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Abstract 

In paper are discussed possible ways for fuel cycle cost reduction in 
WER reactors. One of the most promising items is the burnup extension, the 
fuel cycle cost reduction were evaluated for both WER 440 and WER 1000 
reactors. As a part the CSFE/USSK results obtained la the fraae of the IAEA 
WSEBtIS 3tudy are presented. The main conclusions o." this evaluation are: 

optimum batch average burnup is above 60 MWd/kgU 
increasing back, end cost strongly increases incentives for burnup 
extension 
large political differences in price calculation for the operation 
in the fuel cycle back end could in some cases support unoptlmal 
decision, to clarify this is very important. 

The technical and economical aspects of the last item are discussed. 

1. Introducti->n 
Light water reactors have been commercially operated for 

thirty years and currently represent about 35% of the installed 
nuclear power capacity in the world. The initial design burnups of 
LWRs, 33 MWd/kg forPWRs and 28 MWd/kg for BWRs were by the late 
1970s used because of fuel suppliers warranties and assuranse of 
licensing and performance. These values don't represent an 
economic optimum. 

In Czechoslovakia nuclear power industry for the nearest 
decade is based on construction of NPPs with PKRs. Up today there 
are 8 units in operation with WWEH-440 reactors and 6 units under 
construction (4 units WWER-440 and 2 units WWER-1000). 
Construction of futher WWER-1000 was interrupted and proposals for 
near future of nuclear power industry depend on political and 
economic decisior on govermental level. 

The three years cycle with average spent fuel burn-up of 30 
MWd/kg and maximum linear heat generation rate (I.HGR) of about 
32,5 kW/m was adopted. At present these reactors are being 
prepared to a four years cycle with higher initial fuel enrichment 
of 4.4%. There is experience in USSR of 4 years and longer 
operation of more then 800 fuel assemblies (enrichment 3.6^) with 
batch average burnup of 36MWd/kg [11. 

The initial fuel loading scheme of WWER-1000 was designed for 
twc years cycle with batch average burnup of 28,5 MWd/kg and 
maximum LHGR 44,8kW/m. We suppose for initial first loading to 
increase batch average burn-up above 40 MWd/kg adopting three 
years cycle with local burn-up peak close 60 MWd/kg. There are 
experiences in USSR with three-years cycle in Novo-Voronezh NPP-5 
with WWER-1000 with 4.4% fuel enrichment. During the operation of 
this WWER-1000 unit the core characteristics (steady state cycle 
within three refuelings) were found to satisfy the design values 
and no one of the fuel assemblies has failed. 

One principal reason for expecting a fuel cost benefit in 
extension the burnup is the physical effect of using lower number 
of reload fuel assemblies, approaching more closely the thuoretica 
performance of continual refueling. From results of neutronic 
design follows a relation between enrichment and burnup and we 
can see a reduction of the uranium requirement for <i given 
reactor, fuel and operating performance. 

?.. aetter fuel utilization 
At present attention is devoted to improve fuel utilization 

in WWER reactors. Electric energy generation cost may be reduced 
in the fuel part including both front and back end fuel cycle 
costs. Better fuel utilization foreseen for WWER reactors is made 
possible by 
- burnup extension, 
- fuel cycle elongation, 
- improved neutron balance in tne core and 
- reoptimisation of water-uranium ratio. 

The burnup extension is the most promising and relatively 
simple way to improve fuel utilization. Results of the economic 
optimization will be described in detail in the following 
chapters. Four years cycles already adapted for WWER-440 show 
10-12% reduction in the fuel cycle costs and 10-15% savings in 
natural uranium consumption. Three years cycles of WWER-1000 
leads to 15% reduction of both; costs and uranium consumption. 

For further burnup extension using of cycle length off 18+24 
month is possible. 

Under development is replacement of stainless steel components 
of fuel assembly with Zr alloys with lower content of Hf :'.n Zr. 
This reduction of neutron absorption could reduce urf.nium 
consumption by 3-7% for WWER-440 and by a-12% for WWER-1000. 

Implementation of low leakage reloading pattern may decreas 
natural uranium consumption by 4-5% and additionally reduce the 
neutron fluence in the reactor vessel. The first preliminary 
estimation of water-uranium ratio optimization shows possible 2% 
savings in uranium consumption. 



J2 3. Burnup optimization 
The total fuel cycle cost depends on several cost parameters, 

which will reflect the variation with burnup. Some paraaeters have 
strong influence on the absolute cost level but have a little 
effect on relative cost benefit of a increasing burnup. Other 
parameters result in considerable cost advantages in extending 
burnup. 

Proper burnup optimization is of a great importance because of 
considerable possible financial advantages or losses. Detailed 
burnup optimization of WWER reactors was performed within IAEA 
"Water reactor Extended Burnup Study (WREBUS)" [2],[3]. The 
economic method of discounted revenue requirement approach was 
applied to obtain levelised power cost over an equilibrium fuel 
loading. The levelised cost is the ratio of sum of the present 
worth revenue requirements associated with the fuel to the present 
worth of power produced. Power is assumed to be produced 
continuously over the time between power shutdowns for reloading. 

Required enrichment as a function of the burnup is a results 
of neutron calculation for out-in fuel management scenario 
(fig.l). In-core fuel management is optimized for uniform power 
distribution but not from point of view fuel utilization. 

The optimization was performed for both types of WWER reactors 
with fixed cycle length; 12 and 18 months for WWER-440 and It 
months cycle for WWER-1000. 
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The fuel cycle costs were calculated not only with the common 
economic data presented in following table 1, but also with 
perturbations some of them within their realistically predicted 
uncertainty. 

Table 1. Common economic input parameters 

Parameter 
Discount rate, % 
U feed cost, S/kg U 
UF conversion, S/kg U 
Enrichment, S/kg U 
Fuel fabrication, S/kg U 
Net backend cost, S/kg U 
Tails assay, % 
Operating load factor 
Re-fueling shutdown, days 
U purchase lead time, years 
Enrichment lead time, years 
Fabrication lead time, years 
Conversion losses, t 
Fabrication losses, % 

Bases value 
5 

65 
8 

110 
250 
400 

0 25 
0 90 

45 
1 0 
0 75 
0 50 
0 5 
1 5 

The net backend cost is assumed to apply at time of fuel 
discharge. 

From results of WWER-440 calculation follows, that the fuel 
cycle costs for the 12 months cycle give optimum burnup for almost 
all economic conditions in the range from 50 to 65 MWd/kg with 
very low incentives to increase burnup above 50 MWd/kg with the 
only exception of increasing lackend cost to 800 or 1600 S/kg. In 
this case burnups of 60 MWd/kg or more are attractive. 
Approximately the same situation is for 13 months cycle; optimum 
burnup is by 5HWd/kg higher and again with very low incentives to 
burnup increasing above S3 MWd/kg except high backend cost 
conditions. 

For the WWER-1000 fuel cycle costs give optimum above 70 
MWd/kg for almost all economic conditions. For increased backend 
costs condition there are again more strong incentives to increase 
burnup even more 60 MWd/kg. 

For the base set of input economic parameters the composition 
of the fuel cycle costs for the WWER-1000 is shown in fig.2 and 
for two other cases (WWER-440 with 12 and 18 month cycles) has the 
same form. 

The analysis performed with perturbed input economic data 
shows, that only change of discount rate (10*) and backend costs 
(800 S/kg or 1600 $/kg) has the considerable influence on the 
value of optimum burnup. The increased value of discount rate (see 
fig.4) shifts the optimum burnup to lower values. The increased 
backend costs sharply rise incentives to increase burnup for above 
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60 MWd/kg. From performed analysis results relatively large 
economic incentives to increase batch average burnup to the value 
of 60 MWd/kg due to above all decreasing backend costs with burnup 
increasing. 

4. Backend costs 
Previous results of burnup optimization emphasised the 

important role of good knowledge of backend cost for good 
evaluation of both absolute value of the fuel cycle costs and 
optimum value of average burnup. There are no first rate and 
verified backend fuel cycle cost up to now. For the nearest future 
it is necessary to determine in detail the level of these costs 
and their nature. It means to determine the functional 
relationship between the costs and burnup or other on burnup 
dependent characteristics. Now almost all nuclear countries avoid 
dependence of backend costs on burnup or burnup related 
characteristics and backend costs are expressed as burnup 
independent values in the range of 400 - 2000 $/kg spent fuel. 
Only in the United States and Sweden on the basis of political 
governmental decision utilities pay taxes to public treasury (i.e 
backend fuel costs) according to power generation in the nuclear 
fuel. 

Backend costs related to mass or volume of the discharging 
spent fuel create a different economics conditions for evaluation 



of the optimum value of burnup in comparison with linear 
dependence of th. backend costs on burnup. The later approach do 
not make main basis for economic incentives to burnup extension to 
the range of 50 -60 MWd/kg. It is clear, that problems connected 
with the fuel ~ycle backend are very complex ones with many 
complicated mut'ial relations covering not only technical, economic 
and safety aspects of nuclear power industry but also political 
and social conditions. Nevertheless for the design of future 
nuclear power stations and for better utilization of operating 
plants relatively good estimation of backend costs is necessary. 
The clearing up of principal problems of backend fuel economy is 
important for the decision on implementation of new advanced 
technologies for water reactors above all light water convertors. 
The fixed costs applied to mass (kg u) prefer burnup extension and 
consequently less close core lattice and lower conversion ratio. 

a. Technical and safety aspects 

Theoretical analyses of economic incentives to extended burnup 
are based on the assumption that no major technical issues or 
problems impede the extension of burnup within the range studied. 
This principal assumption is necessary to establish whether or not 
economic incentives to increase burnup exist. 

The technical aspects of first steps taken to increase WWER 
burnup to 40 - 50 MWd/kg 0 have been solved [5]. More than 200 
WWER-1000 fuel rods have been tested for the three - years *ue' 
cycles [5] in the MR reactor under the operation conditions of 
WWER-1000 up to 78 MWd/kg. The tests have shown an insignificant 
increase of the diameter of the fuel cladding and their length in 
the end of core lifetime. The tests have also shown that change in 
the fuel element geometry isn't a limiting factor for burnup 
extension with optimally chosen pressure, filling gas (helium), 
fuel - cladding gap size and size of the plenum. 

The diameter of the central hole in the fuel pellet is 
determined i»y the linear load below which no significant grain 
growth occurs and the size of central hole does not decrease. Use 
of the pellets with the 2.4 ma hole diameter in the WWER-1000 fuel 
elements designed for the three years cycle makes it possible to 
predict that the free volume in the fuel will remain also at 
higher burnup. 

A large number of the fuel assemblies was tested in WWER-1000 
and results have shown that corrosion and fretting corrosion do 
not limit increase of the fuel burnup [5]. Examination of the fuel 
elements irradiated in the MR reactor under the conditions similar 
to those of the WWER-1000 operation has revealed, that the 
zirconium oxide film thickness did not exceed 3 mm independently 
of the burnup. The hydrogen content in the cladding of the 
irradiated fuel element (0.008%) exceed slightly the starting 
value of 0.002%. 

Due to high linear loads of the WWER-1000 fuel elements the 
gas release may reach about 50%. For the higher burnups it is 

important to keep the relative volume of plenum to about 0.3. Then 
in the end of fuel element lifetime the fission gas pressure on 
the cladding is balanced by the coolant pressure. An urgent 
problem is verification of the codes for assessment of gas release 
from the fuel applied to fuel burnups higher than 60 MWd/kg. 

The negative incidence has burnup extension on possibility of 
primary circuit contamination by defect fuel elements. Under 
higher burnup operational conditions it seems to be necessary to 
change present - day limits determining maximum admissible number 
of defective fuel elements. There ate methods in Czechoslovak 
nuclear power plants for optimization of the operation and the 
checking of fuel elements state [4). Fuel element expert system 
PES optimizes thermal output of reactor from point of view 
probability of fuel element cladding failure and continuous 
gamma-spectrometry with code PEPA enables continuous quantitative 
evaluation of fuel elements cladding state. 

On the basis of safety studies carried out in nuclear 
industrial countries aren't expected qualitatively new phenomena 
in connection with the higher burnup and there ire no safety 
problems of principle nature, but it is necessary considerably 
larqe amount of Ra effort especially for licensing and for 
actualization of NPP operational procedure. 

6. Conclusions 
There are several possible ways reducing fuel cycle costs for 

WWER reactors. Burnup extension from the present-day value of 
about 40 MWd/kg to 60 MWd/kg is the most effective alternative. 
The second effective way is fuel cycle length elongation in 
particular with simultaneous extension of burnup. 

In Czechoslovak NPPs is under implementation burnup extension 
to 40 - 45 MWd/kg loading to four years cycles for WWER-440. Fuel 
rod reliability was demonstrated in both experimental and 
commercial reactors. No major technical problems are known, which 
would prevent additional extension of burnup up to 60 MWd/kg for 
WWER reactor. Compared to PWRs operating at the high coolant 
temperatures and using Zircaloy cladding corrosion and fretting 
corrosion don't limit the value of permissible burnup. 

Results of detailed economic analysis shows undoubted 
incentives to increase average burnup of discharging fuel to about 
60 MWd/kg; mainly due to reduction in backend component of total 
fuel cycle costs. This is not valid only for the high backend 
costs but even if the lowest estimation (400 S/kg) is supposed. 

The most important determinants of the economic benefits of 
burnup extension are backend costs and discount rate; backend 
costs are much more important than the discount rate. Because of 
wide range of the present-day backend costs values more 
investigations and analyses are required to determine more 
precisely the nature and level of these costs. 

The method of evaluation of backend fuel cycle costs raay very 
strongly influence the attitude towards advanced water reactors 
and may have the principle role in the choice of basic design 
parameters of the light water convertor. 
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Abstract 

The Teollisuuden Volma Oy (TVO) operates tvo 710 HW nuclear power plant 
units In Olklluoto on the west coast of Finland. TVO I was connected to the 
national arid in 1978 and TVO II In 1980. The price of the produced 
e l e c t r i c i t y la depending on the capacity factor of the plant. In order to 
avoid unplanned shutdowns and to operate at a high eff ic iency a food condition 
monitoring and an effect lv» maintenance are needed. In this paper the 
development of the main maintenance period of the plant and the refuel l ing 
outage are described. 

INTRODUCTION 

TVO ( T e o l l i s u u d e n Voima Oy) o p e r a t e s two 710 MW 
n u c l e a r power p l a n t u n i t s in O l k i l u o t o on t h e 
west coast o f F i n l a n d . The p l a n t s have been 
s u p p l i e d by t h e Swedish company ABB ATOM Ab 
( e a r l i e r ASEA ATOM A b ) . 

TVO I was c o n n e c t e d to t h e n a t i o n a l g r i d in 
1978 and TVO I I i n 1 9 8 0 . O p e r a t i n g t ime (on 
l i n e ) for TVO I i s 8 9 0 0 0 hours and f o r TVO [ I 
77000 h o u r s . 

The p r i c e o f t h e produced e l e c t r i c i t y is to a 
h i g h d e g r e e d e p e n d i n g on the c a p a c i t y f a c t o r o f 
the p l a n t . I n o r d e r to a v o i d u n p l a n n e d shutdowns 
and to o p e r a t e a t a h i g h e f f i n c i e n c y a good c o n 
d i t i o n m o n i t o r i n g and an e f f e c t i v e m a i n t e n a n c e 
a r e n e e d e d . In t h e f o l l o w i n g t h e d e v e l o p m e n t o f 
t h e main m a i n t e n a n c e p e r i o d of the p l a n t , t h e 
r e f u e l l i n g o u t a g e , w i l l be d e s c r i b e d . 

PLANT AVAILABIL ITY 

The c a p a c i t y f a c t o r s o f TVO I and I I p l a n t s have 
been between 80 and 90 % s i n c e 1 9 8 3 , f i g u r e 1 . 
The p l a n t s were u p r a t e d in 1984 by 8 %. The main 
p o s i t i o n o f u n a v a i l a b i l i t y is caused by r e f u e l l i n g 
o u t a g e , f i g u r e 2 . 


