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1. Introduction

The Thermal Oxide Reprocessing Plant (THORP) recently constructed and commissioned at
the British Nuclear Fuels pic (BNFL) Sellafield Site in the north west of England, was
designed to reprocess irradiated uranium oxide fuel from light water reactors. The plant
which was built at a cost of approximately £1.85M, contains three dissolvers which are used
in the dissolution of the uranium oxide fuel in concentrated nitric acid. In order to maintain a
balance between plant throughput and dissolver capacity whilst still maintaining criticality
safety, the process uses gadolinium nitrate as a neutron poison. This is fed to the dissolvers in
controlled quantities with the design intent that a minimum concentration of gadolinium can
always be demonstrated to be present.

During commissioning of the plant however, it was recognised that significant cost savings
could be made if some of the pessimistic assumptions made in the criticality safety case for
the dissolvers could be removed. For example, the existing criticality safety case was
established for maximum dissolver fuel masses and maximum enrichments and did not
assume any dissolution scenarios. It was also based on the 'fresh-fuel' assumption, i.e.
reactivity losses due to fissile depletion and the build-up of neutron poisons during irradiation
of the fuel in the reactor was ignored. Consequently, the criticality safety case while
benefiting from being fairly simple, required a gadolinium concentration significantly greater
than the actual criticality considerations should require. Furthermore, the majority of
gadolinium fed to the dissolvers emanates itself as waste gadolinium oxide in the high level
waste streams from the plant and subsequently it cannot be re-used.

The challenge for the BNFL criticality safety community has therefore been to develop a
methodology for applying burn-up credit to the criticality safety case for the THORP
dissolvers and demonstrating to the plant operators and Regulators that adequate margins of
safety still exist. This paper describes some of those challenges which have been met in
applying burn-up credit to demonstrate the continued safe operation of the dissolvers whilst
justifying operating with a reduced gadolinium concentration. It explains how the
calculational route was derived and how sensitivity studies were carried out to derive suitable
allowances for uncertainties in the calculation of reactivity losses with fuel burn-up.

It is also worth noting that such an approach has required the derivation of a new criticality
safety criterion and a safe envelope of fuel enrichment and bum-up in normal conditions and
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for an extreme nominal accident condition, not previously employed in the United Kingdom.
In addition, any reductions in the concentration of gadolinium required in the dissolver could
be perceived as a reduction in the margins of safety and hence have to be clearly justified.
This paper also describes the approach taken to explain some of these changes.

2. Criticality Safety Philosophy

The philosophy for addressing the criticality safety of a nuclear plant is to demonstrate that
the plant will remain safely sub-critical during all normal and foreseeable abnormal
conditions. As part of the assessment process the safe operating envelope of the plant is
defined and any control measures required e.g. neutron poisons and enrichment limits, are
also identified. The safety criteria used to assess the plant must take into account any
uncertainties in the methods and data employed. For example, the typical criteria used is
Kefr + 3CT < 0.95 - E, where a is the standard deviation associated with the calculation of
k-effective and E represents an allowance for uncertainties in the program, nuclear data,
system modelling and non-optimisation of the system. The application of this safety criteria
must be explained and the allowances for uncertainties clearly justified to the satisfaction of
the criticality safety community and the Regulators.

The consideration of potential accident conditions and fault scenarios in the criticality safety
assessment also leads to the requirement to address optimum configurations from a criticality
safety perspective i.e. maximised reactivity based on bounding pessimistic assumptions.
However, it is important to note that a cost-effective balance has to be made between plant
operability and the need for criticality control e.g. dissolver fuel batch size versus acid poison
loading.

Traditionally, criticality safety assessments for irradiated fuel operations have assumed the
fuel to be unirradiated. Consequently, the safety arguments have been fairly simple because
the criticality properties of uranium are well understood and hence the approach is known to
be pessimistic and can be easily validated. Although this approach has often provided
maximum operator flexibility, it is recognised that the application of this standard 'fresh fuel'
assumption to thermal reactor fuel criticality safety assessments may impose considerable
economic burden upon the operation of a nuclear plant. With the current trend towards the
use of high burn-up (HBU) and mixed oxide (MOX) fuels in thermal reactors worldwide, it
has become clear that the magnitude of this financial penalty will increase. Significant cost
savings can be realised if credit is taken in criticality safety cases for the reduction in fuel
reactivity that is known to occur with burn-up.

In the case of the THORP dissolvers, the potential advantages of using burn-up credit were
identified to include: (a) a less restrictive operating envelope for the plant; (b) a reduction in
operating costs e.g. the cost of gadolinium and downstream waste treatment plant costs; and
(c) the ability to process a wider range of fuels e.g. HBU and MOX whilst remaining
competitive. Hence, the challenge for the BNFL criticality safety community has been to
develop a methodology for applying burn-up credit to the criticality safety case for the
THORP dissolvers and demonstrating to the plant operators and Regulators that adequate
margins of safety still exist.
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3. The Development of the Burn-Up Credit Method

In 1991 a BNFL Company wide Burn-Up Credit Steering Group was established to
co-ordinate burn-up credit tasks, identifying and resolving the technical issues related to the
application of burn-up credit. The group which had representatives from transport,
commercial, plant operations and other technical specialists including the criticality safety
community, were given the remit to develop burn-up credit methodology appropriate to
BNFL's operations.

One of the first tasks of the group was to identify the areas where bum-up credit could
potentially be applied and this led to the consideration of the THORP dissolvers.
Subsequently, the group were tasked with the development of the burn-up credit calculational
route and this included identifying and securing the validation evidence required to support
the method (1,2). Furthermore, the 'new' uncertainties in the criticality safety method had to
be defined and accounted for so that they could be justified and clearly explained in the
criticality safety case.

In conjunction with the development of the calculation route itself, it was also identified from
an early stage that there would be a requirement for a robust quantification and verification of
fuel burn-up prior to operations such as shearing of fuel into the dissolver. Although the
development of burn-up monitoring technology has been progressed for some time at BNFL
Sellafield, this has led to further refinements of the burn-up monitor which is now used in the
THORP feed ponds.

It is important to recognise that the development of the burn-up credit method could not be
done in isolation. One of the most important roles of the Burn-up Credit Steering Group was
to understand the perspective of the UK Regulators (Nuclear Installations Inspectorate and the
Department of Environment and Transport) and seek their endorsement where appropriate.
This has been done throughout the development of the burn-up credit method by regular
correspondence and the submitting of trial safety cases to provide early feedback. In addition,
progress with the development has been reported widely in the International criticality safety
community.

4. The Burn-up Credit Method

The burn-up credit method that has been developed can be summarised as follows. It consists
of performing reactivity calculations for irradiated fuel using compositions generated by an
inventory prediction code, generally in order to determine the limiting burn-up required for
that fuel in a particular environment. In addition, it has always been envisaged that a
confirmatory measurement of burn-up would be required to be made prior to certain
operations such as the shearing of fuel into a dissolver. The burn-up credit method therefore
relies upon three key components of Inventory Prediction, Reactivity Calculation and the
Quantification and Verification of Burn-Up. These are considered further as follows:

Inventory Prediction

One of the key components of the burn-up credit route is the calculation of the spent fuel
inventory. The challenge for the criticality safety community has been to develop an
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approach that will take account of all reactor operating parameters (e.g. power,
outages/downtimes, coolant density), in defining a bounding spent fuel composition, which
can also be validated.

The approach that has been developed is to use irradiated fuel compositions generated by the
UK inventory prediction code FISPIN (3). Although in some cases suitable FISPIN
cross-section libraries exist, the option to use the UK codes LWRWTMS and BUDLIA to
prepare a set of burn-up dependant cross-section data for use in FISPIN is also available. The
nuclear data used by FISPIN may consist of up to four components:

(1) standard burn-up independent data for fission products, providing fractional
independent fission yields, decay constants, decay branching ratios and neutron
absorption cross-sections;

(2) standard burn-up independent data for heavy nuclides, providing decay schemes and
cross sections for neutron reactions (principally fissions, (n,y) and (n,2n) reactions);

(3) optional burn-up dependent data for irradiation, providing neutron flux spectra and
flux weighted cross section data for heavy nuclides that will be influenced by the
changing composition of the fuel during the irradiation period;

(4) optional burn-up dependent data, as above, for fission products, although it is noted
that the major fission product absorption cross sections are assumed to be burn-up
independent.

Inventory prediction validation is typically achieved by comparison of inventory calculations
with chemical analysis data on irradiated fuel samples. However, the existing FISPIN
validation for thermal reactor fuels was limited particularly for HBU and MOX fuels.
Consequently, considerable investment has been made by BNFL in securing the necessary
experimental validation to underpin the burn-up credit calculational route. BNFL has
participated in a number of international experimental programmes (e.g. CERES and
ARIANNE) in which extensive chemical analyses have been performed to support the
prediction of irradiated fuel inventory for those nuclides with specific relevance to criticality
safety (4).

Further confidence in the methods and data is also being gained from participation in
international benchmark programmes, such as the OECD/NEANSC burn-up credit benchmark
which is currently underway.

Reactivity Calculation

Once the irradiated fuel composition has been calculated it is then necessary to calculate the
reactivity. The general methods for calculating k-effective in criticality safety assessments
taking burn-up credit into account is very similar to those already used for 'fresh fuel' cases.
In the UK the genera* criticality calculation tool is the Monte Carlo neutronics code MONK,
which has a very flexible geometry, suitable for a wide range of applications (5).
Furthermore, it is also well supported by geometry visualisation packages such as VISAGE
and VISTA to aid model development.
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The main difference in burn-up credit is the use of irradiated fuel inventories and a choice has
to be made as to which nuclides are represented in the reactivity calculation. Two approaches
have been identified as follows:

Actinide Only Burn-Up Credit - this takes account of reactivity changes resulting mainly for
the change in fissile content, along with smaller contributions from the build-up of actinide
poisons (e.g. Pu240), occurring during irradiation. No explicit credit is taken for the build-up
of fission products.

Fission Product Credit - around 90% of the total fission product absorption arise from 15
nuclides, which also have the advantage of being stable and the majority being soluble in
nitric acid. The irradiated fuel can therefore be pessimistically represented by the major
isotopes of plutonium and uranium, coupled with these key fission product absorbers.

At low burn-up (below approximately lOGWd/t) it has been observed that the reactivity
change is dominated by depletion of U235. At higher burn-up (above approximately
30GWd/t) the build-up of plutonium and fission products become increasingly important.
However, for the THORP dissolvers, it was identified that the levels of burn-up required to
demonstrate criticality safety are low, so that the residual U235 content in the fuel dominated
reactivity. Hence, the approach taken was to use Actinide Only Burn-Up Credit.

As noted previously, traditional 'fresh fuel' criticality safety assessments for irradiated
thermal reactor fuel have demonstrated criticality safety by comparison of the calculated
neutron multiplication factor k-effective with a typical safety criterion of k-effective + 3cr <
0.95 - E, where a is the standard deviation associated with the calculation of k-effective and
E represents an allowance for uncertainties in the program, nuclear data, system modelling
and non-optimisation of the system.

For the application of burn-up credit, this allowance has been expanded to include reactivity
effects due to the uncertainties in the fuel inventory prediction during burn-up (E^c.,),
uncertainties arising from the MONK modelling assumptions used in the calculation of
reactivity loss with burn-up (EBUC.M) and uncertainties in the nuclear data for the reactivity
calculation (EBUC.D). Hence the safety criterion which has been developed and applied to the
THORP dissolvers becomes:

k-effective + 3a < 0.95 - ETRAD - E ^ . , - EBUC.M - EBUC.D

where ETRAD is the traditional allowances for uncertainties.

During the preparation of the criticality safety case to justify continued operation with a
reduced concentration of gadolinium in the THORP dissolver acid, a considerable number of
calculations were carried out. This involved a sensitivity survey to identify the most
important parameters affecting irradiated fuel reactivity and to support the selection of
suitable sub-critical rnargins. Furthermore, when deriving the criticality criteria to be applied
as described above, it was also necessary to quantify the allowances for uncertainties
associated with the burn-up method.
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It is also worth noting that as previously described, BNFL has made a considerable
investment in securing the necessary experimental validation to underpin the various
components of the bum-up credit calculational route. This has included collaborating with
experiments in which samples were inserted into the centre of a critical assembly and the
reactivity worth from the resulting reactor period was measured. Reactivity measurements
have been performed on samples of isolated fission products as well as irradiated fuel
samples.

As with the inventory prediction methods, confidence in the reactivity calculation and nuclear
data is being gained from the OECD/NEANSC international bum-up credit benchmark.

Quantification and Verification of Bum-Up

From an early stage in the development of the bum-up credit method, it was envisaged that
the plant operators and Regulators would require some confirmation of fuel bum-up prior to
fuel shearing operations. The issue of quantification and verification was considered during
the preparation of the criticality safety assessment for the THORP dissolvers and was shown
to be dependent on two key components. In the first instance the customers are required to
declare data linking the estimated bum-up with the fuel element identifier and its location in
the reactor core or storage pond. Hence, a comprehensive identification on the irradiation
history of the fuel can be obtained from operational reactor data.

Secondly, use is made of the bum-up monitor which is located in the THORP feed pond. The
Feed Pond Fuel Monitor (FPFM) is used to assay each fuel assembly that has been selected
for reprocessing. The monitor performs checks on the equivalent U235 post-irradiation
enrichment as well as irradiation and pre-irradiation enrichment. It is noted that the FPFM
performs measurements to comply with the radiological acceptance criteria for the plant and
for accountancy. For each measurement the control system checks against pre-determined
limits and, provided these limits are satisfied the fuel is fed forward en route to the dissolvers.
If the fuel is flagged to breach the bum-up limit then a hard wired interlock prohibits the
feeding of the fuel. Thus, these two components have been demonstrated to provide a robust
technique for the quantification and verification of bum-up.

5. Conclusions

Since 1991 BNFL has made a significant investment in the development of the bum-up credit
method and the application to its operations. It has recently demonstrated that using this
method for the THORP dissolvers, it is possible to justify operating safely with reduced
neutron poison concentrations and this has now been submitted to the Regulators. The
continued challenges the criticality safety community is facing are to show that we are not
reducing safety levels because we are using burn-up credit. We therefore have to maintain the
confidence of the plant operators and the Regulators in the safety of the operations whilst
providing the operational flexibility required. It is envisaged that further work will be
required to more visibly demonstrate the overall safety benefit of applying the bum-up credit
method to our operations e.g. lower doses and optimum storage in downstream waste
treatment plant.
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