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1. INTRODUCTION

Deregulation is driving electricity prices downward in USA. Similar effects are becoming
apparent in Europe as deregulation is realized. The expected progress will continue to demand
the minimization of electrical production costs and rapid depreciation of NPPs to maintain a
competitive position vis-a-vis coal, natural gas, and oil.

Reactor operators struggling to survive in such environment will continue to value fuel cycle cost
savings as a strong contributor to reduced production costs, although contributing only about
one-third to the whole electricity generating costs (Figure 1).

Besides the self-evident requirement for reliable fuel with always the highest priority, the
requirement for increased discharge burn-up is still getting a higher priority.

What is going to happen in the deregulated German market can be learnt from the Scandinavian
countries.

The deregulation in the Nordic electricity market started about 1994 and there has been a
transition from a regulated market to a complete deregulation. This transition to a completely
open market has had dramatic influence on production, on selling and on buying of electricity.
Today there is a split between power generation and grid companies. There is a competitive
electricity exchange with a spot market, financial instruments and traders. New actors have
shown up in the different areas. All consumers have the free choice of a power supplier.

As one consequence the average spot price of electricity has fallen dramatically, now down to
roughly 45% of what it was a few years ago. A not unlikely scenario for the next years is even
lower prices but the price will at least not increase. In other words, there is a completely new
situation for the power producers, the owners and the consumers. The situation is even more
dramatic than predicted when the process was started, although the experiences from
deregulation of other markets were available.

And in fact, deregulation in Germany is just happening at a much higher pace than expected.
Even private households, which were planned to follow later, can now choose their electricity
supplier. The result is, that the electricity prices offered have dropped by 40 % within weeks.
Such rapid changes in deregulated environments are a real challenge for the nuclear fuel business
with its long lead times and relatively low reaction speed.
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Fig. 1.: Electricity Production Cost Breakdown for a 1000 MWe PWR

2. UTILITY PRIORITIES

The fundamental requirement for the utilities in a deregulated market is to reduce the cost of
electricity production. Focus in an oversupplied market is on reduced cost for each produced unit
rather than on increased production since cheap replacement power is available on the spot
market, sometimes offered below the fuel cost of a power plant. This leads to a willingness to
take higher risks in production. The situation calls for shorter lead times in order to reduce the
inventories at all stages of nuclear fuel materials, manufacturing and delivery. Reduced prices at
all stages are of course also of major interest, but have to be valued regarding the optimization of
the overall costs.

The improvement of the fuel utilization is also a very cost-effective measure. The value of fuel
free of failure increases due to the contribution to cost reductions, e.g. no need for extra
inspections, repair, core redesign, no increased personnel dose rates and so on.
Nuclear safety issues, when they occur, also if this is quite an improbable event, would have a
negative impact on consumer priorities.

Flexibility is called for to meet the new demands from the power market. Variations in cycle
length, power variations during the year, even load follow (weekly and daily) are required from
nuclear power plants in some markets. Improved loading patterns also contribute to cost
reduction to the extent that safety margins are not jeopardized.

In countries like Sweden there is a continued and even larger interest in fuel technical margins
due to the deregulated market flexibility requirements. German operators, with NPP mostly
operating at base load, tend to make use of margins to reduce power generation costs.
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3. THE ECONOMICS OF THE FUEL CYCLE

In order to evaluate the complex interaction of parameters in the fuel cycle as they relate to its
economy, all of the technical and commercial parameters are determined and attributed to a
single representative quantity, called "specific fuel cycle costs". The technical parameters cover
factors such as plant output, load factor, nuclear fuel quantity and enrichment. The commercial
parameters include costs incurred at the various stages of the fuel cycle, the lead and lag times for
payments, interests and escalation factors.

Fuel cycle costs are defined as the ratio of the total costs of a specific quantity of nuclear fuel and
the energy obtained from that quantity. In other words, the product of fuel cycle costs and energy
produced exactly covers the total cost of the corresponding quantity of nuclear fuel.

In addition to the large number of parameters, fuel cycle costs have another special characteristic:
The individual nuclear fuel cost components are distributed over a period of several decades, so
that interest, fiscal regulations, discount or escalation effects can have a significant impact.
Consequently, when comparing results from fuel cycle cost analyses, the methodology must be
known as well as the application of interest, discount and escalation factors that yield the
monetary value.

Thus a direct comparison of the values of the absolute fuel cycle costs is only possible, if the
calculations were performed using identical methods, or if sufficient background information on
the methods applied is available.

A commonly used method of calculating fuel cycle costs over the commercial lifetime of the
NPP is the so-called "present worth method". In this method, all expenditures associated with
nuclear fuel during the life of a plant, as well as all revenues derived from the sale of generated
power are discounted on an identical reference point in time. As a result, this approach allows,
for example, correction for the effects of interest.

4. TYPICAL FUEL CYCLE COSTS OF A GERMAN NUCLEAR POWER PLANT

The results of an exemplary calculation of fuel cycle costs for a German 1300-MWe NPP
equipped with a pressurized water reactor show that actually more than half of the costs (Figure
2) are related to fuel disposal.

Notable also is the fact that the costs for the fabrication of fresh uranium fuel assemblies account
for only about 10 % of the fuel cycle costs. This is in so far remarkable as the product fuel
assembly significantly affects the overall fuel cycle economy.

In the past years, fuel cycle costs at German NPPs have undergone considerable change. Initially
they increased sharply, but in recent years have tended to decrease. Figure 3 shows that the
individual cost components have also evolved differently.

Whereas disposal costs were initially considered to make up a comparatively small percentage of
the fuel cycle costs, they have risen sharply over recent years as a result of increasing experience
and demanding, sometimes politically motivated licensing requirements.
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Currently disposal costs constitute the major portion of fuel cycle costs. The natural uranium and
fuel enrichment costs exhibit a high degree of volatility, hi contrast, the costs for fabrication of
fuel assemblies have remained essentially stable or have even decreased recently as a result of
successful cost management strategies and advances in fuel assembly technology.

Risks and the consequences of failures deter some utilities in the German situation of politically
motivated phase-out discussions from undertaking licensing measures to increase enrichment.

5. REDUCTION OF FUEL CYCLE COSTS - A COMPLEX TASK

The reduction in fuel cycle costs can be traced to two major factors:

- lower purchase prices for source materials and services, and
- increased fuel energy yield.

The prices for many services and source materials at certain stages of the fuel cycle process have
fallen significantly in recent years and have now already reached rock-bottom in some cases. The
reasons are many, but the major factor is over-capacities in a shrinking market.

Efforts to increase energy yields have been largely driven by the fuel cycle cost structure. Against
the backdrop of sharply increasing disposal costs in recent years, an increase in discharge burn-
up through greater enrichment was one of the most important objectives of fuel assembly
development efforts.

Further increases in energy yield became possible as fuel utilization was improved through
measures which reduce neutron losses and improve neutron economy. These measures include
reducing the amount of neutron absorbing materials in the fuel assembly, improving moderation
behavior and use of neutron saving incore fuel management strategies.

The increase in discharge burn-up due to greater enrichment reduces the size of reload batches
and thus reduces particularly the disposal costs, which in Germany depend directly from the fuel
mass to be disposed. Improved fuel utilization reduces the demand for natural uranium and
enrichment, thus leading to a further increase in discharge burn-up.

Another important factor for economic considerations is the long periods of time required by the
fuel as it passes through the various stages of the fuel cycle. The greatest possible fuel economy
therefore also depends on a long-term and farsighted strategy, becoming more and more difficult
task in a quick changing environment.

6. ACHIEVEMENTS OF ECONOMIC BENEFIT BY BURN-UP INCREASE

The optimum for a fuel cycle means to utilize the fuel to the highest economic degree, i.e. incore
fuel management has to achieve the highest possible average discharge burn-up. Theoretically
ideal would be to operate each fuel assembly to the highest burn-up technologically feasible
within defined licensing limits.

Measures such as low-leakage loading, use of low neutron absorbing structural materials or new
cladding materials and increase of U235-enrichment have all served to generate a considerable
improvement of the fuel cycle economy, resulting essentially from a considerable discharge burn-
up increase.
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Up to now considerable savings in fuel cycle costs of up to 35 million EUR per year have been
achieved.

The easiest and cheapest way of increasing the average burn-up is the reduction of cycle length,
although this is normally not discussed as a burn-up increase measure. As far as fuel utilization is
concerned, the following statement applies:

The shorter the cycle, the higher the average discharge burn-up achievable with a given U235-
enrichment of the fuel assemblies. This in turn, means better fuel utilization and lower specific
fuel cycle costs.

The trend of extending plant operating cycles in various countries - e.g. in the USA and in Spain,
where some plants are operated at up to 24 months cycles - has a counteracting effect regarding
fuel utilization. As we have seen before: The higher the cycle length the worse is the fuel
utilization. Longer cycles are favored by utilities, who are not in a position to achieve reliably
short outages, e.g. as a consequence of licensing induced restart delays. That means by reducing
the average outage time thus improving the plant load-factor, a reduction of the overall power
generating cost can be achieved with longer the cycles, depending on the level of replacement
power cost.

The gain from burnup increase is especially high in countries with high back-end costs like
Germany or Switzerland, hi those countries the costs are related to the mass (kg) to be disposed.
In countries where the costs are quantity independent like in USA or Spain, there is, in principle,
no incentive for burnup increase. Nevertheless in both countries utilities are increasing burnup; in
USA because of the lacking storage capacity for spent fuel; in Spain because utilities fear a
change of legislation towards volume dependent costs.

German plants have until now not followed the trend towards longer cycles claiming that under
German boundary conditions even shorter than annual cycles are economically attractive.

The very short outage times along with the high service time availability of German reactors has
in one case already lead to a strategy of alternating one year and half year cycles. A Swiss reactor
operator, having applied longer cycles in the past, is in the process of changing its strategy to so-
called hybrid annual cycles, i.e. having by turn in one year a service outage and the next year a
pure refueling outage.

While the consequences of purely physical - and therefore universally applicable - relationships
are identical for all light water reactors their effects may change to a greater or lesser degree,
when different licensing environments have to be considered.

In contrast to German plants - for which fuel assembly integrity is safeguarded by means of a
highly complex monitoring and inspection concept - assurance of fuel integrity is often provided
in other countries through the less verification-intensive, yet more restrictive, approach of
imposing a limit on fuel burn-up. With limits of this kind, modifications to cycle length often
have a significantly smaller impact on the cost-saving potential than at German plants. Figure 4
gives an overview on burn-up limits in different countries.
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Fig. 4: Bum-up Limits in Different Countries

7. ENVIRONMENT FOR FURTHER BURNUP INCREASE

The positive economic effect of bum-up increase is the result of the change of physical
parameters in a given environment of commercial and technical boundary conditions. This is
referred to in this presentation as the economic "potential of burn-up increase".

Considerable expenditure or additional costs may be connected with a further increase of bum-
up, which is progressively counteracting to the above potential, if an advanced bum-up level is
already reached. Such possible negative effect is in the following called "penalties of burn-up
increase".

The economic potential of burn-up increase is formatively influenced on the one hand by the
disposal concept and the financial cost treatment and the bum-up already reached on the other
hand.

When we plot fuel cycle costs as a function of discharge burn-up (Figure 5), they are of a
hyperbolic character. This means a relatively strong decline of the fuel cycle cost at lower bum-
up and a smaller decline at higher bum-up.
Thus, the economic potential of bum-up increase is shrinking significantly, if one has reached
already a certain level.
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Fig. 5: Fuel Cycle Costs as a Function of Burn-up

Burn-up increase reduces the need for enriched uranium and fuel assemblies for a given amount
of energy production, i.e. the economic potential depends also from the actual price level for fuel
assembly fabrication and disposal.

hi case of disposal costs being directly related to the uranium mass it is obvious that the
economic effects increase with a higher price level. Therefore the economic potential of burn-up
increase is especially big in countries where disposal costs are assumed relatively high like in
Germany. Considering disposal via the reprocessing path the total costs for all disposal steps are
calculated around 2500 EUR/KgU.

On the other side there is no contribution to the economic potential of burn-up increase by the
disposal costs in countries where they are quoted in currency per produced energy.

Besides the parameters discussed before, the economic potential is also influenced by interest
rate, cycle length or reactor type. However, the influence of these parameters is relatively small
compared to disposal cost and burn-up level.

Especially when approaching the technological and physical limits it becomes evident that also
the efforts and the risks are increasing, which may result in considerable penalties for burn-up
extension. To avoid the risk of negative impact on operation, e.g. caused by fuel failures, the
efforts for technological improvements with correspondingly high R&D costs on the supplier's
side and for additional operation control on the utility side have increased. Depending on burn-up
level, fuel assembly design or country-specific boundary conditions, penalties may arise in the
areas listed in Table 2&3:
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1. Fuel Assembly Material- and Product-Development (Fuel Rod, FA-
Development Structure, Fuel) Accident Analyses, Tests, Lead

Assemblies, Post Irradiation Excerminations

Validation of Design Codes

2. Fuel Utilization, Criticality Limit 16x16, 18x18 (Penalty:
Product Costs Neutron Economy)

FA-Power Histories
Product Design

3. Reactor Core, Core Design Calculations for Normal
Plant Operation and Accidents (Reactivity

Coefficients, Temperature Coeficients,
Power Peaking Factors, Control Rod Worth,
Boron Concentration, Transients);
Reduced Operating Margins

Fuel Store (dry, wet),
Residual Core,
Licensing

Validation Design Codes; Experimental
Programme

FA-Clearance in
Core Structure

*) Without condieration of tolerances of approx. 0.05% U235
Tab. 2: Determination of Penalties: Structure of the Examination

Problems deriving from non-fulfillment of requirements in those areas may create considerable
penalties for:

- Fuel assembly repair,
- Premature unloading and disposal of fuel assemblies (loss of energy),
- Reduced plant availability,
- Increased contamination of primary circuit,
- Increased refueling outage due to handling problems with fuel assemblies.

On the other hand costs or penalties expected from fulfillment of the licensing requirements or
technical/physical conditions may discourage utilities from increasing the discharge burn-up.

Since NRC has ceiled the initial enrichment at 5% U235, all the plants and the transport systems
in the various stages of the fuel cycle have licenses reflecting this enrichment level. To overcome
this ceiling would cause a considerable effort. Therefore it is improbable that initial enrichments
will exceed the 5% value in the foreseeable future.
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Enrichment (%U235)*
PWR

4-4.4 4.4 - 5.0 >5.0

4. Front End

4.1 Transports (UF6, FA)

4.2 FA Manufacturing

4.3 Uranium Enrichment

Capacity Utilization

Hardware, Licensing
Validation Design
^ _ j —

Technology, Criticality
Safety Licensing

Licensing

5. Back-end

5.1 Transports (Spent FA)

5.2 Intermediate Storage

5.3 FA-Conditioning

5.4 Reprocessing

5.5 Final Disposal
(Conditioned FA, Waste)

5.6 Refabrication (U, Pu)

6. Others

Residual Heat, Neutron Radiation, Actinides (Shielding, Volume Utilization)

Hardware, Licensing

FA Handling after Long-
Term-Storage

Licensing Hardware

Volume Utilization, Shiedling

Neutron Dose Rate at FA Manufacturing, Neutron Absorbtion
Products

FA-Storage license

Solvent, Criticality

in Fuel by Fission

Revision of Licensing
Requirements (GRS)

Tab. 3: Determination of Penalties: Structure of the Examination

Nevertheless, with an enrichment of 5% U235 discharge burn-ups of about 67 MWd/kgU for a
PWR and 63 MWd/kgU for a BWR reactor can be achieved in annual cycles.
Some fuel assembly designs, like the Siemens 16x16 and 18x18 designs would already need
below 5% additional poisoning measures, because of their lower criticality limits.
BWR fuel assemblies, because of their heterogeneity reach only an average initial enrichment of
4.6 %U235 per bundle, resulting in the lower achievable discharge burn-up mentioned above.

8. CONCLUSIONS

Deregulation has a dramatic effect on competition in the electricity markets. This will lead to a
continued pressure on the prices in virtually all areas of the nuclear fuel cycle and will encourage
further optimization, technical and technological progress and innovations with respect to
further cost reductions of power production.

The permission of direct disposal, in Germany legally granted in 1994 as an alternative to the
reprocessing path, made possible cost savings and has consequently resulted in a decline of
reprocessing prices. In addition, suppliers as well as operators are making considerable efforts to
reduce the disposal costs fraction by optimizing disposal technologies and concepts.

The increase of discharge has essentially contributed to the reduction the disposal cost fraction.
Compared to former scenarios, the economic potential of burn-up increase is decreasing.
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