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1 Background 
The use of commercial nuclear energy in Finland started in 1977 with commissioning of the Loviisa-1 
unit of the Loviisa NPP. Loviisa-1 was followed by Olkiluoto-1, Loviisa-2 and Olkiluoto-2 in 1978, 
1980 and 1980 respectively. Both reactors at Loviisa NPP are WWER-440 reactors (type V213). They 
are operated by Fortum. Both reactors at Olkiluoto are BWR reactors and they are operated by 
Teollisuuden Voima Oyj (TVO). The operational experience with Loviisa Fuel has been reported earlier 
in the international seminars on WWER Fuel Performance, Modelling and Experimental Support 
[1,2,3,4,5,6]. This paper updates the information as far as the Loviisa fuel is concerned. In addition, a 
short summary is given of the fuel operational experience at Olkiluoto 1 and 2 units. 

2 Nuclear power plants and fuel cycle in Finland 

2.1 Operating nuclear power plants and plants under construction 
There are two operating nuclear power plants in Finland, Loviisa NPP and Olkiluoto NPP. Both plants 
have two operating units, Loviisa-1 and -2 and Olkiluoto-1 and -2. A third unit at Olkiluoto will be 
European Pressurized Reactor (EPR) by AREVA Siemens Consortium. The plant is under construction 
at the Olkiluoto site. Table 1shows the basic data, such as net power output and load factors for these 
nuclear units.  

Both operating power plants have upgraded their electrical power in 1998 compared to the originally 
designed power. At Olkiluoto the thermal power was upgraded by 18 % and at Loviisa by 9 %. In 2006 
the electric power of Olkiluoto units was upgraded once more to its present value 860 MW 
corresponding 21 % increase to the original. Apart from a standard WWER-440 reactor, both Loviisa 
units have a reduced core with 36 peripheral fuel assemblies replaced by stainless steel dummy 
assemblies to shield the pressure vessel from the neutron flux. Therefore, the average power density in 
the Loviisa cores is more than 20 % higher than in a standard WWER-440. 

The present operation licenses are valid until 2018 for Olkiluoto-1 and 2. That is equivalent to 40 - 42 
years' operation time. TVO's present plan is to further extend the operation license to total lifetime of 60 
years, that is, until 2040. For Loviisa-1 and -2 the operation licenses were recently re-issued and are now 
valid until 2027 and 2030, respectively. This corresponds to 50 years of operation. Olkiluoto-3 is now 
scheduled to start in 2012. The projected operational lifetime of Olkiluoto-3 is 60 years. 

2.2 Plans for additional nuclear units in Finland 
Additional nuclear units in Finland are being planned. Three power companies have left their 
applications to the Finnish government for a decision in principle to build new nuclear unit(s). These 
power companies are TVO and Fortum, which operate Olkiluoto and Loviisa plants respectively and a 
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new nuclear power company Fennovoima Oy. Fennovoima is owned by Finnish industry and local 
power companies (66 %) and E.ON Nordic AB (34 %). The alternative reactor types, which are being 
considered, are enlisted in Table 2.  

At the moment, political discussions are going on whether a permission to go ahead can be given to 
none, all or just one or two of the applicants. The final decision in principal will be made by the Finnish 
parliament and it is expected during spring/summer 2010. 

3 Fuel designs and performance  

3.1 Loviisa NPP, Fortum 
Fuel designs 

There is only one fuel supplier, JSC TVEL (TVEL), for the Loviisa NPP. TVEL has supplied fuel for 
the Loviisa plant continuously from the start of operation in 1977.  

BNFL/Westinghouse supplied seven fuel reloads for Loviisa-1 reactor in 2001 - 2007. The reloads were 
preceded by 5 Lead Test Assemblies (LTAs), which were irradiated in the Loviisa-2 reactor between 
1998 and 2003 up to 5 cycles. 

TVEL's fuel design has changed in an evolutionary manner since the beginning of operation. A major 
design change was introduced into the latest fuel reloads for Loviisa-1 and -2 which are due to be loaded 
into the core in 2009 and 2010 respectively. This latest design change, the so called 2nd generation 
WWER-440 fuel, incorporates improvement in both fuel economy and structural stability. TVEL, or the 
fuel manufacturer JSC Mashinostroitelny Zavod (MSZ), have not "named" the earlier different 
evolutionary WWER-440 fuel designs, although some of the design improvements are quite substantial. 
This somewhat complicates comparison of fuel operational experience between different WWER-440 
reactors. 

Table 3 enlists the major changes in the design of the Loviisa fuel. The reasons for the design changes 
can be divided into three categories: 

- improvement of the fuel thermo-mechanical performance 
- improvement of the fuel economy 
- facilitating the inspection (and repair?) of the fuel during and after the irradiation 

The initiative for improving the design has come from TVEL/MSZ in most of the cases. However, a 
regular exchange of information between TVEL and Fortum (and other users) has contributed to these 
improvements. Pool-side inspections at Loviisa NPP have turned out to be a very useful source of 
information for finding out the root causes of some of the shortcomings in the fuel design.  

Comparison of major design features having influence on the fuel economy between the TVEL and 
BNFL/Westinghouse fuel is presented in Table 4. It can be said that TVEL's 2nd generation fuel and 
BNFL's NOVA E-3 fuel assemblies are overall quite near to each other although clear differences in 
details exist (cladding and shroud tube materials, pellet design, spacer grid design, …). 

Burnup 

Batch average discharge burnup has developed from early years’ 30 MWd/kgU to today’s 40 
MWd/kgU, see Figure 1. The present the assembly burnup limit is 45 MWd/kgU. Due to unexpectedly 
good load factors this limit has been slightly overstepped with the approval of the safety authorities. 
Some lead test assemblies (LTA) have also been allowed to be irradiated to higher burnup up to ca. 
55 MWd/kgU.  
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A high burnup programme aiming to maximum assembly burnups of 55 … 60 MWd/kgU is underway. 
The programme includes different fuel behaviour analyses, hot cell examinations of high burnup Loviisa 
fuel at hot cells in Studsvik, Sweden and irradiation tests in the Halden test reactor in Norway, see 
chapter 4.1 below.  

Fuel failures 

Cumulative fuel assembly failure rate in Loviisa NPP is 4,6·10-3 (quantity of failed assemblies per all 
irradiated assemblies). This is equivalent to fuel rod failure rate of 3,7·10-5 assuming that there is one 
failed rod per failed assembly, which has been the case in the vast majority of the cases according to 
pool-side examination results. The number of discharged failed fuel assemblies at Loviisa-1 and -2 
during their operational life is given in Figure 2.  

In most of the fuel rod failure cases the actual reason for the failure has not been firmly established. 
From various observations Fortum has concluded that grid-to-rod fretting has been the prime contributor 
to the fuel failures in Loviisa NPP. The root cause for the grid-to-rod fretting is believed to be the design 
and/or material of the spacer grids (which have been changed since). A crud deposit incident at 
Loviisa-2 in 1994 was also followed by grid-to-rod fretting failures caused by crud induced vibrations. 
A rough estimation of the causes behind fuel failures at Loviisa NPP is given in Figure 3. 

It is a common practice in the nuclear industry that one shall learn from mistakes. Therefore, in Finland 
the power utilities try to find out the root cause of all fuel failures. A very good and economic tool for 
investigating the failure causes is a pool-side inspection stand. In many, if not in most of the cases a 
visual inspection is enough to reveal the failure cause. Examples of visual inspections at Loviisa NPP, 
which have resulted in a design changes to avoid future fuel failures are: 

- In the early days of Loviisa NPP operation fuel inspections using a simple underwater camera 
revealed that the axial allowance for the fuel rod growth was insufficient. As a result, the upper grid 
structure was changed in 1984 to allow the axial rod growth for all foreseeable operation of the 
WWER-440 reactors (item 1 in Table 3). 

- In late 80'ies the pool-side inspections at Loviisa NPP revealed that some of the upper spacer grids 
were deformed and partially broken. It was concluded that the root cause was the fact that the fuel 
rods were not able to slide through the upper grid. Since the upper grids were fixed to the top nozzle 
of the assembly, the elongation of the rods during irradiation caused forces to the upper grid and 
consequently deformed or broke them. As result, the upper grids were no longer fixed to the top 
nozzle but only to the instrument tube with allowance to axial movement (item 4 of Table 3). 

- Visual inspection of two fuel assemblies in 1997 revealed inadvertent axial movement of some of 
the spacer grids. Further investigation of 136 fixed fuel assemblies and follower assemblies revealed 
four additional assemblies with moving grids [7]. It was established that the root cause for the 
moving grids was essentially the same as in the previous example: The fuel rods did not slide 
through the spacer grids when they elongated during operation but stuck to them. As a result the 
central bush fixing the grids to the instrument tube was broken and the grids were able to move 
upwards driven by the coolant flow. The corrective action was to change the fixing of the central 
bush to the instrument tube to allow for the some axial movement of the grid (item 8 of Table 3). 

These few examples demonstrate the importance of having a possibility to inspect irradiated fuel 
assemblies at the power plant. It is a pity that this kind of possibility is very limited in most of the 
WWER-plants. 
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3.2 Olkiluoto NPP, TVO 
Both reactor cores at Olkiluoto 1 and Olkiluoto 2 comprise 500 fuel assemblies. The reactors operate at 
annual cycles. After modernisations of the turbine and renewal of some other components as well as 
optimisations of core loadings have lead to 860 MW electric power with the reload sizes of about 120 
assemblies per unit. The authorities have limited the (maximum assembly average) burnup to 45 
MWd/kgU for the fuel types currently in use. 

Fuel designs 

TVO has operating experience of fuel delivered by Westinghouse Electric Sweden AB (earlier ABB 
Atom), GENUSA and AREVA NP (earlier Siemens), and current fuel delivery contracts are with 
GENUSA and Westinghouse Electric Sweden. 

In 2005 – 2008 GENUSA delivered fuel for Olkiluoto 1 and Westinghouse Electric Sweden AB for 
Olkiluoto 2. The fuel types were GE14 and SVEA-96 Optima, respectively. Licensing of SVEA-96 
Optima2 was conducted during 2006, and the 2008 fuel delivery for Olkiluoto 2 was of this design.  

AREVA NP will deliver the initial core for Olkiluoto 3. The fuel type will be 17x17 HTP, called 
AGORA 7HE. 

Burnup 

Similar to Loviisa NPP, the fuel burnup of Olkiluoto reactors has gradually increased. Average 
discharge batch burnup has increased from the initial 30 MWd/kgU up to 42 - 43 MWd/kgU and the 
maximum assembly burnup is now approaching the licensed burnup limit of 45MWd/kgU. Some fuel 
assemblies have been irradiated up to 53 MWd/kgU with a special approval of the Safety Authority. The 
burnup evolution at Olkiluoto is depicted in the Figure 4. 

Fuel failures 

Some fuel failures have occurred in SVEA-96 Optima and ATRIUM 10B fuel types. The reasons have 
recently been debris, while since 1995 there have been no PCI induced failures. To decrease debris 
based failures, all the fuel designs are equipped with filters at the bottom of the assemblies. The 
cumulative fuel rod failure rate is currently 5·10-5, without any noticeable decrease after introduction of 
filters. A few secondary failures have been encountered.  Figure 5 shows the number of discharged 
failed fuel assemblies in Olkiluoto 1 and 2 in 1980-2009. 

4 R&D programmes 

The reactor safety research in Finland that is receiving publicly administrated funding is carried out 
within consolidated research programmes. After the completion of the previous SAFIR Programme 
2003-2006, a new programme SAFIR2010 - The Finnish research Programme on Nuclear Power Plant 
Safety 2007-2010 has been launched by the Finnish Ministry of Trade and Industry (KTM), now called 
Ministry of Employment and the Economy (TEM). The Technical Research Centre of Finland (VTT) 
continues to co-ordinate the programme, being also the main executive contractor. The major source of 
funding comes from a subsidiary to the national Nuclear Waste Management Fund (VYR) 
Administration of the VYR funding is managed by the broad-based steering group of the programme. 
VTT is another major source of the SAFIR2010 financing. 

The outcome of the SAFIR2010 programme - including those concerning fuel behaviour and 
performance issues - was reviewed in spring 2009 its interim reports and seminar. For the reports and 
seminar proceedings, see http://virtual.vtt.fi/virtual/safir2010/. 

http://virtual.vtt.fi/virtual/safir2010/
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4.1 Experimental Programmes 
Finland is a member of the OECD Halden Reactor Project. Close collaboration with and major feedback 
from the experiments in the Halden Reactor Project are vital for the Finnish fuel behaviour research and 
modelling work. 

The Finnish organisations are partners in the OECD-IRSN CABRI Water Loop Project and the OECD 
Studsvik Cladding Integrity Project (SCIP). VTT has a co-ordinating role in these efforts.  

Several of the rodlets refabricated from the Loviisa VVER-440 rods that were thoroughly non-
destructively and destructively characterised in pool-side examinations and in Studsvik are being tested 
in the Halden Joint Programme. The test programme contains three types of instrumented in-pile tests 
involving fission gas release, LOCA, and lift-off phenomena. Three more similar pieces of rodlets from 
the campaign remain in Studsvik for potential further testing elsewhere. Along with Fortum, the 
examinations have been sponsored by TVEL, Russia, and Paks NPP, Hungary. 

5 Conclusions 

The four operating nuclear reactors in Finland, Loviisa-1 and -2 and Olkiluoto-1 and -2 have now 
operated approximately 30 years. The overall operational experience has been excellent. Load factors of 
all units have been for years among the highest in the world. 

The development of the fuel designs during the years has enabled remarkable improvement in the fuel 
performance in terms of burnup. Average discharge burnup has increased more than 30 percent in all 
Finnish reactor units. 

A systematic inspection of spent fuel assemblies, and especially all failed fuel assemblies, is a good and 
useful practise employed in Finland. A possibility to inspect the fuel on site using a poolside inspection 
facility is a relatively economic way to find out root causes of fuel failures and thereby facilitate 
developing remedies to prevent similar failures in the future.. 
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Table 1 
Nuclear reactors in Finland 

Load factors 2008, % Name of 
NPP 

Unit no./ 
reactor type 

Operator Start of 
operation 

Net output 
MWe Cumulative in 2008 

1/VVER Fortum 1977 490 86,2 86,0 Loviisa 
2/VVER Fortum 1980 490 88,6 93,9 
1/BWR TVO 1978 860 92,3 93,7 
2/BWR TVO 1980 860 93,3 96,9 

Olkiluoto 

3/EPR TVO Under 
construction 

1600 - - 

 
Table 2 
Alternative reactor types for the 6th (and 7th ?) nuclear reactor in Finland 

Power company Fennovoima Fortum Teollisuuden voima 

Alternative reactor types BWRs: 
 ABWR, Toshiba 
 SWR 1000, AREVA 

PWRs: 
 EPR, AREVA 

BWRs: 
 ABWR, Toshiba 
 ESBWR, GE Hitachi 

PWRs: 
 AES2006, 

Atomstroyexport 
 APR1400, Korea Hydro 

and Power 
 EPR, AREVA 

BWRs: 
 ABWR, Toshiba 
 ESBWR, GE Hitachi 

PWRs: 
 APR1400, Korea Hydro 

and Power 
 APWR, Mitsubishi 
 EPR, AREVA 

 
Table 3 
Major design changes in WWER-440 fuel supplied to Loviisa NPP by TVEL 

No. Time of 
introduction 

Design change Objective 

1 1984 Allowance for fuel rod elongation 
increased from 8 to 25 mm 

To ensure sufficient room for fuel rod 
elongation to avoid rod bowing 

2 1988 Introduction of pressed and chamfered 
fuel pellets (instead of extruded) 

To reduce PCMI 

3 1988 Increase of initial rod He pressure from 
1 to 6 bar 

To reduce cladding creep-down and to 
minimize end-of-life rod internal 
pressure of the hottest rods 

4 1992 Removal of rigid fixing of the upmost 
spacer grid to the top nozzle 

To avoid axial compression and 
subsequent bowing of fuel rods in case 
of rod jamming to the upmost grid 

5 1994 Change of spacer grid material from 
stainless steel to Zr1Nb. 

To improve neutron economy. May 
have improved the performance of the 
grid-to-rod connection 

6 1998 Introduction of de-mountable fixed fuel 
assembly structure (de-mountable 
shroud tube and fuel rods) in 6 Lead 
Assemblies 

To facilitate the inspection of the fuel 
assemblies. 

7 1998 Decrease of the shroud tube thickness 
from 2 mm to 1,5 mm 

To improve neutron economy 
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No. Time of 
introduction 

Design change Objective 

8 1998 Change in the fixing of the spacer grids 
to the central tube to allow limited axial 
movement of the spacer grids during 
operation 

To avoid the consequences of potential 
jamming of the rods in the spacer girds 

9 2002 Demountable fuel assembly (shroud 
tube) in all fixed fuel assemblies of the 
reload. 

To facilitate the inspection of the fuel 
assemblies. 

10 2008 Introduction of 2nd generation fuel 
- demountable shroud tube and fuel 

rods both in the fixed fuel 
assemblies and in the fuel followers 

- reinforced skeleton 
- increase of U-mass by 5 % 
- burnable poison (Gd) 
- Hf-plates in the fuel follower 

shroud tube above the fuel column 

To facilitate the inspection (and 
repair?) of the fuel assemblies. 
 
To improve the overall mechanical and 
economical performance of the fuel. 

 
Table 4 
Design differences between TVEL's (standard and 2nd generation fuel) and BNFL/Westinghouse (NOVA E-3) 
WWER_440 fixed fuel assembly. 

Parameter Std WWER-440 [8] 2nd gen. WWER-440 NOVA E-3 [9] 
Clad/Shroud material Zr1%Nb/Zr2,5%Nb Zr1%Nb/Zr2,5%Nb Zircaloy 4, low tin 
Thickness of shroud 
tube, mm 

2,0 1,5 1,6 

Clad OD, mm 9,1 9,1 8,9 
Clad thickness, mm 0,65 0,65 0,55 
Pellet OD, mm 7,57 7,60 [11] 7,63 
Pellet ID 1,4 1,2 [10] 0 
Rod pitch, mm 12,2 12,3 [10] 12,3 
U-mass/assembly, kg 120 126  [11] 126 
Dismountable shroud 
and fuel rods 

No Yes Yes 
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Figure 1 
Evolution of batch average discharge burnups and maximum assembly burnups in the Loviisa units during the time 
period 1985 - 2008. 
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Figure 2 
Number of discharged failed fuel assemblies in Loviisa 1 and 2 in 1978-2008 
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Figure 3 
Fuel failure causes at Loviisa NPP 
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Figure 4 
Evolution of batch average discharge burnup and maximum assembly burnup in the Olkiluoto units during the time 
period 1985 - 2008 
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Figure 5 
Number of discharged failed fuel assemblies in Olkiluoto 1 and 2 in 1980-2009. 
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