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1. Introduction 

Loviisa NPP started commercial operation in May 
1977 with start-up of Loviisa 1 reactor. Loviisa 2 
followed two and half years later in the beginning 
of 1980. Today we have 45 reactor-years ope-
rational experience. Loviisa 1 and 2 reactors have 
recently completed their 24-th and 21-st cycles, 
respectively. 

Fuel assembly design of WWER-440 reactor 
can be said to have been ahead of its time in the 
middle of 70’s. Fuel rod diameter was small 
compared to western fuel designs at that time. As 
a result, the number density of fuel rods was 
higher and hence linear heat rate and fuel tem-
peratures were sufficiently low.  Introducing more 
and thinner fuel rods during the years has lowered 
linear heat rates in western reactors, too. Nowa-
days, the western rod diameters are quite near to 
the original WWER rod diameter, which has 
remained the same. Another advanced feature of 
original WWER fuel is cladding material Zr1Nb 
(E110), which shows very good corrosion beha-
viour up to quite high burnups. There is some cont-
roversial information about E110 behaviour in acci-
dent conditions, which should be further studied to 
clarify the situation. A special feature of WWER 
fuel, compared to normal PWR reactors, is the 
shroud tube around the rod bundle. The shroud is 
very beneficial from the fuel handling point of view, 
since there is no risk of grid-to-grid interference of 
neighbouring assemblies. It also facilitates intro-
duction of other competing assembly designs by 
preventing cross flows between different types of 
assemblies. 

Fuel behaviour in Loviisa reactors in terms of 
leaking fuel assemblies has been good. We have 
tried to find out the reasons and contributors for all 
the fuel leaks. Based on the failure cause assess-
ment different remedies have been proposed and 
implemented to the fuel design. 

In search of improving the fuel cycle economy 
the main issue in recent years has been increasing 
the fuel discharge burnup. Finnish regulatory stan-
dpoint towards increasing burnup has been very 
tight. Maximum assembly burnup in Loviisa NPP 
was only recently increased from 40 MWd/kgU to 
45 MWd/kgU. As far as normal operation is con-
cerned, there seems to be a lot of margin between 
present regulatory limits in Loviisa and fuel design 
limits. The real limits do not come from fuel beha-

viour in the normal operation or operational occur-
rences but from the accident behaviour. At the mo-
ment, it seems that there is no possibility to go be-
yond 45 MWd/kgU assembly burnup before addi-
tional (positive) results have been attained from 
the on-going international research programmes 
on high burnup fuel behaviour in RIA and LOCA. 

 
 

2. Major Improvements by Fuel Design 
Changes in Loviisa NPP 

2.1. Rod Elongation Margin 

The first major design change in the Loviisa fuel 
was enlargement of the fuel rod elongation margin. 
In the original fuel assembly design the fuel rods 
were laterally supported at the top by a stainless 
steel support plate with holes for the fuel rod end 
plugs allowing for the axial elongation of the rods. 
However, the margin for rod growth was barely 
enough for the rod elongation (especially for rods 
with extruded pellets described later) during three 
cycles, not to speak about today’s four or five cyc-
les in many of the WWER-440 reactors. The elon-
gation margin was enlarged in 1984 deliveries to 
the present value of minimum 25 mm. 

 
2.2. Change in the Pellet Design and 

Manufacturing Process 

The next major design change was connected to 
fuel pellet manufacturing technology. In the early 
days the green pellets were manufactured by ex-
trusion. This method resulted in much longer 
pellets than today’s pressed pellets. In addition, 
the pellet ends were not as perpendicular to longi-
tudinal axis as can be achieved with the pressing 
technique. The overall behaviour of the extruded 
pellets was, however, good. The number of leaking 
fuel assemblies at that time was not noticeably dif-
ferent from the later times. Simultaneously with the 
change in manufacturing technology small cham-
fers were introduced in the pellet ends. Main 
reason for this design change was probably more 
technological (easier automation of pellet handling) 
than improvement of fuel behaviour. Nevertheless, 
there was also a beneficial effect on the fuel rod 
elongation behaviour. Average fuel rod elongation 
rate observed in the rod length measurements in 
Loviisa NPP was 2.6 mm/10 MWd/kgU for the rods 
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with extruded pellets whereas it 
was only 1.6 mm/10 MWd/kgU 
for the pressed pellets. The 
main reason for the smaller rod 
growth is believed to be weaker 
pellet-cladding mechanical in-
teraction due to more regular 
and controlled pellet end shape 
and less pellet chips between 
the cladding and the pellet. 

 
2.3. Upper Grid Modifications 

In several poolside examina-
tions of leaking fuel assemblies 
and also in a number of exami-
nations of non-leaking assem-
blies in the 1980’s we observed 
that the upper grid of the 
assembly was deformed and 
sometimes broken. Figure 1 
shows a typical example of 
such an upper grid. The reason 
for these deformed upper grids 
was the fact that while the fuel 
rods were growing during ope-
ration due to irradiation and 
PCMI, in many cases they 
stuck in the upper grid and 
were not able to slide through 
it. The upper grid was fixed to 
the assembly top nozzle and 
was therefore not able to give 
in to the force of the rods. The 
total upward force of many 
stuck rods was finally able to 
deform and break the grid.  In 
addition to upper grid deforma-
tion this phenomenon is sus-
pected to be one of the main 
contributors for fuel leaks. Axial load on the rods 
may cause rod bowing and consequently deforma-
tion of grid cells. A later relaxation of the axial load 
during reactor shut down may then leave the rod 
without proper support of the spacer grid later in 
life. This may lead to grid fretting failure. The same 
root cause is believed to be behind observed inad-
vertent spacer grid movement reported in [1]. 
Starting from 1992 deliveries the construction of 
the upper grid was changed in such a way that it 
was no longer fixed to the top nozzle but was able 
to move along with the growing fuel rods. 

 
2.4. Change of Material in the Spacer Grids 

In 1994 deliveries the material of the spacer grids 
was changed from stainless steel into Zr1%Nb 
(E110). The main reason for the change was to 
improve the fuel economy by replacing steel with a 
less neutron absorbing material. As a side effect 

zirconium spacer grids may also have remedied 
the problem of fuel rod sticking in the spacer and 
upper grids. 

 
2.5. Shroud Tube Thickness 

The latest major design change has been reduc-
tion of the shroud tube wall thickness from 2.0 to 
1.5 mm for the fixed assemblies. Improving of the 
fuel economy was the reason for this design 
change, too. 

 
 

3. Fuel Failures in Loviisa NPP 

3.1. Cumulative Failure Rate 

In Loviisa NPP there have been 31 leaking fuel 
assemblies in total during the 45 reactor years. 
Thus, the cumulative leaker rate is 0.7 leakers per 

 
Figure 1. Deformed and broken upper grid 
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Figure 2. Number of failed fuel assemblies and timing of major design 

changes by reloads at Loviisa NPP 
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cycle. Seven leakers were cau-
sed by the same incident, a crud 
build-up problem that occurred 
in Loviisa 2 in 1995 [2]. There-
fore, leaker rate for other rea-
sons is 0.5 leakers per cycle. 

 
3.2. Investigation of Failed 

Fuel Assemblies 

It is Fortum’s policy (endorsed 
by the fact that it is also a requi-
rement of the Finnish safety 
authority) to try to find out rea-
sons for fuel leaks. For that rea-
son all individual leaking fuel 
assemblies are inspected in the 
poolside inspection equipment 
at Loviisa plant and the leaker 
statistics is studied in several 
ways. Poolside examinations 
are the most important way of 
trying to identify the root cause 
of the fuel failures. In addition 
to that, several other measures 
are taken in search of factors 
contributing to failures. Follow-
ing chapters illustrate these 
measures. 

 
3.3. Failure Rate as a 

Function of 
Manufacturing Batches 

Figure 2 shows the number of 
leaking assemblies as a func-
tion of fuel delivery batches. 
Until recently, the fuel has been 
manufactured mainly in one 
continuous campaign for both 
units. Therefore, the yearly de-
livery batches contain usually 
somewhat over 200 assem-
blies. In this way one can see if 
there has been a quality prob-
lem in one particular manufac-
turing batch. Figure 2 gives a 
hint that there may have been 
some problem in the 1985 
delivery although manufactu-
ring records show that specifications were met. 
Somewhat higher than average leak rate in 1991 
delivery is a result of the before mentioned crud 
build-up problem and, therefore, has no relation to 
manufacturing. Figure 2 also shows the timing in 
relation to fuel deliveries of the major design chan-
ges that have taken place. From that information 
one gets the impression that design changes have 
not contributed significantly to leak rates except for 
the change of spacer grid material from steel to 

Zirconium. For now, there have been no leakers 
after this design change. 

 
3.4. Failure Rate as a Function of Operation 

Cycles 

In Figure 3, the number of leaking assemblies is 
presented as a function of year when the leakers 
have been discharged from the reactor. In the 
majority of cases this is the yearly maintenance 
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Figure 3. Number of leaking assemblies by the year 
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Figure 4. Cumulative number of failed fuel assemblies in Loviisa NPP in 

different core locations in 30° symmetry; the numbers in 
parenthesis include the leakers due to the crud build-up 
problem at Loviisa 2 in 1995 
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outage following the cycle when 
the leakage has occurred. De-
picting the failures in this way 
might reveal exceptional opera-
tional conditions leading to an 
increase in the fuel failure pro-
bability. The crud build-up 
problem in Loviisa 2 in 1995 is 
clearly seen here. Otherwise, 
there are no clear indications of 
abnormal situations. 

 
3.5. Failure Rate as a 

Function of Core 
Location 

Figure 4 shows the cumulative 
number of failed fuel assem-
blies in different core locations 
in 30° symmetry (the numbe-
ring of the location is made in 
60° symmetry). There are two 
things that draw attention: 
• All leaking fuel assemblies 

so far have been fixed fuel 
assemblies; 

• Out of 24 (if the “crud” 
assemblies are ignored) 
leaking assemblies there 
are 10, which have started 
to leak at a location beside a 
regulating control rod (loca-
tions 1 and 7) in 60° sym-
metry. 

If one assumes that there is 
equal probability for any one 
fuel assembly (fixed or follower) 
to become a leaker irrespective 
of the core location, then, theo-
retically there is: 
• 5% probability that out of 24 

leakers all 24 are fixed 
assemblies and  

• 0.2% probability that out of 
24 leaking fixed assemblies 
more than 9 are located be-
side a regulating control rod 
group. 

Therefore, it seems that the 
assumption is not correct. It is 
likely that there is a greater pro-
bability for the fixed fuel assem-
blies to become leakers than 
for the follower assemblies. 
Leak probability ratio of 4.6 be-
tween fixed and follower 
assemblies would give 50% 
probability that all 24 leakers 
are fixed assemblies. It is al-
most certain that there is a 
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higher probability for a fixed 
fuel assembly to become leaker 
beside the regulating control 
rod group than elsewhere in the 
core. Leak probability ratio of 
3.7 between location beside the 
regulating group and elsewhere 
would give 50% probability that 
there are at least 10 leakers 
beside regulating group out of 
24 in total. Figures 5 and 6 
illustrate the probability distribu-
tions in these cases. 

In addition to core location 
during the cycle when leak 
occurs, it interesting to look the 
path (and the rough power 
history) of the leaking assem-
blies from cycle to cycle. It turns out that the majority 
of the leaking fuel assemblies in Loviisa have 
moved from the periphery of the core towards the 
centre. Usually they have experienced a power 
increase between the end of the first cycle and the 
beginning of the second cycle. This fact, together 
with the fact that fuel leak beside the regulating 
control rod group is more likely than elsewhere, 
gives a hint that there might be a PCMI-type factor 
contributing to the fuel failures. However, there is so 
far no visual evidence on PCMI-type fuel failures. 

 
 

3.6. Summary of Failure Causes 

Although it is often difficult to find out the true cause 
of the fuel failures using only poolside inspection 
results, we have tried to classify the leaking fuel 
assemblies according to the cause of failure. In the 
statistics all failures with upper grid deformation 
have been associated with fretting failure, which 

seems to be true in a number of cases where it has 
been possible to see the primary defect. Figure 7 
shows the distribution of the causes of fuel leaks. 
Rod-to-grid fretting has been almost the sole known 
cause for fuel failures (it was also the direct failure 
cause for the fuel leaks due to crud build-up 
problem). The fact that many leakers have located 
beside the regulating control rod group and have 
had a power increase between the first and second 
cycle gives hint that PCMI may have played a role in 
some of the fuel failures. 

 
 

4. Fuel Issues in the Future 

4.1. Burnup Increase 

Maximum assembly burnup limit in Loviisa NPP 
was only recently increased from 40 MWd/kgU to 
45 MWd/kgU. Future potential for improving the 
fuel economy, for instance transfer from 3 batch 
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Figure 7. Distribution of fuel failure causes in Loviisa NPP 
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Figure 8. Discharge batch average burnup and maximum assembly burnup in Loviisa 1 and 2 
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loading to 4 batch loading requires significant in-
crease in the fuel burnup. However, before burnup 
can be increased from the safety point of view, 
additional positive results shall be gained from the 
on-going international research programmes on 
high burnup fuel behaviour in RIA and LOCA. 

The average discharge burnup and maximum 
assembly burnup has gradually increased since 
the beginning of plant operation in 1977. Figure 8 
shows the development between 1985 and 2000. 
A full 3 batch loading pattern was not possible for 
Loviisa reactors’ reduced cores and increased 
thermal power without violating the previous 
assembly burnup limit of 40 MWd/kgU. Therefore, 
part of the fuel assemblies had to be used for two 
cycles only. The new 45 MWd/kgU limit will allow a 
full 3 batch loading in the future. 

In search of further improvement of the fuel 
cycle economy the limits do not come from fuel 
behaviour in normal operation or operational 
occurrences but from the accident behaviour. At 
the moment, it seems that there is no possibility 
to go beyond 45 MWd/kgU assembly burnup be-
fore additional (positive) results have been attai-
ned from the on-going international research 
programmes on high burnup fuel behaviour in 
RIA and LOCA. 

Finnish regulatory standpoint is that there are 
many physical phenomena in accident conditions, 
which are not well enough, if at all understood in 
the high burnup range. The present safety criteria 
were developed during the late 60’ies, early 70’ies 
and they are based on data that covers burnup 
range 0…40 MWd/kgU [3]. 

 
4.2. Embrittlement of E110 Alloy in LOCA 

In early 90-s embrittlement tests were carried out 
for the E110 alloy in Rossendorf [4]. The main 
result of the test was that, using ring compression 
test as a criterion for embrittlement, E110 be-
comes brittle with clearly less oxidation thickness 
than Zircaloy-4. Further tests made by KfKI, 
Hungary [5,6] have confirmed the earlier Rossen-
dorf results and suggested enhanced Hydrogen 
pick-up in E110 as a main cause for the higher 
embrittlement. It can be argued whether the ring 
compression tests are valid for assessing the 
cladding embrittlement in LOCA conditions. For 
instance, similar tests made in Finland in the 
middle of 1980’ies using a rod bending tests as a 
criterion for embrittlement resulted in more or less 
equal behaviour of E110 and Zircaloy-2. The 
LOCA quench tests performed in Russia and in 
Hungary [5] for E110 have resulted in acceptable 
behaviour within the traditional LOCA criteria, 
1200°C and 17% ECR. 

Recently, the embrittlement in LOCA conditions 
of new Zr-Nb alloys, Zirlo and M5, has also been 
investigated in light of the early Rossendorf results. 

The tests performed by Westinghouse and Fra-
matom have reportedly resulted in behaviour of 
Zirlo and M5 similar to that of Zircaloy-4 in the ring 
compression tests of samples oxidised in LOCA 
simulating conditions. 

The Russian fuel vendor TVEL has, of course, 
also investigated E110 behaviour in accident simu-
lating conditions. It is acknowledged that there are 
some differences in the behaviour between E110 
and other Zr based cladding materials. However, it 
is emphasised that special care should be taken 
when comparing the results of different tests due 
to potential differences in the experimental condi-
tions and in the investigating techniques of the 
samples [7]. 

The Hungarian experiments [6] give useful in-
formation on the reasons behind different beha-
viour of Zircaloy-4 and E110 in LOCA simulated 
conditions. There are, however, many questions 
still to be answered. For instance, why out of the 
quite similar Zr-Nb alloys E110, M5 and Zirlo only 
the two latter ones behave in a similar way as 
Zircaloy-4 when tested by ring compression test 
after LOCA simulation? More experiments would 
be welcomed where the experiment and test 
conditions for different types of cladding material 
were equal. Preferably different materials should 
be tested in the same experimental facility. One 
could also try to find embrittlement tests that would 
more realistically than ring compression test 
simulate the loads during the LOCA. 

 
4.3. Up-issued Finnish Safety Guide for Fuel 

Design Limits 

The Finnish Safety Authority (STUK) has re-issued 
recently the safety guide for nuclear fuel design 
limits. The most notable change to previous issue 
was dividing the earlier one accident class into 
two: class 1 accidents that have a frequency range 
10-2…10-3/y and class 2 accidents with frequency 
less than 10-3/y. Another change was the 
introduction of design limits for the number of fuel 
rods experiencing DNB in class 1 accidents and 
number of failed rods in class 2 accidents. These 
new requirements require developing of new cal-
culation methods that allow for assessing quantita-
tively the number of rods experiencing DNB or 
number of failed rods. 

 
4.4. Fuel Contracts 

Fortum has signed a contract of fuel deliveries with 
BNFL as a second supplier for Loviisa NPP. The 
Contract covers 5 reloads for one unit, starting 
2001. An agreement was made with the Russian 
fuel vendor TVEL, based on the original fuel 
Contract for Loviisa NPP for other 5 reloads for 
one unit also starting 2001. The reason for the se-
cond supplier is mainly economical. 
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5. Conclusions 

Fuel behaviour in Loviisa NPP has been good 
throughout the operational history of the plant. 
Several fuel design changes have been implemen-
ted during the years. Incentive for the design chan-
ges has been either improvement of fuel behaviour 
or of the fuel economy or both. All fuel failures in 
Loviisa have been analysed in search for the root 
cause of the failures.   

Although it is many times difficult to find out the 
real failure mechanism, it is likely that the inability 
of the fuel rods to slide through the stainless steel 
spacer grids is one of the major contributors to 
rod-to-grid fretting failures. Change of the spacer 
grid material from stainless steel to Zr1Nb alloy 
seems to have eliminated this problem. 

Future potential for improving the fuel economy, 
for instance transfer from 3 batch loading to 4 
batch loading requires significant increase in the 
fuel burnup. However, before burnup can be in-
creased beyond 45 MWd/kgU assembly burnup, 
several questions concerning high burnup fuel be-
haviour in RIA and LOCA accidents shall be 
clarified. 
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