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ABSTRACT 

The effect of fuel cooling on the isotopic inventory after the outage of the NPP Krško is 

investigated. Several parameters were analysed that affect the isotopic composition, which 

inturn influences the reactivity of the fuel on re-insertion into the core. Isotopic cooling 

factors were determined with which the concentrations of the important nuclides were 

corrected in order to enhance the accuracy of the reactivity prediction with the use of pre-

calculated isotopic library. The performance of these enhancements is demonstrated on a 

simplified geometry of a fuel assembly. The WIMSD-5B lattice code was used to calculate 

fuel isotopic composition, while the multiplication factor calculations were performed using 

the GNOMER code.   

1 INTRODUCTION 

The CORD-2 package developed at the Jožef Stefan Institute [1], [2] has been verified 

and tested for design calculations of the Krško power plant. It is a reactor physics tool for 

modelling the advanced features of fuel assemblies of light water reactors. It uses the 

WIMSD-5B code [3] for lattice cell calculations and the GNOMER code [4] for multigroup 

diffusion calculations in 3-D Cartesian geometry.  

The CORD-2 package was designed to be flexible, as accurate as possible and it differs 

from the commonly adopted approaches in parameterising the isotopic composition at 

different average operating conditions instead of macroscopic cross sections. For each 

calculation the isotopic composition for the lattice cell calculation is retrieved from a library; 

the cross sections are prepared for the actual operating conditions with explicit lattice 

calculation on the fly. With this kind of approach the results can be obtained reasonably fast 

and the agreement with the experimentally measured quantities is largely achieved.  

In this paper the adjustment of the isotopic composition retrieved from the library is 

proposed to enhance the accuracy of calculations by accounting for the effect of fuel cooling 

during the outage with the use of isotopic cooling factors. The importance of this effect is 

determined by comparing the respective cell multiplication factors calculated for different 

cases of the typical fuel assembly used in Krško NPP with the isotopic composition from the 

library, and by explicit calculations. From the difference the isotopic cooling factors were 

derived. 
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2 CALCULATIONAL MODEL 

Burnup and sensitivity analyses were performed for the fresh fuel with different initial 

enrichments (4.75, 3.8 and 2.1 % 235U) at average hot fuel power (HFP) conditions using a 

simple geometry model, which is also used in CORD-2 to calculate the cell cross sections. An 

array of 3×3 cells with reflective boundary conditions representing PWR lattice was 

constructed. In this model the outer cells always contain fuel rods while the central cell may 

contain a fuel rod or a water channel since the fuel assembly model is constructed from fuel 

and water cells (empty guide thimble unit cell). The homogenised cross sections for the 

central cell are then used in subsequent calculations of the neutron multiplication factor using 

the GNOMER code. Detailed description of the model can be found in [5]. In total, 18 cases 

were analysed by varying the initial fuel enrichment, total fuel burnup and cooling time 

(Table 1). 

Table 1: Test cases analyzed by varying the initial fuel enrichment, total fuel burnup and 

cooling time and the reference cases (cases without cooling period) 

Fuel 

enrichment 

[% 235U] 

20000 MWd/tU 40000 MWd/tU 

Reference  30 days 18 months 3 years Reference 30 days 18 months 3 years 

4.75 Case 20 Case 1 Case 2 Case 3 Case 50 Case 10 Case 11 Case 12 

3.8 Case 30 Case 4 Case 5 Case 6 Case 60 Case 13 Case 14 Case 15 

2.1 Case 40 Case 7 Case 8 Case 9 Case 70 Case 16 Case 17 Case 18 

 

After each cooling period the additional burnup steps were performed up to 15000 

MWd/tU. Those burnup steps where used in the analyses. For the selected burnup steps the 

comparison was performed for each case with the reference case. The comparison of 

multiplication factors was performed.  

3 PRELIMINARY RESULTS OF MULTIPLICATION FACTOR 

In order to analyze the effect of cooling the multiplication factors were calculated for 

each of the 18 cases. Then the effect of cooling on the multiplication factor was analyzed by 

comparing the multiplication factors at each burnup step after the cooling period with the 

reference case (without cooling): 

∆Keff  [pcm] = [Keff (cooling period) – Keff (reference)]·105. 

For this paper only some results are presented. 

3.1 Effect of fuel cooling time 

Results of the time variations after the burnup are provided in Figure 1. The reactivity 

difference is observed with the increased cooling time against no-cooling time. The latter is 

representative of the calculations with the isotopic library, since the library is generic and is 

generated assuming continuous burnup. As we will see in the next paragraph the difference is 

due to the decay of short lived actinides and some fission products in the 149Sm chain. 
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Figure 1: The difference Δk is presented for the cases 10, 11 and 12 against the  

no-cooling reference case no. 50. 

3.2 Effect of increased burnup 

Results of the increased burnup of the fuel are provided in Figure 2.  

 

Figure 2: The difference Δk is presented for the cases 17 and 8 against the no-cooling 

reference cases no. 70 and no. 40. 

The biggest difference in reactivity (Figure 2) is right after the cooling of the fuel was 

introduced, however the relative differences converge to zero. With the increased total burnup 

the difference in reactivity is increased for almost a factor 2. This is due to the increased 

concentration of the plutonium isotopes that are produced through the 238U conversion.  
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3.3 Effect of initial fuel enrichment 

Results of the variation in fuel enrichment are provided in Figure 3. With the decreasing 

fuel enrichment the increase in Δk is observed. With the decreasing enrichment the 

concentration of 238U in initial fuel is increased therefore the plutonium concentration is 

increased. 

 

Figure 3: The difference Δk is presented for the cases 3, 6 and 9 against the no-cooling 

reference cases no. 20, 30 and 40. 

3.4 Results of isotopic sensitivity analysis 

Total of 78 nuclides were considered in calculations, however the effect of increased 

multiplication factor can be observed only for the specific isotopes. For each isotope the 

change in the number density was observed due to the cooling and then Δk was calculated due 

to the change in the number density. Only the most important results are presented in tables 2, 

3 and 4. 

Table 2: The difference Δk [pcm] due to the change in the isotopic concentration during the 

cooling period, for the case no. 16. 

 

0 
[MW/d] 

0.75 
[MW/d] 

150 
[MW/d] 

300 
[MW/d] 

500 
[MW/d] 

1000 
[MW/d] 

2000 
[MW/d] 

6000 
[MW/d] 

10000 
[MW/d] 

15000 
[MW/d] 

239Np [pcm] 53 52 17 5 1 0 0 0 0 0 
239Pu [pcm] 350 347 114 34 5 -3 -3 -2 -2 -2 
241Pu [pcm] -29 -30 -27 -27 -27 -25 -23 -14 -8 -4 
241Am [pcm] -22 -23 -21 -22 -21 -20 -18 -12 -8 -5 
103Rh [pcm] -52 -53 -48 -46 -41 -32 -20 -1 2 2 
105Rh [pcm] 156 153 21 2 0 0 0 0 0 0 
148mPm [pcm] 86 85 58 40 25 10 4 3 2 1 
149Sm [pcm] -451 -447 18 101 80 23 5 3 2 1 
155Gd [pcm] -13 -14 -10 -8 -5 -2 -1 0 0 0 
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Table 3: The difference Δk [pcm] due to the change in the isotopic concentration during the 

cooling period, for the case no. 17. 

 

0 
[MW/d] 

0.75 
[MW/d] 

150 
[MW/d] 

300 
[MW/d] 

500 
[MW/d] 

1000 
[MW/d] 

2000 
[MW/d] 

6000 
[MW/d] 

10000 
[MW/d] 

15000 
[MW/d] 

239Np [pcm] 53 51 17 5 1 0 -1 0 0 0 
239Pu [pcm] 350 347 111 31 0 -10 -15 -24 -24 -16 
241Pu [pcm] -518 -519 -507 -497 -484 -453 -397 -231 -134 -66 
241Am [pcm] -385 -385 -378 -373 -365 -345 -310 -201 -131 -77 
242Am [pcm] 0 -1 6 12 19 31 44 42 28 17 
103Rh [pcm] -126 -127 -118 -110 -99 -77 -47 -1 6 6 
105Rh [pcm] 156 153 22 3 1 1 0 0 0 0 
134Cs [pcm] 51 49 50 49 49 48 45 38 33 27 
147Pm* [pcm] 60 60 60 58 58 55 51 36 26 17 
147Pm* [pcm]* 68 67 67 66 65 63 57 41 29 19 
148mPm  [pcm] 216 215 167 133 105 76 62 44 32 21 
147Sm [pcm] -56 -57 -55 -56 -55 -53 -51 -42 -35 -29 
149Sm [pcm] -451 -447 53 170 169 104 73 51 36 23 
155Eu [pcm] 83 82 79 75 70 59 44 16 6 2 
154Eu [pcm] 45 43 42 41 40 35 28 12 5 2 
155Gd [pcm] -227 -228 -169 -126 -84 -31 -6 -2 -2 -2 

 

Table 4: The difference Δk [pcm] due to the change in the isotopic concentration during the 

cooling period, for the case no. 18. 

 

0 
[MW/d] 

0.75 
[MW/d] 

150 
[MW/d] 

300 
[MW/d] 

500 
[MW/d] 

1000 
[MW/d] 

2000 
[MW/d] 

6000 
[MW/d] 

10000 
[MW/d] 

15000 
[MW/d] 

239Np [pcm] 53 52 17 4 0 -1 -1 -1 0 0 
239Pu [pcm] 350 347 109 27 -5 -18 -27 -47 -44 -26 
241Pu [pcm] -1008 -1009 -986 -965 -939 -877 -765 -441 -253 -124 

241Am [pcm] -738 -739 -726 -715 -699 -662 -594 -384 -250 -147 
242Am [pcm] 0 -1 12 23 36 61 85 80 54 32 
103Rh [pcm] -126 -127 -118 -110 -99 -77 -46 0 7 7 
105Rh [pcm] 156 153 22 3 1 1 0 0 0 0 
134Cs [pcm] 81 80 80 79 79 77 73 62 52 43 

147Pm* [pcm] 101 100 100 98 97 93 85 61 43 28 
147Pm* [pcm]* 114 113 113 111 109 104 96 68 49 32 
148mPm [pcm] 216 215 182 159 140 117 103 74 53 35 
147Sm [pcm] -93 -94 -93 -93 -91 -89 -85 -71 -59 -48 
149Sm [pcm] -451 -447 60 185 195 149 121 86 61 39 
154Eu [pcm] 84 82 80 77 74 67 53 22 10 4 
155Eu [pcm] 150 149 142 135 127 108 81 30 11 4 
155Gd [pcm] -409 -409 -304 -225 -149 -55 -10 -4 -4 -4 

*   part of Pm-147 which undergoes reaction: Pm-147+n→Pm-148 [6] 

** part of Pm-147 which undergoes reaction: Pm-147+n→Pm-148m [6] 

From the isotope sensitivity analysis results the following observations are obtained: 
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1. The major contributor to the Δk in the case of 30 days of cooling (Figure 1) when 

considering the actinides comes from the 239Pu (table 2). The concentration of 239Pu 

is changed during the cooling period due to the decay of the short lived parent 239Np. 

Among the fission products the 149Sm and the 105Rh contribute the most. The first 

one is a stable isotope, therefore the difference comes from the short lived parent 
149Pm, while the second one is a short lived isotope with the decay time of 35.36 

hours. 

2. In the case of the 18 months cooling period the contribution of other actinides is 

increased, especially the contribution of the 241Am and 241Pu. Among the fission 

products there are some nuclides like 155Gd and its parent 155Eu that were not present 

at the shorter cooling periods.  

3. In the case of largest cooling time, 3 years, the situation is very similar to the 18 

months of cooling, however the differences are increased. The biggest difference 

comes due to the decay of the short lived actinide 241Pu.  

With the use of isotopic cooling factors the corrections are applied to the selected 

number densities for the cases where the cooling times are not considered.   

4 RESULTS OF THE ISOTOPIC COOLING FACTORS 

The results of the isotopic factors are defined in Table 5. Each isotopic factor represents 

two separate periods: period of cooling time and the operation period. Each period is 

characterized with its own function. For the cooling period the exponential decay function is 

applied. If the isotope of interest is stable isotope than the contribution comes from the decay 

of the parent isotope or if the isotope is short lived than the difference is due to its decay. For 

the operational period the following equation is used: 

 

Isotopic factor = (N(cooling)-N(no-cooling))/N(no-cooling)    (1) 

 

where N are the number densities for the cooling reference cases and no-cooling cases. 

If we draw the isotopic factors (equation 1) against the burnup the following modified 

exponential functions can be derived for each isotope. Each selected isotope is approximated 

with specified coefficients: N0(i), A(i), and Bu
0(i), that are dependent upon the isotope and 

given conditions (total burnup, initial fuel enrichment). 

Table 5: Isotopic cooling factors for the isotopes  

 Period of cooling Period of operation 
239Np -Exp(-λNp-239t)  N0(239Np)+A(239Np)·Exp(-Burnup/ Bu

0(239Np))  
239Pu Exp(-λNp-239t)  N0(239Pu)+A(239Pu)·Exp(-Burnup/ Bu

0(239Pu))  
241Pu -Exp(-λpu-241t) N0(241Pu)+A(241Pu)·Exp(-Burnup/ Bu

0(241Pu)) 
241Am Exp(-λpu-241t)  N0(241Am)+A(241Am)·Exp(-Burnup/ Bu

0(241Am)) 
103Rh Exp(-λRu-103t)  N0(103Rh)+A(103Rh)·Exp(-Burnup/ Bu

0(103Rh))  
105Rh -Exp(-λRh-105t)  N0(105Rh)+A(105Rh)·Exp(-Burnup/ Bu

0(105Rh))  
147Pm -Exp(-λPm-147t)  N0(147 Pm)+A(147Pm)·Exp(-Burnup/ Bu

0(147 Pm))  
148mPm -Exp(-λPm-148mt)  N0(148mPm)+A(148mPm)·Exp(-Burnup/ Bu

0(148mPm))  
147Sm Exp(-λPm-147t) +Exp(-λPm-147t)  N0(147 Sm)+A(147Sm)·Exp(-Burnup/ Bu

0(147 Sm))  
149Sm Exp(-λPm-149t)  N0(149Sm)+A(149Sm)·Exp(-Burnup/ Bu

0(149Sm))  
155Eu -Exp(-λEu-155t)  N0(155Eu)+A(155Eu)·Exp(-Burnup/ Bu

0(155Eu))  
155Gd Exp(-λEu-155t) N0(155Gd)+A(155Gd)·Exp(-Burnup/ Bu

0(155Gd))  
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Isotopic factors are than used to correct the number densities for each burnup case to 

approximate the non-cooling periods with the specific cooling conditions. Two examples are 

demonstrated. The results are presented in Figures 4 and 5.  

 

Figure 4: The result of applying the cooling factors for the case no. 8: total burnup 

20GWd/tU, 2.1 % 235U and cooling period 18 months 

 

 

Figure 5: The result of applying the cooling factors for the case number 18: total burnup 40 

GWd/tU, 2.1 % 235U and cooling period 3 years 
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5 CONCLUSION 

The effect of several parameters affecting the isotopic composition and therefore the 

reactivity was investigated. It was demonstrated using fuel assembly geometry model that the 

effect of some isotopes can be significantly increased with the lower fuel enrichments and 

with the increased total fuel burnup. This effect can be approximated by applying specific 

isotopic cooling factors for each isotope where the effect of fuel cooling was not considered.  

We have seen that differences due to the cooling in some cases can be around 1000 pcm 

for the fuel with the total burnup 20000 MWd/tU or even 1500 pcm in the cases with 40000 

MWd/tU. With the use of the derived isotopic factors this effect is minimised to less than 100 

pcm. We demonstrated that it is possible to correct for the effect of fuel cooling with the use 

of isotopic factors for the chosen geometry model. This kind procedure we will use in the 

global core calculations and validate the procedure for the Krsko power plant calculations by 

comparison of the results with the measurements. 
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