNUPS

The progress in increasing discharge burnup in the past may representatively be demonstrated
by a look at the corresponding numbers for Siemens fuel assemblies. The average discharge
burnup of all Siemens PWR fuel assemblies plotted versus the year of discharge is shown by
the lower curve in Figure 1. The value increased since the beginning of the last decade by
about 30 %. It has to be considered, that this average value contains fuel assemblies from
power plants where burnup increase has not strongly been 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 1. It shows the average discharge burnup of the leading complete
reload batch which increased by about 50 % in less than two decades. Fuel assemblies which
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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 2.
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FIG. 1. The average discharge burnup of Siemens fuel assemblies in European PWR increases
continuously.
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FIG. 2. The average discharge burnup of Siemens fuel assemblies in European BWR has approached
values of PWR.
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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 1 and Figure 2 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 35 million EURO in the corresponding period of time.

3. POTENTIAL AND INCENTIVES FOR FURTHER INCREASE OF DISCHARGE
BURNUP

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. 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 to 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 to 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 burnup 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 value of
about 4.6 w/o U235. The corresponding batch average burnup in a large BWR is around 63
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 another 15 to 20 years
until a complete reload batch would be discharged with the "target burnup" mentioned above.

The economic incentive to further increase discharge burnup is demonstrated in Figure 3. Fuel
cycle costs are plotted for a 1300 MW PWR as a function of batch average burnup for annual
cycles. The savings have been calculated in million EURO per year relative to an average
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discharge burnup of 40 MWd/kgU. Disposal cost is used as a parameter. For the upper curve a
high value of 2500 DM per kg uranium was used. The curve in the middle was calculated with
value of 1250 DM per kg, which might be representative for direct disposal. For the
lowermost curve the disposal cost has been assumed independent from uranium mass, hi this
case there are only small savings with increased burnup resulting from reduced fabrication
cost for the reduced number of fuel assemblies.
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FIG. 3. Savings in fuel cycle cost depend on disposal cost model (1300 MW PWR, annual cycle.

For realistic disposal costs, the diagram shows still considerable savings by comparing to
reached burnup levels reached to date with the achievable "target burnup" mentioned above.
Depending on the assumptions of disposal costs, these savings might be in the range between
15 and 30 million EUR per year.

For boiling water reactors the span between present burnups and the "target burnup" is about
the same as for pressurized water reactors. Consequently the savings are in the same order of
magnitude.

4. CORROSION AND HYDROGEN PICKUP

It has been recognized many years ago that the corrosion resistance of standard Zry will be not
sufficient for the demands for increased burnup. Zry variants with increased corrosion
resistance have been developed as well as other Zr based alternative clad materials. The
current Siemens standard PWR clad materials are the Duplex clad and optimized Zry-4 which
have been described several times in detail, e. g. [1].Today, the improved corrosion resistance
of these clad materials yields lower corrosion thickness today compared to those observed
several years ago although the burnups have significantly increased since this time. By this
reason we have seen no need to push the use of alternate clad materials which have been also
developed by Siemens. Alternative clad materials have been inserted in lead assemblies in
several plants. This will give us sound irradiation experience with various operating
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conditions which is the prerequisite for insertion in reload quantities in the future if the further
burnup increase should require this.

For high burnup it is also necessary to look carefully on the influence of corrosion and
hydrogen pickup on the dimensional behavior of guide tubes and spacers. Precipitated
hydrides have about 15 % more volume than Zry. Obviously higher hydrogen contents in a
Zry component will contribute to an increase of the outer component dimensions. ZrC>2 has
also a higher volume than Zry. It will therefore impose tensile stresses on the Zry metal below
the corrosion layer. If the metallic wall thickness is small, the tensile stresses can be high
enough to contribute to a macroscopic dimensional changes of the respective component due
to irradiation induced stress relaxation. By this reason we are on the way to switch to
optimized Zry as material for guide tubes and spacers. Alternative Zr based materials are also
tested.

5. HIGH BURNUP EFFECTS

Siemens has intensively examined the fuel behavior at high burnup experimentally as well as
theoretically and we have participated in a large number of international programs. The
experimental examinations are partly based on the insertion of lead fuel rods which have been
irradiated to burnups far above the range of commercial operation. The maximum peak pellet
burnup achieved by Siemens up to now is 105 MWd/kgU. Hot cell examinations have been
completed for fuel rod burnups of 90 MWd/kgU with the peak pellet burnup correspondingly
higher. The data base for the validation of our fuel rod code CARD includes currently more
than 100 fuel rods with burnups greater 44 MWd/kgU going up to the above mentioned 90
MWd/kgU.

Especially the high burnup effects :

• burnup dependence of the fuel thermal conductivity,
• pellet rim formation and rim structure,
• fission gas release at high burnup,

have been examined in detail. A summary of the examinations on the burnup dependence of
the fuel thermal conductivity and of the pellet rim is given below.

Integral measurements to determine fuel thermal conductivity
• Continuous fuel center temperature measurements (in pile) in Halden, RIS0 and Mol

for burnups from 0 to 100 MWd/kgU
• Continuous fuel center temperature measurements on fuel re-fabricated from power

reactors and instrumented with thermocouples

Direct measurements of fuel thermal conductivity
• Irradiation of high enriched fuel discs for laser flash measurements (NFIR program)
• Laser flash measurements on UO2 and UC>2/Gd2O3 fuel with simulated burnup up to 90

MWd/kgU (AECL. JAERI)
• Laser flash measurements on irradiated UO2 and UC«2/Gd2O3 fuel with burnup up to 80

MWd/kgU (AEA, JAERI)
Examinations for burnup dependence of fuel thermal conductivity
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Irradiation in power reactors up to > lOOMWd/kgU peak pellet burnup
Irradiation of instrumented fuel rods in test reactors up to 100 MWd/kgU
Systematic hot cell examinations of fuel rods with high burnup
Measurement of microscopic properties of high burnup test samples like quantitative
optical microscopy, electron probe micro analysis (EPMA) and scanning and transmission
electron microscopy (SEM & TEM)

Examinations for rim formation and rim structure

Based on the experimental examinations a new fuel thermal conductivity correlation has been
developed [2, 3]. The phonon term of the new correlation has the form (l/x)-arctan(x), where
x is a measure of the defect concentration introduced by burnup or Gadolinia addition. For
low defect concentrations, this term is identical with the classical form for the phonon term.
For higher defect concentrations, the new correlation deviates from the classical formulation
and has a distinctly weaker dependence on temperature and defect concentration which fits
well to the experimental results. A comparison of the new correlation with the Halden
recommendation [4] is given in Fig. 4. Agreement between the new model and the Halden
recommendation is very good up to 40 MWd/kgU. At 60 MWd/kgU, the saturation tendency
of the new model becomes apparent at low temperature. Experimental results for the rim
width as function of burnup are given in Fig. 5.
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FIG. 5. Rim-width as function of burnup.

A special challenge is the modeling of fission gas release at high burnup. Radial matrix fission
gas release profiles of UO2 fuel measured by electron probe micro analysis usually have the
shape of a bowler hat: High release in the fuel central part, low release in the rim and a
continuous transition zone in between. This holds for both, fuel irradiated under steady state
conditions and ramped fuel. Good fission gas release models based mainly on diffusional
processes are capable of describing such radial fission gas release profiles. At high burnup the
bowler becomes battered. The formerly smooth transition zone gets pronounced steps and the
height of the bowler increases (continued fission gas release in central part) despite decreasing
temperatures at high burnup. Additionally, the rim of the bowler swings up at high burnup due
to the rim effect which transports gas from the matrix to the rim bubbles. A new generalized
model for fission gas release is used in the new version of our fuel rod code CARO. It
excellently describes even details of various "battered bowlers" for the radial profile of fission
gas release at very high burnup [5]. Examples are shown in Figures 6 and 7.

In summary it can be stated that high burnup effects are modeled very well in the current
version of our fuel rod code and this has been also acknowledged in 1998 by the German
reactor safety commission when a status report on high burnup was given to the commission
by the German utilities. The report was presented by Siemens.

Additionally to the fuel rod code improvements for high burnup, we have also developed an
advanced fuel rod design methodology using statistical methods [6]. The scheme of the
statistical methodology is shown in Fig. 8. Monte Carlo calculations are performed using the
fuel rod code CARO. For each run with CARO, the set of input data is modified: parameters
describing the design of the fuel rod (geometrical data, density etc.) and modeling parameters
are randomly selected according to their individual distributions. Power histories are varied
systematically in a way that each power history of the relevant core management calculation is
represented in the Monte Carlo calculations with equal frequency. The frequency distributions
of the results as rod internal pressure and cladding strain which are generated by the Monte
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Carlo calculations are evaluated and compared with the design criteria. Up to now, this
methodology has been applied to licensing calculations for PWRs and BWRs, UO2 and MOX
fuel, for 10 different plants in 3 countries. Especially for the insertion of MOX fuel resulting
in power histories with relatively high linear heat generation rates at higher burnup, the
statistical methodology is an appropriate approach to demonstrate the compliance of licensing
requirements.
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FIG. 8. Scheme of statistical fuel rod design.

The confirmation of the statistical methodology as an appropriate tool for design analysis was
given by the fact, that this methodology has been accepted by our customers, see e.g. [6], and
successfully applied for licensing. The Swiss Federal Nuclear Safety Inspectorate (HSK)
published its positive assessment of our methodology in [7]. Another analysis, using statistical
methods, the calculation of core damage extent during a hypothetical loss of coolant accident,
is currently being licensed.

The introduction of the new methodology revealed interesting discussions with customers and
licensing authorities which led to improvements and further development of the statistical
methods.

6. RIA AND LOCA

A detailed technical view on high burnup issues related to RIA and LOCA has been given by
Siemens in [8]. The main conclusions have not changed until today. The main parameters
influencing the outcome of RIA simulation tests are the pulse width of the test and the clad
condition. The burnup itself seems to have only a minor influence. The following failure
limits for the enthalpy rise AH can be derived from the CABRI and the NSRR RIA simulation
for LWR typical pulse width (60 -100 ms) in the burnup range above 50 MWd/kgU:

AH > 60 cal/g for fuel rods with oxide spalling and local hydrides,

AH > 100 cal/g for fuel rods without oxide spalling and local hydrides.

These conclusions are confirmed by the CABRI test REP Na-10 which has been performed
meanwhile (July 1998). The REP Na-10 test was done with same type of fuel rod as Na-1 and
Na-8, i.e. high corrosion layer thickness, oxide spalling and local hydrides, but with an
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intermediate pulse width of 31 ms. The pulse width of REP Na-1 and REP Na-8 had been 9.5
ms and 75 ms respectively. The pulse width of 31 ms is below the range expected for LWRs,
nevertheless the thermal effects are close to those for LWR typical pulse width and
significantly different to a pulse width of about 10 ms. The test REP Na-10 failed at an
enthalpy level of 79 cal/g [9] which corresponds to AH = 64 cal/g because the initial enthalpy
in the CABRI loop is about 15 cal/g. So the test REP Na-10 supports the failure limit AH > 60
cal/g given above for fuel rods with oxide spalling and local hydrides for LWR typical pulse
width.

Siemens calculations with modern methods have shown enthalpy increases at RIA for high
burnup below the above limits with ample margin[8]. Calculations by others support this [10].
Therefore RIA should not be a licensing obstacle for high burnup. This, however, is not the
case. Firstly, we have currently no general internationally accepted RIA failure limit at high
burnup although the German reactor safety commission (RSK) followed the Siemens
conclusions for the failure limit at least for fuel rods without significant spalling. Secondly,
the German society for reactor safety (GRS) opposes any extrapolation of the current test
results to burnups above the level achieved in the tests up to now, Of course, thus supporting
future CABRI tests.

For LOCA we can be very short. We have to wait for the outcome of the NRC test program
for high burnup to see whether the established LOCA criteria will change for high burnup or
not. Considering French experiments, no or at least no significant change is to be expected.

7. CONCLUSION

Significant progress has been achieved in the past by Siemens in meeting the demands of
utilities for increased burnup. This has given the utilities considerable reductions of fuel cycle
costs. The economic incentive for further burnup increase is still valid taking into account
realistic disposal costs.

Clad materials with increased corrosion resistance have been developed which promise to be
appropriate for the discussed burnup range. The high burnup behavior of the fuel has been
extensively investigated. The decrease of thermal conductivity with burnup, the rim effect of
the pellet and the increase of fission gas release with burnup can be described, with good
accuracy, by the Siemens fuel rod code up to burnup levels of about 90 MWd/kgU. Advanced
statistical methods for fuel rod design calculations have also been developed and successfully
used in licensing. Materials with increased corrosion resistance are also helpful controlling the
dimensional changes of the fuel assembly structure. In summary, most of the technical
questions for the fuel operational behavior and reliability in the discussed burnup range have
been solved or the solutions are visible. This is also acknowledged by regulators.

The main licensing challenges for high burnup fuel are currently seen for accident conditions,
especially for RIA and LOCA. One major open question is, if and how far experimental
results for accident conditions can be extrapolated above the burnups covered by the
experiments. This open question might possibly slow down significantly the future rate of
burnup increases.
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