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Abstract

The Paks Nuclear Power Plant generates almost 40% of Hungarian electricity production at
lowest price. In spite of this fact the reduction of operational and maintenance costs is one of the most
important goal of the plant management. The proper fuel management and outage strategy can give a
considerable influence for this cost reduction. The aim of loading pattern planning is to get the
required cycle length with available fuel cassettes and to keep all key parameters of safety analysis
under safety limits. Another important point is production at profit, where both the fuel and spent fuel
cost are determining. Earlier the conditions given by our only fuel supplier restricted our possibilities,
so at the beginning the fuel arrangement changing was the only way to improve efficiency of fuel
using. As first step we introduced the low leakage core design. The next step was the 4 years cycle
using of some cassettes. By this way nearly half of 3 years cycle old cassettes remained in the core for
fourth cycle. In the immediate future we want to use profiled cassettes developed by Russian supplier.
Simultaneously we will load new type of WWER cassettes with burnable poison developed by BNFL
Company. Hereby we can apply more BNFL cassettes for four years cycle even more. Both cost of
fuel and number of spent fuel can be reduced besides keeping parameters under safety limits. The
Hungarian in service inspection rules determine that every four year we have to make a complete
inspection of reactor vessel. Therefore earlier we had two types of outages. Every 4 years we planned
a long outage with 55-65 days duration and normal ones with about 30-35 days duration between the
long ones. During the normal outages this way did not give us enough room to utilise the shortest
possible critical path determined by works on reactor. Some years ago we changed our outage
strategy. Now we plan every 4 years a long outage, and between them one normal and two short ones.
As a result the overall outage duration can be reduced by 10-15 days every year.

1. INTRODUCTION

The Paks Nuclear Power Plant is the only nuclear power plant in Hungary. It has 4 units
with capacity of 460 MW each. The original contract to build nuclear power plant in Hungary
was signed by Hungarian and Soviet Union Government in the second half of sixties. The
contract was about building of two units, type WWER-440 model 130. Some years later the
contract was modified for building of 4 units, type WWER-440 model 113. The construction
works started in the middle of seventies and the commissioning of the units was in 1983,
1984, 1986 and 1987 respectively. The original capacity of the units was increased by 20 MW
on each unit in consequence of different modifications in secondary site that resulted in higher
efficiency of turbines.

The operating organisation was established on 1 January 1976 and it became a shared
company on 1 December 1991. Our shareholders are the Hungarian Power Companies Ltd
(99,9 %) and local governments (0,1 %). Since the shareholder of the Hungarian Power
Companies Ltd is the Hungarian Government therefore the owner of the Paks Nuclear Power
Plant is the Hungarian Government as well.

189



During the last 10 years the average electric power generation of the plant was 13928
GWh. In different years this value was changing very little - less then ! 2 % - which gives an
evidence of the stable operation of the units. During the same period the plant average load
factor (Fig. 1) was changing between 85 - 87,7 % and the lifetime load factor of the plant
reached 85,2 % by the end of 1998. According to these high values of the load factor our units
are regularly included in the list of the Top Twenty-five units. As stated at 31 December 1998
our units were on the following places:

9. Paks 4 - 86,5 %
12. Paks3-85,6%
13. Paks 2-85,6%
21. Paks 1 -84,1 %
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FIG. 1. The average load factor.

In Hungary the total amount of built-in capacity for electric power generation is 7850
MW (1998). The capacity of the NPP is 1840 MW which gives 23,4 %. Since we operate the
NPP in basic load the electric power generation of the plant gives 38 % of the total Hungarian
generation (Fig. 2.). During last years the price of the nuclear power generation was changing
and slightly increasing and in 1998 the price reached 4,72 Ft/kWh (0,022 USD/kWh) (Fig. 3.).
The price of the power generation from the other sources was in 1998: 7,26 Ft/kWh (0,034
USD/kWh) for coal-hydrogen and 10,34 Ft/kWh (0,045 USD/kWh) for coal. The comparison
of these prices gives that the nuclear power generation has the lowest price in Hungary.

In spite of the above mentioned favourable facts besides meeting the regulatory (and of
European Union) safety requirements the reduction of operational and maintenance costs was
and remains the one of the most important goal of the plant management. The fuel
management and the outage strategy can give a considerable influence for this cost reduction.
In this presentation we would like to outline the optimisation process of the fuel loading
including further development and the way of changing the outage strategy.
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FIG. 2. Portion ofNPP in Hungarian electric capacity and power generation.

2. PRACTICE OF FUEL MANAGEMENT

2.1. Nuclear fuel

VVER-440 type rectors have special nuclear fuel called cassettes. The core consists of
349 fuel cassettes. A hexagonal shroud surrounding the assemblies with pins forms cassettes.
The shroud separates the cassettes, the water gap between them results higher peak in pinwise
power distribution. The control and safety protection system consists of boron-steel rods. A
fuel part called follower is attached to it. It has a special feature as by pulling out the boron
steel absorbing rod from the core, the follower as fuel is pulled in at the same time.
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FIG. 3. Price of nuclear power generation in Hungary.

2.2. Requirements for load design

For designing the load, the most important conditions are the safety and operational
procedures that are to be met.

The most important requirements are the restrictions for safety operation, like negative
moderator temperature reactivity coefficient, both pins and assemblies power distribution,
pinwise linear heat rate, as well as the heat-up of the coolant in cassettes. The differential
valuability of the control group should not be grow too high since it is not allowed to take in a
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reactivity above the allowed speed. The shut down margin could not be worse than -2 %, even
if the most valuable absorption rod is fails and remains in upper position. The allowed
maximum burn-up determines the lifetime of cassettes, utilisation of which is very important
from point of view of spent fuel number.

Having the safety requirements met, we have to comply with the requirements of
availability specified by the plant operation. It means that date of the outage, the calendar day
of its beginning and completion is fixed by the thorough influence of the electrical energy
system. That in turn determinates in advance the beginning and length of the operational
cycles, to which the initial reactivity reserve of the reactor load by all means shall be adjusted.
In design work we have to take into account such limitations that only one unit could be in
outage, the outages should not be conducted in the winter period, at least one week pause
should be left between the outages, and there is a determined sequence in the maintenance.

Further on, it is a natural claim of economy that the individual cycles should be
performed with the possible lowest fuel consumption and specific fuel cost. This last
condition could be taken into account by an optimisation process enhancing the economy.

Accounting with the availability requirements of the units implies some uncertainties.
As the milestones of the outages are bound to calendar days, but for designing we have to
consider the real effective operational time. The context between the calendar and effective
operational time is drawn into the calculations by a utilisation factor of 0,97. If the real value
is deviating from it, then as a perturbation affecting the load design. The same effect could be
caused by modification of the original date of the outage. All these deviations are affecting the
economy through the specific fuel consumption. Unfortunately as the result of all these
circumstances, in spite of the optimisation, the best fuel utilisation could not be realised in all
cycles.

2.3. Optimisation of fuel loading

Both the cost of fresh fuel and final disposal of spent fuel constitute the considerable
amount of cost, so improvement of fuel management is important question. The safety
operation requires a lot of effort generally. We had to work out optimisation process to find
the most economic loading at required safety operation. More possibilities considering
boundary limits give more tools us to find more economical fuel management as optimal one.
Perturbations of real life can disturb this optimal loading of course. After a cycle, when we
analyse it, we have to take this into consideration.

The aim of optimisation is to find the cycle series cost of which and the number of spent
fuel are the minimum during the reactor operation. It is a complicated attached problem,
because the fuel is used for three or four cycles in the core. There are several approaching
solutions. We have made up a simplified model to solve this task in reasonable computer
time. We separate the problem introducing equilibrium cycle. In this case we assume, that
both loading pattern and length of cycles are same cycle by cycle. By this way the most
economical equilibrium cycle has the maximum reactivity, i.e. the maximum length of cycle.
The global optimum until recently has not been solved.
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In the practice, due to the perturbations of real operation, equilibrium cycle is not
realised. On the other hand, these perturbations are small, so we can rule out the extreme non-
equilibrium cycles too. Nevertheless we can assume that the operation of our reactor can be
described with equilibrium cycles. Our optimisation method is aimed at finding the maximum
reactivity arrangement for the given length of cycle. This loading pattern planning method has
given us good results for years. Furthermore, it is flexible enough to follow the changing
operational conditions.

2.3.1. Original loading pattern

Equipment of NPP was delivered from Russia before 1982 as well as the technological
documentation. There was only one starting loading pattern in this documentation. By this
way, we could perform only fixed length of cycles. Our four units started one after another
nearly yearly. It was necessary to meet the inevitable requirement of planning with different
length of cycles to co-ordinate the dates and length of their reloading. Because of this we
changed the original loading pattern plan in unit 3 and unit 4 and later but not basically. We
reached the required length of cycle by variation of number of 3.6 % and 2.4 % uranium
enriched cassettes. The followers were produced only with 2.4 % uranium enrichment.
Another unfavourable condition was the 3 years (3 cycles) lifetime of the cassettes.
Arrangement of loading was similar as original. The high enriched and valuable cassettes
were on the periphery of the zone while high burned up and less valuable cassettes were
mixed in the central part of zone.

2.3.2. Low leak arrangement

Relayed on information scientific literature and experience of our colleagues in abroad,
we examined our possibilities to improve our fuel management. Our possibilities were
limited. Cassettes with enrichment 1.6, 2.4 and 3.6 Uranium % were obtained from our only
supplier, and followers only with 2.4 Uranium %. Their lifetime was 3 cycles. So we had only
on way to optimise our loading: to change its arrangement.

It was obvious from neutron physical calculation in case of equilibrium cycles, that
moving some fresh cassettes from periphery to inside region and putting the most valueless
cassettes to periphery can increase efficiency of fuel using. It was necessary to improve our
computer codes for this low-leakage fuel arrangement calculation.

The low leakage fuel arrangement was introduced from 1989, first in unit 1 cycle 7. As a
result the average enrichment necessary for same length of cycle was decreased comparing to
the original fuel arrangement. Due to this, the fuel cost reduced by 3 %, although the number
of spent fuel remained. Additionally this fuel arrangement reduced the neutron influence for
reactor vessel.

2.3.3. New loading strategy from 1993

Two favourable improvements were applied in fuel product technology of Russian
supplier from beginning of 1990. We could buy 3.6 % uranium enriched followers, and we
started to use them from 1993. By this way the given length of cycle could be reached by
lower number of fresh fuel, then earlier. The other improvement made possible to use fuel
cassettes for four cycles. So we introduced the four-cycle fuel refuelling strategy from 1995.
The required average reactivity was reached in the cycle even we placed more low-value
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cassettes in periphery. Application of fewer fresh fuel increased degree of freedom of loading
pattern planning, so the parameters did not exceed the limits for maximum local power at
reduced neutron escaping and higher average power of valuable cassettes. The number of
spent fuel reduced as well.

In our new practice of loading pattern planning, we always use 3.6 % uranium enriched
cassettes. The length of cycle was set by number of fresh fuel. Nearly half of the 3-cycle fuels
remain for the fourth cycle. This reduced the fuel cost with 16 %. The cassettes with highest
burn-up were taken out from zone after 3 cycles, so the maximum permitted average burn-up
was not reached and the reliability of cassettes was retained. The first arrangement was
introduced on unit 1. Because we did not use all the 3-cycle cassettes in the fourth cycle, a
better name for this fuel arrangement is "3.5-cycle burn-up practice".

2.3.4. Further development

Our plan is to apply more cassettes for 4-cycle even more. This is possible by increasing
the enrichment of fuel cassettes. We have two ways for this now.

The Russian supplier has developed a cassette with different enrichment in radial
direction, a profiled cassette for WWER reactors. The average enrichment is 3.8 uranium %
for these cassettes. We prepare our system for this task simultaneously, performing required
safety analysis. We have started permission process. We want to introduce these types of fuels
first in unit 3 cycle 15 in 2000 and in unit 1 cycle 19 one year later.

An alternate solution is another supplier and cassettes developed by BNFL company.
Analysis was accomplished to develop a new WWER-type cassette together with Finnish IVO
Company and NPP Paks. First a WWER fuel geometry was chosen considered optimal for
NPP Paks too. The selecting process based on computed features of equilibrium cycles. These
features were the loading included 349 cassettes, 1375 MW nominal power, about 320
effective days cycle length a year, yearly 90 unloaded cassettes consisting of 12 followers and
78 fixed cassettes. The fixed fuel cassettes would be in core for four cycles while followers
for three ones. These conditions determined the necessary enrichment of BNFL cassettes. To
provide necessary subcriticality in spent fuel pool cassettes with high uranium enrichment and
burnable poison were selected. The less enriched followers to fixed fuel assemblies give us
two advantages. Followers are used only for 3 cycles so their less enrichment reduce the fuel
cost by 1%. Enrichment could be chosen according to requirement for subcriticality of spent
fuel pool so burnable poison was not necessary in the followers as the number of them is less
to fixed cassettes. This step reduced the extra cost connected with burnable poison by 13 %.
Enrichment in fixed cassettes should be increased to reach the desired cycle length but this is
relatively not too much because of their higher number. We plan to load these fuel assemblies
first in unit 4 cycle 16 in 2002.

2.4. Evaluation of the different load types

We can estimate the profit of different loading on basic of two economic considerations.
Both the cost of fuel and the number of spent fuel are important. However the boundary
conditions considered in the load design do not enable us to reduce both of the cost elements
simultaneously. In the case of the Paks NPP, applying the LLP array did not reduce the
production of the spent fuel, but by utilisation less amount of the 3,6% enriched fuel reduced
the fuel consumption, while the same amount of assemblies were unloaded from the reactors.
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By implementing the 3,5 years fuel cycle, above the cost reduction the production of spent
assemblies is also decreased.

As an example, here we introduce the characteristic data of the loads applied in the Unit
1 of the Paks NPP. Fig. 4 shows the average burn-up attained and planned in the 3-21
operational cycle. The number of unloaded assemblies is shown on Fig. 5 for the same period.
One can see that while there is no significant change in the number of spent fuel assemblies
the level of the average burn-up is diminishing which is because of increase in the number of
lower enrichment. Fig. 6 introduces a cost of the individual cycles formed with a fictitious
price. There the compulsion determined by the Plant operation causes a high variation in the
fuel cost of one kWh, and the optimal solution could not be applied in each case.

10 11 12 13 14 15 16 17 18 19 20 21

FIG. 4. Average burn-up of unloaded cassettes on Unit 1.

10 11 12 13 14 15 16 17 18 19 20 21

FIG. 5. Number of unloaded cassettes on Unit I.
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6 7 10 11 12 13 14 15 16 17 18 19 20 21

FIG. 6. Specific fuel cost on Unit 1.

To estimate the theoretical fuel consumption for the applications of the individual load
types - without the perturbations caused by the real operation - we evaluated the equilibrium
cycles. Fig. 7 shows the average and maximum burn-up that could be attained in the
conventional, LLP, in the 3,5 year - and in the aimed 4 years cycles. Fig. 8 shows the
assemblies to be annually unloaded and Fig. 9 the specific fuel consumption with the fictitious
price. It is evident that both in the cost and in the number of spent fuel assembly a
considerable reduction could be attained by the 4 years utilisation of the assemblies.

original low leakage 3.5 cvcle profiled BNFL

FIG. 7. Burn-up of unloaded cassettes.
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FIG. 9. Specific fuel cost.

3. OUTAGE STRATEGY

As it was mentioned above we operate the NPP in basic load. Practically it means that
we can run the units at rated power almost all the time. Therefore we are interested in
reducing the outage duration. The total outage duration is shown in Fig. 10. In 1996 we
introduced a new outage strategy which has yet promising results and in the future can be
resulted in reduction of the overall outage duration by 10-15 days.
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3.1. Old outage strategy

The Hungarian in service rules determine that every four year we have to make a
complete in service inspection of reactor vessel. Therefore earlier we had two types of
outages. Every 4 years we planned a long outage with 55-65 day duration. The critical path of
the long outages was on the reactor works and included the full unloading of all the fuel
cassettes, the removal of reactor internals, the full scope in service inspection of the reactor
vessel, putting back the reactor internals and the load back the fuel cassettes one third of
which has been replaced by new ones. Since the above outlined critical path was quite long
during the long outages it was possible to perform a wide range of different works like in
service inspection of tanks and pipelines, modifications and reconstruction of all size.

Between the long outages we planned three normal outages with about 40-45 days
duration at beginning and about 30-35 days duration later on. The critical path of the normal
outages was on the reactor works or on the works of safety systems or sometimes on other
works. In fact the problem was that there were no clear rules for determination of duration of
normal outages and there was no practical limitation for the work volume. The duration we
usually planned the same time as the minimum of the actual duration of normal outages
during previous years. In the work volume all type of works was included except the
inspection of reactor vessel and reconstruction of major size.

The way of planning of long outages was considered good but the planning practice of
normal outages was not enough sufficient. Sometimes such works that could have been
postponed to the long outage of the next year determined the duration. Another time the works
on the original critical path (reactor works) were performed during a shorter time, but this
earlier finish could not been realised for the entire outage.

3.2. New outage strategy

The solution of the above mentioned problem was the introduction of three types of outages
instead of two ones with type dependent limitation of works. The long outages remained
practically the same as were earlier. All the work of major size has to be planned for the long
outages. The critical path can be on the reactor works or on the other works that are usually
reconstruction or modifications of major size. The plant goal for the duration of long outages
is 55-60 days.

Between two long outages we have short - normal - short outages. The short ones are
based on the minimum possible critical path of the reactor. It is usually not allowed to plan for
this type of outages such works which require longer time then the critical path has. It means
that for the short outages we do not plan in service inspection, reconstruction and modification
work of medium and major size, only minor ones. The plant goal for the duration of short
outages is 25-30 days.

•*&"•

In principle it would be possible to have only short outages between the long ones. But in
this case we might have the following situation. Some modifications, reconstruction and in
service inspections of medium size can not be included into the short outages therefore they
have to be postponed by 3 years in worst case.

198



200

180

160

140

120

I 100
80

60

40

20

0 i ' ' [••••' ' i » < I '—M-1—«-+ 4 - - ' »••••> -I * i I

1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999

FIG. 10. Total outage duration.

This is usually not allowed because of regulatory requirements or from point of view of
the balanced budget. The other problem is that the work volume of the long outages will be to
big which resulted in too long outage duration. Therefore we decided to have a normal outage
between two short ones. For the normal outages we plan modifications, in service inspection
works and reconstruction of minor and medium size. The plant goal for the duration of normal
outages is 30-35 days. The long-term outage plan is shown on the Table I.

TABLE I. THE LONG-TERM OUTAGE PLAN

2000 2001 2002 2003 2004

Unitl
Unit 2
Unit 3
Unit 4

short
long
short
normal

normal
short
long
short

short
normal
short
lone

long
short
normal
short

short
long
short
normal

4. CONCLUSIONS

In this paper there wer e introduced the practice of the fuel management and the history
of changing of the outage strategy. The optimisation of the fuel load pattern has given a
considerable decrease of fuel costs. In the future the implementation of the BNFL cassettes
can give a further cost reduction because of competition of two fuel supplier. The introduction
of the new outage strategy has resulted in decrease of the total outage duration by 5-10 days
during last years. By the end of 2002 we will have finished our safety-upgrading program
which has a big contribution to make longer outages then the plant goal. Beginning from 2003
we consider as real goal to reach 140 days of total outage duration.

Now in Hungary a new Low of Electric Energy is being prepared. It is planned that from
the 1 January 2001 the market of electricity trading will be opened. It means that the
authorised consumers can buy the electric energy even from abroad. (Presently in Hungary the
only electric energy trader is Hungarian Power Companies Ltd). Therefore in the future the
Paks NPP have to be competitive not only with Hungarian conventional power plants. This is
the main reason that in the future even more attention should be given to reducing operational
and maintenance costs at Paks NPP.
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