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ABSTRACT 

Krsko has historically been operating in 12 months cycles with an annual outage for 
refuelling and maintenance work. Krsko is now in a transition from 12 months to 18 months 
cycles. Cycle 19, June 2002 – May 2003, was the last 12 month cycle. Cycle 20, June 2003 –
September 2004 is a 15 month transition cycle and cycle 21, September 2004 – April 2006 
will be the first 18 month cycle.   

This paper will describe the effects of the transition in a core physics perspective. There 
are big differences in how to design an 18 month cycle in comparison with a 12 month cycle. 
The required number of feed assemblies increases, as well as the content of burnable 
absorbers in the fuel. The strategy of the loading pattern has to be changed with the increased 
number of fresh fuel assemblies.  

The most limiting margins can be different for different cycle lengths which also affect 
the fresh assembly design and loading pattern during the transition. During the core design for 
cycle 21 the Moderator Temperature Coefficient was the main issue, which caused the need 
for extra amount of burnable absorbers. 

1 KRSKO OPERATING HISTORY 

The Krsko Nuclear Power Plant has been in operation since early 80’s. The plant has 
one Westinghouse Pressurized Water Reactor (PWR). It’s a two-loop plant, two steam-
generators, with an original nominal power at 1876 MW thermal.  

Krsko has in the history been operating with 12 months cycles with an annual outage for 
refuelling and maintenance. Krsko started a transition to longer cycles in the early 90’s, cycle 
9 was in example a 15 months cycle (438 effective full power days, EFPD), but returned to 12 
months cycles again, due to several reasons, for example the need for maintenance of the 
steam generators and the fuel performance. 

The steam generators have been replaced since that and fuel performance has also been 
improved, which also made it possible to uprate the reactor power to 1994 MW thermal in 
cycle 17, an increase of 6,3 %. 

2 WHY OPERATING WITH LONGER CYCLES? 

Requirement number one for operating with longer cycles is that the reactor has 
sufficient reliability to allow longer cycles between the maintenance during the shutdowns. 

The main reason for operating a plant in longer cycles is that the reactor can produce 
more electricity per year, when it is in operation with longer time periods between the 
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shutdowns of the plant, even if each single outage may be a little longer when operating in 
longer cycles. 

3 STRATEGY FOR KRSKO TRANSITION TO 18 MONTHS CYCLES 

Cycle 17 was the first cycle with the uprated power level, 1994 MW thermal. Cycle 19, 
the last 12 month cycle was almost an equilibrium annual cycle at the uprated power level. 

To make the transition from 12 to 18 months cycles smoothly, the transition is done in 
two steps, with cycle 20 as a 15 month cycle, then cycle 21 as the first 18 month cycle. It 
would maybe have been possible to make the transition in one step from 12 to 18 months 
cycle, but the loading pattern would have been very difficult to generate and very 
uneconomical for the first 18 month cycle.  

In the 12 month cycles in the past, fewer fresh assemblies were needed and with a lower 
enrichment. That means that the number of once- and twice burned assemblies also are small. 
If there should have been an increased cycles length from 12 to 18 month in one step, there 
would have been few once burned assemblies available, and almost all of the twice burned 
assemblies with low reactivity should have been necessary to use. The fresh assemblies would 
not have gotten much help from the burned assemblies, which would have led to a need of a 
larger amount of feed assemblies in the first 18 month cycle. 

4 DIFFERENCES IN CORE DESIGN STRATEGIES FOR LONGER CYCLES 

There are large differences between the core designs for different cycle lengths. Below 
is a short summary of strategies for the core designs for 12 and 18 cycles described. 

 
4.1 Core design for 12 month cycle 

The core design for the last 12 months cycles at Krsko have mainly been performed in 
the same way each cycle, an equilibrium cycle loading pattern. Most of the fresh assemblies 
have been placed in the semi periphery of the core. Some of the fresh assemblies have also 
been placed more central in the core. The once and twice burned fuel assemblies were mainly 
placed in the central parts of the core. This loading strategy gives a uniform radial power 
distribution, where the power is smeared out very smoothly in the core, except for the 
assemblies in the periphery which have a much lower radial power. 

When the feed assemblies are placed close to the periphery of the core, the need of 
burnable absorbers is reduced. The small amount of burnable absorbers allows the core to 
have the highest reactivity at the beginning of the cycle, and the boron letdown curve is 
almost linear, from the beginning until the end of cycle.  

The core contains fresh, once burned, twice burned assemblies as well as some thrice 
burned assemblies, which mainly are loaded at the periphery. 

 
4.2 Core design for 18 month cycle 

When the cycle length is increased to 18 months, the required insertion of reactivity into 
the core at the refuelling during the outage goes up. The way to do this, is with an increased 
number of fresh assemblies or/and increased enrichment.  

With a larger amount of fresh assemblies in the core, they have to be spread out for 
levelling out the power in the core, both in central parts of the core and closer to the 
periphery.  

The content of fuel inventory in the core is now mostly fresh and once burned fuel, 
together with some twice burned assemblies. The twice burned assemblies are mostly loaded 
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in the periphery, which makes the rest of the core primarily a combination of the fresh and 
once burned fuel. 

To be able to load fresh assemblies in central positions of the core, among other fresh 
and highly reactive once burned fuel, it is necessary to put in a large amount of burnable 
absorbers in the fresh assemblies to keep the radial power below the F∆H limit.  

With a large amount of burnable absorbers, it is most likely that the reactivity in the 
core will increase during the first part of the cycle, as the burnable absorbers burn out faster 
than the uranium. The most reactive point during the cycle can be up to 6000 MWd/tU into 
cycle. 

The type of burnable absorbers used in Krsko is IFBA (Integral Fuel Burnable 
Absorbers), which is a Westinghouse patented product. The IFBA uses a thin coating of 
zirconium diboride (ZrB2) layer on normal uranium dioxide fuel pellets. 

The fuel cycle cost goes up when operating in longer cycles; this is caused by the larger 
leakage of neutrons out of the core, caused by the fact that more reactive fuel assemblies have 
to be placed closer to the periphery of the core. 

5 LONG CYCLES AFFECT ON DESIGN MARGINS 

When the cycle length increases, the most limiting margins for the core design are 
changed. Below in section 5.1 through 5.3 are the affects on Power Peaking Factors, 
Moderator Temperature Coefficient and Shut Down Margin discussed. 

 
5.1 Power Peaking Factors 

The mainly used Power Peaking Factor is the F∆H (ratio of integrated power in the rod 
with highest integrated power against the average rod power). The F∆H limit takes account of 
several margins, such as DNB (Departure from Nucleate Boiling). 

The aim during a core design is always to try to put the most reactive fuel as central as 
possible in the core to minimize the neutron leakage out of the core, which will decrease the 
required number of fresh assemblies or/and the enrichment. The limiting factor is that the 
Power Peaking Factors goes up when several reactive fuel assemblies are placed together. 
During the core design the F∆H limit be hard to satisfy if the number of fresh assemblies 
or/and enrichment are kept low for certain cycle length.  

The best way to keep the peaking factors low is to spread out the most reactive fuel 
assemblies or to use more burnable absorbers to reduce F∆H at the beginning of the cycle. 

 
5.2 Moderator Temperature Coefficient 

The Moderator Temperature Coefficient (MTC) is a measure of the reactivity change in 
the core due to moderator temperature changes. The MTC limit at Krsko is that MTC must be 
negative (the reactivity in the reactor core goes down when the moderator temperature 
increases) at hot conditions at zero Power, HZP (292 ºC, 0 % power). 

MTC becomes more negative when the moderator temperature increases and/or when 
the power in the reactor increases. 

MTC is most limiting (least negative) at time when the reactivity in the reactor core is at 
the maximum during the cycle, which means that MTC is usually limiting in beginning of the 
cycle. This is worse for longer cycles, because more reactivity is needed in the core at the 
beginning of the cycle to support operation for longer cycles. 

The key to get MTC under control is to put in more absorbable material into the core, 
such as burnable absorbers in the fresh fuel assemblies or to insert control rods.  
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If a large amount of burnable absorbers are inserted into the core, the reactivity in the 
core can increase after the beginning of the cycle and most reactive point may occur at up 
4000 – 6000 MWd/tU into the cycle, and MTC will also be limiting at this point.  

 
5.3 Shut Down Margin 

The Shut Down Margin (SDM) is the most important parameter during the core design. 
The criteria for SDM are that it must always be possible to get the reactor to a sub critical 
condition at any time, even if the most limiting control rod, stays out of the core during a shut 
down.  

SDM is most limiting at the end of each cycle, when the reactor core is least reactive 
and the MTC is most negative.  

6 KRSKO CORE DESIGN FOR CYLES 18 - 22 

Below, in Table 1, a summary of the last cycles and the next cycle at Krsko can be 
found. The numbers for cycle 22 is only a prediction, but still a hint of how future equilibrium 
cycles will look. Cycle 21 will actually be a 19 month cycle, from September 2004 to April 
2006, which causes that the amount of fresh fuel to be larger for that cycle than it will be in 
the future equilibrium 18 month cycles. The enrichment is an average value for the fresh fuel 
assemblies loaded into the core. 

Table 1: Krsko core design summary for cycle 18 - 22 

Cycle Cycle 
length 

Fresh fuel Enrichment Burnable 
absorbers 

Burnup at 
BOC 

Burnup at 
EOC 

 (MWd/tU) (no of 
assemblies) 

(average % 
U-235) 

(no of 
IFBA-rods) 

(MWd/tU) (MWd/tU)

18 12704 36 4,3 912 19236 32036 
19 13400 33 4,3 640 18483 31882 
20 17268 44 4,9 2896 15496 32764 
21 21957 56 4,9 5376* 13468 35425 

22** 20330 52 4,9 4000* N/A N/A 
* The thickness of the IFBA layer has been increased by 40 % for cycles 21 and 22. 
** Data for cycle 22 is a prediction, the actual values depend on cycles 21 & 22 lengths. 
 
Table 1 shows how the number of fresh assemblies, enrichment as well as the amount of 

burnable absorbers increases when the cycle length is increased. The number of IFBA rods is 
increased even if the thickness of the ZrB2 layer on the fuel pellets have been increased with 
40 % for cycles 21 and 22. 

The average burnup at the beginning of the cycles goes down when cycle lengths 
increases, which is caused by the higher number of fresh fuel assemblies loaded in the core. 
The average burnup at the end of the cycles increase for the longer cycles, and the average 
burnup at the middle of the cycles are almost independent of the cycle lengths. 

7 DESIGN MARGINS FOR CYCLE 18 – 21 

The core design margins for cycles 18 through 21 are presented in Table 2 below. The 
numbers are the predicted values from the core design for each cycle.  
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Table 2: Krsko core design margins summary for cycle 18 - 21 

Cycle BOC HZP 
boron conc. 

MTC SDM 

 (ppm) (pcm/ºC) (%) 
18 2293 -4,7 1,83 
19 2292 -6,3 1,87 
20 2562 -2,0 1,75 
21 2609 -0,1 1,96* 

* The increased cycle 21 SDM is due to a loading pattern change which put feed fuel 
assemblies in control rod locations, otherwise the SDM would be less than required. 

  
The conclusion of table 2 is that the critical boron concentration at HZP at beginning of 

cycles increases with the longer cycles and larger amount of fresh fuel. The higher boron 
concentration causes that the MTC to be less negative, and is very close the limit for cycle 21. 
More about the MTC for cycle 21 can be found in section 7.1. 

The SDM is a primary concern for increased cycle lengths, and special measures are 
needed to satisfy the limit. 

 
7.1 Cycle 21 MTC  

As stated above, the MTC for cycle 21 was predicted to be – 0,1 pcm/ºC during the core 
design work. Actually the MTC was an issue during the design of cycle 21 which caused 
extra burnable absorbers to be needed in the fuel to control the MTC at the beginning of cycle 
21. During the creation of the core design, a burnup window is used for the cycle in operation, 
and for all calculations is the worst case of the window used. For MTC, this means that that 
the short window is used. The actual cycle length of cycle 20 was later predicted to be about 
300 MWd/tU longer than the short window, which now makes the predicted MTC to be -0,6 
pcm/ºC. 

Even if the MTC is predicted to be negative, there are always some differences between 
the predicted and measured values, which mean that there is a small risk that a positive MTC 
will be measured during the start up tests. According to the Technical Specifications for 
Krsko, control rod withdrawal limits have to be used if a positive MTC is measured. To be 
prepared for the possibility of a positive MTC, tables with control rods withdrawal limits have 
been established and are ready to be used if needed for a measured MTC up to + 1,5 pcm/ºC.  

The control rods withdrawal limits are created for different MTC intervals, and different 
control rods withdrawal limits for different power levels and burnup intervals. Depending on 
how positive MTC may be, the rod withdrawal limits will be needed up to 10 – 20 % power 
level and until 3000 – 4000 MWd/tU. 

8 BORON LETDOWN CURVES 

The boron letdown curves for cycles 18 – 21 are shown in Figure 1. It can be seen how 
the shape of the curves change when the cycle lengths increase. Cycle 18 and 19 have very 
similar boron letdown curves which also are linear. When the amount of burnable absorbers 
increases, the boron concentrations are almost constant in first part of cycle 21, when the 
IFBA burns out in the same speed as the uranium.  
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Boron Letdown Curves Cylces 18 - 21
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Figure 1: Boron Letdown Curves for Krsko Cycles 18 - 21 
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