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ABSTRACT 

Extended reactor operation at reduced power levels followed by a return to full power 
results in increased power peaking factors. The effect is analysed for the typical NPP Krško 
fuel cycle. It is recommended that the control rods are inserted if the plant operates below 
85% of full power for the period of more than two weeks. Rods should be inserted to the 
position where obtained axial offset matches full power target value. Such procedure 
effectively mitigates increase in power peaking values.  

1 INTRODUCTION 

In the evaluation of the safety parameters of the reload cores usually nominal core 
power operation is assumed. However, due to different reasons it might be necessary to 
operate reactor at reduced power levels for extended periods of time. As a consequence, 
obtained axial and radial burnup distributions might differ from ones analysed in the nuclear 
design calculations. When the reactor is returned to full power, core power distribution might 
deviate significantly from nominal design prediction and even challenge the power peaking 
factors limits.   

In the last few cycles NPP Krško has actually operated at reduced power. Due to the 
low level of Sava river and limitation on maximum temperature increase, the plant has been 
forced to operate even at a power level of 80% for significant amount of time. The power 
plant has employed special operational procedure, operating with partially inserted control 
rods to mitigate off nominal burnup distribution [1]. The procedure requires the insertion of 
control rods if the plant operates below 85% of full power for the period of more than two 
weeks. Obtained axial offset should match full power target value and the core peaking 
factors should be monitored in accordance with the surveillance requirements outlined in the 
plant Technical Specifications. 

In this paper the effect of reactor operation at reduced power levels is analysed for the 
specific NPP Krško fuel cycle. Power peaking factors at full power are examined after the 
prolonged operation at reduced power. CORD-2 [2] system is used for the determination of 
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power and burnup distributions. The package was developed at “Jožef Stefan” Institute and 
has been validated for the design calculations of PWR cores. 

 

2 REDUCED POWER OPERATION  

The steady-state axial power distribution with control rods essentially withdrawn is 
determined mainly by two factors: 

 
1. Decreasing moderator density up the core results in reduced neutron moderation in 

the top of the core, which tends to skew the power toward the bottom of the core. 
 
2. Irradiated fuel assemblies have higher burnup in the lower part of the core, which 

tends to skew the power toward the top of the core. 
 
These two factors combine to yield typical full power axial offset in the  range of  0  to 

–5%. Axial offset (AO) is defined as: 
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where Ptop is the integrated power in the top half of the core and Pbot in the bottom half. At 
reduced power the change in moderator density with core elevation is reduced, allowing more 
neutron moderation and hence more power to be generated in the top of the core. This effect 
is shown in Figure 1 at the beginning of the typical NPP Krško reload cycle (BOC – 
Beginning Of Cycle). The effect is stronger towards the end of the cycle (EOC). Critical 
boron concentration is lower, causing moderator temperature coefficient to be more negative. 
Typical axial power distribution at EOC is presented in Figure 2. 
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Figure 1: Steady state axial power distribution at BOC 
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Figure 2: Steady state axial power distribution at EOC 

 
When the core is operated at reduced power levels for an extended period of time, the 

top of the core is depleted more rapidly than at full power operation.  When this core is 
returned to full power conditions (HFP), the moderator density change dominates, resulting in 
a steady state axial distribution skewed towards the bottom of the core. The effect is shown in 
Figure 3, where the core was depleted for 6000 MWd/MtU at various power levels. 
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Figure 3: Full power axial distribution at 6000 MWd/MtU obtained after the core 

depletion at various power levels 
 
 
Change in the axial power profile has a significant impact on power peaking factors. 

Axial offset and axial peaking factor FZ are presented in Table 1. The core had been depleted 
at several power levels for up to 6000 MWd/MtU and then returned to nominal HFP 
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conditions. Significant decrease in AO with core depletion at lower power levels can be 
observed. As a consequence, axial peaking factor FZ increases. FZ is defined as the maximum 
of the relative average axial power distribution. The effect is higher towards the end of the 
cycle (Table 2) where FZ can increase over 20%. The core depletion with reduced power 
started at burnup 6000 MWd/MtU lower than the final EOC burnup. 

 

Table 1: HFP axial offset and axial peaking factors following operation at several power 
levels near BOC 

Burnup P=100% P=80% P=60% P=100% P=80% P=60% 
[MWd/ 
MtU] 

AO 
[%] 

AO 
[%] 

Diff. 
[%] 

AO 
[%] 

Diff. 
[%] FZ FZ Rel. 

diff. FZ Rel. 
diff. 

500 0,82 1,03 0,21 1,11 0,29 1,198 1,199 0,000 1,199 0,001 
1000 0,33 0,11 -0,22 -0,06 -0,39 1,197 1,197 0,000 1,197 0,000 
1500 0,00 -0,46 -0,46 -0,81 -0,81 1,194 1,196 0,002 1,196 0,002 
2000 -0,33 -1,15 -0,82 -1,87 -1,54 1,192 1,193 0,001 1,195 0,003 
3000 -0,98 -2,69 -1,72 -4,31 -3,34 1,181 1,192 0,010 1,209 0,024 
4000 -1,62 -4,33 -2,71 -6,74 -5,12 1,171 1,200 0,026 1,229 0,050 
5000 -2,05 -5,49 -3,44 -8,53 -6,48 1,167 1,207 0,034 1,244 0,067 
6000 -2,48 -6,56 -4,08 -10,35 -7,87 1,163 1,213 0,043 1,264 0,087 

 
 

Table 2: HFP axial offset and axial peaking factors following operation at several power 
levels near EOC 

Burnup P=100% P=80% P=60% P=100% P=80% P=60% 
[MWd/ 
MtU] 

AO 
[%] 

AO 
[%] 

Diff. 
[%] 

AO 
[%] 

Diff. 
[%] FZ FZ Rel. 

diff. FZ Rel. 
diff. 

500 -3,25 -3,05 0,20 -3,35 -0,10 1,149 1,145 -0,003 1,149 0,000 
1000 -3,25 -4,81 -1,56 -6,30 -3,05 1,148 1,172 0,020 1,195 0,041 
1500 -3,25 -5,87 -2,62 -7,84 -4,59 1,148 1,189 0,036 1,223 0,066 
2000 -3,25 -6,91 -3,66 -9,38 -6,13 1,147 1,208 0,053 1,251 0,091 
3000 -3,50 -8,16 -4,67 -12,46 -8,97 1,151 1,232 0,070 1,307 0,135 
4000 -3,74 -9,51 -5,77 -14,75 -11,01 1,156 1,256 0,087 1,352 0,170 
5000 -3,86 -10,36 -6,50 -16,25 -12,39 1,157 1,273 0,100 1,382 0,195 
6000 -3,98 -11,22 -7,24 -17,75 -13,77 1,158 1,289 0,113 1,413 0,220 

 
 
A change in power level produces also some redistribution in radial direction. Hovewer, 

the effect is usually small. The entire change from zero power (HZP) to full power (HFP) 
results in a change of fuel assemblies power in the order of few %. Anyhow, to evaluate the 
effect, a radial power peaking factor F∆H is presented in Table 3. F∆H is defined as the ratio of 
the integral of linear power along the rod with the highest integrated power to the average rod 
power. We can see only slight changes from nominal HFP depletion case. In the second part 
of the Table 3 a total power peaking factor FQ is presented. It is defined as the maximum local 
fuel rod linear power density, divided by the average fuel rod linear power density. It 
represents the "hot spot" of the core. Comparison of those results with axial peaking factors in 
Table 2 shows that the axial redistribution is almost entirely responsible for the increase in 
power peaking factors. 
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Table 3: HFP power peaking factors F∆H and FQ following operation at several power 
levels near EOC 

Burnup P=100% P=80% P=60% P=100% P=80% P=60% 
[MWd/ 
MtU] F∆∆∆∆H F∆∆∆∆H Rel. 

diff. F∆∆∆∆H Rel. 
diff. FQ FQ 

Rel. 
diff. FQ 

Rel. 
diff. 

500 1,504 1,504 0,000 1,503 -0,001 1,735 1,730 -0,003 1,732 -0,002
1000 1,501 1,502 0,000 1,502 0,001 1,732 1,768 0,021 1,806 0,043 
1500 1,498 1,499 0,000 1,499 0,001 1,728 1,792 0,037 1,845 0,067 
2000 1,496 1,496 0,000 1,497 0,001 1,725 1,819 0,055 1,884 0,092 
3000 1,489 1,490 0,001 1,491 0,002 1,726 1,848 0,071 1,962 0,137 
4000 1,482 1,483 0,001 1,484 0,002 1,727 1,877 0,087 2,021 0,171 
5000 1,474 1,476 0,001 1,477 0,002 1,719 1,893 0,101 2,058 0,197 
6000 1,467 1,469 0,002 1,470 0,002 1,712 1,908 0,114 2,093 0,222 

 
 
Natural solution to limit power peaking factors would be to minimise axial power 

redistribution. This could be achieved by insertion of the control rods. If at reduced power the 
control rods are inserted a sufficient amount to force the AO to be the same as in the HFP 
case, axial power distribution and consequently the axial burnup distribution would be 
unaffected by the reduced power operation. The efficiency of the procedure is demonstrated 
in Table 4. In the depletion case at 80% nominal power, D bank was inserted to the position 
D186 to approximately match HFP, ARO (All Rods Out) axial offset. At 60 % power level 
rods were inserted to the position 167. Compared to Table 2, where core was depleted at ARO 
conditions, drastic reduction in the axial power peaking factor FZ can be observed. The 
reduction would be even stronger, if in the calculation HFP axial offset would be exactly 
matched by the appropriate additional rod insertion during the core depletion.  

 
 

Table 4: HFP axial offset and axial peaking factors following operation at several power 
levels with rods inserted near EOC 

Burnup P=100% P=80%, D186 P=60%, D167 P=100% P=80%, D186 P=60%, D167 
[MWd/ 
MtU] 

AO 
[%] 

AO 
[%] 

Diff. 
[%] 

AO 
[%] 

Diff. 
[%] FZ FZ Rel. 

diff. FZ Rel. 
diff. 

500 -3,25 -2,40 0,85 -2,01 1,24 1,149 1,137 -0,011 1,131 -0,015
1000 -3,25 -3,19 0,06 -3,46 -0,21 1,148 1,149 0,001 1,155 0,006 
1500 -3,25 -3,36 -0,11 -3,96 -0,71 1,148 1,154 0,005 1,166 0,016 
2000 -3,25 -3,51 -0,26 -4,45 -1,20 1,147 1,158 0,010 1,179 0,028 
3000 -3,50 -4,01 -0,52 -5,42 -1,93 1,151 1,171 0,017 1,203 0,044 
4000 -3,74 -4,55 -0,81 -6,54 -2,80 1,156 1,184 0,024 1,228 0,062 
5000 -3,86 -4,82 -0,96 -7,33 -3,47 1,157 1,191 0,029 1,247 0,078 
6000 -3,98 -5,06 -1,08 -8,03 -4,05 1,158 1,198 0,035 1,266 0,093 

 
 
This type of operation now additionally impacts the radial power distribution. The 

presence of control rods in the top of the core causes the power in those elevations where the 
control rods are present to be radialy redistributed away from the control rods. Consequently, 



212.6 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, Sept. 6-9, 2004 

the top of the assemblies containing the control rods operates at a very low power. When the 
core is depleted in this manner, assemblies containing the control rods accumulate less burnup 
than in the ARO case. After the reactor return to full power and withdrawal of the control rods 
an increase in power at the elevations where the control rods were present is observed. If the 
core loading pattern is such that the maximum radial peaking factor occurs at the rodded 
assembly (or immediately adjacent assemblies), the radial redistribution could impact also the 
total power peaking factor. In the examined NPP Krško fuel cycle F∆H occurs in the assembly 
next to the position of the D bank. Results are presented in Table 5. We can see that the 
increase in F∆H is very small. Again, FQ dependence closely matches FZ results.  

 

Table 5: HFP power peaking factors F∆H and FQ following operation at several power 
levels with rods inserted near EOC 

Burnup P=100% P=80%, D186 P=60%, D167 P=100% P=80%, D186 P=60%, D167 
[MWd/ 
MtU] F∆∆∆∆H F∆∆∆∆H Rel. 

diff. F∆∆∆∆H Rel. 
diff. FQ FQ 

Rel. 
diff. FQ 

Rel. 
diff. 

500 1,504 1,503 -0,001 1,502 -0,001 1,735 1,718 -0,010 1,705 -0,017
1000 1,501 1,501 0,000 1,503 0,001 1,732 1,733 0,000 1,744 0,007 
1500 1,498 1,499 0,000 1,500 0,001 1,728 1,738 0,005 1,758 0,017 
2000 1,496 1,496 0,000 1,497 0,001 1,725 1,743 0,010 1,776 0,029 
3000 1,489 1,490 0,001 1,491 0,002 1,726 1,758 0,019 1,805 0,046 
4000 1,482 1,484 0,001 1,484 0,002 1,727 1,769 0,025 1,837 0,064 
5000 1,474 1,477 0,002 1,477 0,002 1,719 1,772 0,030 1,857 0,080 
6000 1,467 1,469 0,002 1,470 0,003 1,712 1,774 0,036 1,875 0,095 

 
Since in general the loading pattern could be such, that the F∆H location is in the fuel 

assembly where the control rods are located, we tried to estimate maximal possible F∆H 
increase. We compared power distributions on that specific location. Results are given in 
Table 6. F∆H

Din represents the radial peaking factor in the specific fuel assembly where the D 
bank of control rods is inserted. Presented numbers give the estimate of maximum possible 
radial peaking factor increase in the disadvantageous loading pattern with the F∆H location in 
the rodded fuel assembly. Nevertheless, the radial effect is compared to the axial power 
redistribution smaller for the order of magnitude. 

 

Table 6: HFP power peaking factors F∆H
Din in the rodded fuel assembly following 

operation at several power levels with rods inserted  

 BOC EOC 
Burnup P=100% P=80%, D186 P=60%, D167 P=100% P=80%, D186 P=60%, D167 
[MWd/ 
MtU] F∆∆∆∆H

Din F∆∆∆∆H
Din Rel. 

diff. F∆∆∆∆H
Din Rel. 

diff. F∆∆∆∆H
Din F∆∆∆∆H

Din Rel. 
diff. F∆∆∆∆H

Din Rel. 
diff. 

500 1,318 1,318 0,000 1,318 0,000 1,240 1,240 0,000 1,240 0,000 
1000 1,311 1,313 0,001 1,314 0,003 1,238 1,240 0,002 1,243 0,004 
1500 1,304 1,306 0,001 1,308 0,003 1,235 1,239 0,003 1,242 0,005 
2000 1,298 1,300 0,002 1,303 0,004 1,233 1,238 0,004 1,241 0,006 
3000 1,288 1,291 0,002 1,295 0,005 1,230 1,235 0,005 1,239 0,008 
4000 1,278 1,282 0,004 1,288 0,008 1,226 1,234 0,006 1,238 0,009 
5000 1,270 1,276 0,005 1,282 0,009 1,223 1,232 0,007 1,236 0,011 
6000 1,263 1,271 0,006 1,278 0,012 1,219 1,229 0,008 1,235 0,013 
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3 CONCLUSIONS 

Extended reactor operation at reduced power levels followed by a return to full power 
results in increased power peaking factors. The effect is analysed for the typical NPP Krško 
fuel cycle. If the rods are withdrawn during the power reduction, the total power peaking 
factor is mainly increased due to the axial power redistribution. If during the power reduction 
core accumulates burnup of 1000 MWd/MtU, the power peaking factors could increase 2% in 
the 80% power reduction and 4% in the 60% power reduction case. In longer reduced power 
operation (up to 6000 MWd/MtU), the power peaking factors could increase more than 10% 
in the 80% power reduction and more than 20% in the 60% power reduction case. Axial 
power redistribution can be effectively reduced by partial insertion of control rods. If the rods 
are appropriately inserted such that the axial offset at reduced power closely matches axial 
offset at the full power, increase in the axial peaking factor could be very small. An additional 
local increase in the radial peaking factor in fuel assemblies close to the location of control 
rods is observed. However, compared to the case where rods are withdrawn, the total peaking 
factors are smaller for the order of magnitude. Findings are in the agreement with the 
operating procedure used in the NPP Krško. 
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